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Abstract

The lightning withstand performance of transmission lines is critically affected by ground-
ing impulse characteristics, particularly for river-crossing towers where soil conditions
are complex. This study develops a coupled seepage—electric field model to evaluate
these characteristics under dynamic hydrological influences. A complex soil model is
constructed integrating Bernoulli’s laminar flow equation with Richards’ equation for un-
saturated seepage; long-term finite-element iterations simulate seepage dynamics, yielding
distributed soil conductivity parameters that vary with river flow velocity, water depth,
and impermeable layers. These parameters are then coupled with an electroquasistatic
Maxwell framework to model impulse current dispersion. Validation against experimental
data confirms the model’s accuracy. Results show that seepage increases moisture and
lowers resistivity. Increasing flow from static to 10 m/s reduces riverbed pressure from
5.61 x 10* Pa to 1.86 x 10* Pa, shifting the 0 Pa isobar downward by 5.1 m, weakening
seepage and raising impulse resistance. A shallower impermeable layer deflects seepage
laterally, reducing nearby resistivity. Raising water depth from 5 m to 10 m increases
pressure from 1.96 x 10* Pa to 5.61 x 10* Pa, enhancing seepage and lowering resistivity.
These findings indicate that grounding design must holistically account for flow velocity,
water depth, and subsurface barriers to ensure reliable lightning current dissipation and
stable grid operation.

Keywords: soil structure; river flow velocity; water depth; current dispersion

1. Introduction

Lightning strikes present a major risk to power system reliability. As such, the impulse
grounding resistance of transmission towers serves as a paramount parameter in assessing
the lightning performance of these lines [1-3]. Affected by the seepage interaction between
river water and soil, the soil parameters around the grounding devices of river-crossing
transmission towers exhibit distributed characteristics. Consequently, their lightning
impulse current dispersion behavior shows significant differences compared to uniform
soil structures [4]. A precise understanding of the impulse current dispersion characteristics
from river-crossing tower grounding devices is a critical prerequisite for optimizing line
lightning protection and safeguarding overall power system reliability.
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Scholars worldwide have conducted extensive research on numerical computation
methods for analyzing the impulse characteristics of grounding devices. The primary
approaches include methods based on transmission line theory [5-7], circuit theory [8-10],
and electromagnetic field theory [11-19]. Methods based on electromagnetic field theory
can accurately describe the dispersion process of impulse currents in grounding conductors
and the surrounding soil, avoiding errors introduced by approximations and simplifica-
tions required in circuit parameter extraction. These methods can be solved using moment
methods, boundary element methods, or finite element methods based on boundary con-
dition equations. The moment method solves continuous electromagnetic field equations
by discretizing them into systems of algebraic equations. However, it faces challenges
such as computationally intensive Green’s function calculations in complex soil structures
and difficulties in handling soil nonlinearity. The boundary element method achieves
dimensionality reduction and efficient analytical computation by transforming governing
differential equations into boundary integral equations, which are then discretized into
algebraic equations for solution. However, it struggles to handle soil nonlinearity and
faces difficulties in analyzing frequency-domain characteristics. The adopted analytical
approach, utilizing the finite element method grounded in Maxwell’s differential equations,
is capable of accommodating complex soil models, grounding devices of arbitrary geom-
etry, and distributed variations in soil resistivity induced by ionization during impulse
dispersion. Furthermore, by incorporating couplings between electrical, thermal, and fluid
fields, it enables accurate computation of grounding body characteristics under complex
working conditions such as rivers, oceans and mountainous areas. References [11,12]
analyzed the transient spatial distribution of the soil ionization zone around grounding
conductors, emphasizing its time-varying and non-uniform nature under impulse cur-
rents. They developed a dynamic finite element framework by integrating spatial finite
element discretization with the finite-difference time-domain (FDTD) technique to analyze
the impulse response of grounding bodies. This approach achieves a dynamic coupling
between the electric field and soil properties by defining each soil element’s resistivity
as a function of the instantaneous electric field intensity at each computational time step,
thereby allowing the field’s spatiotemporal evolution to dictate the material behavior. This
technique characterizes with high accuracy how soil parameters vary both in space and
time during the entire impulse current dispersion event.

Soil conductivity is a key factor affecting the impulse current dispersion process
of grounding devices and thus their impulse characteristics [11,13]. Soil conductivity is
influenced by soil type, porosity, water content, salt content, and other factors [16,20]. The
nonlinear ionization phenomenon of soil under impulse current is a factor that must be
considered in the calculation of impulse characteristics of grounding devices.

Reference [13] noted the practical challenge that essential, experimentally derived
parameters—the critical soil breakdown field strength, residual resistivity coefficient, and
resistivity attenuation coefficient—are notoriously difficult to acquire for direct engineering
application. The authors developed a soil breakdown model incorporating spark effects and
analyzed the influence patterns of these three parameters on impulse grounding resistance.
To simplify calculations while accounting for the effects of soil dispersion, recommended
parameter values were provided, and the impulse characteristics of vertical grounding
bodies and needle-type grounding electrodes were analyzed. Reference [14] established
a grounding device model considering soil ionization and comparatively analyzed the
differences in surface potential distribution and electric field distribution in soil under
impulse current before and after adding needle electrodes. The study demonstrated the
following: The needle electrodes alter the local structure of the grounding device, which
promotes spark effects and expands the current dispersion area. Experimental results
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verified the resistance-reducing effectiveness of the needle-type structure. Reference [15]
investigated the impulse resistance reduction characteristics of needle-type conductors
in grounding devices, analyzing the effects of tip enhancement and current shielding
on electric field distribution. Through a combination of simulation and experiment, the
study investigated the underlying mechanisms through which the length and spacing of
needles govern the impulse resistance performance of grounding devices, and accordingly
proposed optimization recommendations for these parameters.

To accurately characterize the impulse response of river-crossing grounding devices
situated within complex soil environments, within the context of low-resistivity river
regions, References [16,17] devised a spectrum of finite element models, including repre-
sentations of vertically stratified, block-type, and river-elevation-dependent soil conditions.
A quantitative analysis was conducted on the influence patterns of soil resistivity on both
riverbanks and water depth on the current dispersion process and grounding resistance
of the devices. The study concludes that water depth exhibits a strong correlation with
the grounding device’s impulse performance, governing the resultant current dispersion
pattern. For designing grounding devices in complex soil structures, it is recommended
to adopt block-based soil models and elevation-difference models that account for actual
water depth conditions. References [18,19] utilized a partitioned soil model distinguish-
ing near-water-source zones (low soil resistivity) and far-water-source zones (high soil
resistivity) to comparatively analyze the resistance reduction effects of different grounding
device structures in plain and mountainous areas under varying soil resistivity and current
frequency conditions. Based on the findings, optimized design schemes for grounding de-
vices were proposed for different terrains. A gap in existing models is their oversimplified
treatment of the genuine spatial heterogeneity inherent in soil moisture and resistivity.

For the grounding devices of river-crossing transmission towers, this paper first selects
a specific environment with fixed influencing factors such as soil type and establishes a
three-dimensional river—soil structure model that takes into account river depth and the
elevation difference between the river surface and the ground. Furthermore, by employing
Richards’ equation from unsaturated seepage theory, a coupled model integrating finite
element method for soil seepage field and finite-difference time-domain method is con-
structed. This model obtains the spatial distribution of soil resistivity over long time scales.
Within the seepage field model, the turbulent flow field of river velocity is simplified to a
laminar flow field, and Bernoulli’s equation is employed to characterize the hydrostatic
pressure field generated by the river water on the surrounding riverbanks and the riverbed
substrate. This pressure field serves as the driving force for the seepage field. Finally, based
on the spatially distributed soil resistivity calculated from the seepage field, this research
adopts a spatial finite-element approach, governed by the electroquasistatic Maxwell’s
equations, to model the complete impulse current dispersion process in the grounding
device. This model is used to investigate the effects of river flow velocity, impermeable
layers, and water depth on the magnitude of impulse grounding resistance, current density,
and its distribution characteristics during current dispersion.

2. A Finite Element Model for the Impulse Characteristics of Grounding
Devices Accounting for River Seepage Effects

2.1. Modeling the River Seepage Process

River water infiltrates soil pores through capillary action and surface tension, repre-
senting fluid flow in unsaturated porous media. The initial water saturation and hydraulic
conductivity can be calculated using the Van Genuchten model. Based on the initial water
potential and gravity, Richards’ equation is solved to update the water potential, water
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saturation, and hydraulic conductivity, thereby simulating the seepage process. Richards’
equation [21,22] is described as follows:

p(5e5+cm>aHp+V'(—K(VHp+pg))—0 (1)
pg /) ot
where p is the density of river water; C;, is the water capacity; S, is the saturation; S is the
water storage coefficient; H), is the pressure head; K is the hydraulic conductivity; g is the
gravitational acceleration.

To analyze unsaturated flow and characterize the suction properties of soil under
varying moisture conditions, the Van Genuchten model [23,24] is applied as follows:

0 =0, + S.(0s — 6,)
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where 6 is the volumetric water content; 6; is the residual liquid volume fraction of the soil;

05 is the saturated liquid volume fraction of the soil; &, n, m are constitutive relationship
constants of the model.

2.2. Mathematical Description of River Flow Process

River flow velocity is influenced by multiple factors such as channel morphology,
climate, and sediment concentration. When the flow velocity is low, fluid layers transition
smoothly horizontally with minimal mixing, exhibiting distinct stratified flow characteris-
tics known as laminar flow. When the flow velocity is high, streamlines within the river
become intertwined, generating numerous vortices that disrupt the original laminar flow
pattern. This flow state is referred to as turbulent flow, as illustrated in Figure 1.

MRiver
\§ eamline
\\ River
Streamlined )
/Bét(erbank Riverbank
() (b)

Figure 1. Schematic illustration of streamlines in slow-flowing and rapid-flowing rivers. (a) Schematic
diagram of streamlines in a gentle river. (b) Schematic diagram of streamlines in a turbulent river.

British physicist Osborne Reynolds proposed using the Reynolds number to distin-
guish between laminar and turbulent flow regimes, as shown in Table 1. The Reynolds
number in open channels is computed using the following expression:

R, = P2 ©
K
where R, is the Reynolds number for open channels; v is the river flow velocity; L is the
width of the open channel; y is the dynamic viscosity of the fluid.
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Table 1. Criteria for Fluid Flow Regime Determination.

Open-Channel Reynolds Number (Re) Fluid Flow Regime

R, <2000 Laminar Flow
2000 < R, < 4000 Transition phase between laminar and

turbulent flow

R, > 4000 Turbulent Flow

As a representative case, a river possessing a width of 40 m, a depth of 10 m, an average
flow velocity of 0.5 m/s, and a water dynamic viscosity of 1 x 1073 Pa-s is considered. The
Reynolds number is calculated as 2 x 107, which far exceeds the critical value for turbulent
flow. Therefore, under normal conditions, rivers typically exhibit turbulent flow. In this
state, the distribution of streamlines within the river becomes highly complex.

According to Bernoulli’s principle, the relationship between river flow velocity field
and pressure field is given by Equation (4):

1
p+500° +pgh=C 4)

where p is the pressure at a given point in the fluid; v is the flow velocity at that point;  is
the height of the point; C is a constant.

From Equation (1), it is evident that the soil seepage process depends solely on the
pressure head H, at the interface between the river and soil. Therefore, the velocity field
within the river can be neglected, and only the influence of flow velocity at the soil-river
interface on the seepage process need be considered. A laminar flow field simplification is
adopted for calculating the river flow process.

2.3. Finite Element Model for Impulse Current Dispersion Process in Grounding Devices

After the pulse current is injected into the grounding device, it disperses through the
grounding device into the soil, forming a conduction current density and electric field
intensity; the relationship between them is J. = vE. From Maxwell’s equations and the
full current law, combined with the analysis of the physical process of lightning impulse
current dispersion along the grounding device, it is known that the current in the soil
includes impulse conduction current and displacement current. The conduction current
density is J. = %, and the displacement current density is [p = jweE. It can be derived

that the ratio of their absolute values is %Ps’ where p;s is the soil resistivity. Therefore, it is
evident that the displacement current cannot be ignored during current dispersion. Soil
is a non-magnetic medium; under lightning transients, the magnetic induction current is
much smaller than the conduction current and displacement current. Therefore, the model
neglects the magnetic induction term and adopts the electroquasistatic field equations to
solve the time-varying current dispersion field in the soil. Introducing the electric potential
¢ and the electric field intensity E = —V ¢, the potential distribution is governed by
Laplace’s equation, which is determined jointly by the amplitude of the injected current,

the electrode geometry, and the soil conductivity:

D(p(x,,2)) = e2 (V29) + V-(1Vg) = 0 6)

Boundary Conditions:

(1) The potential at infinity is zero.

=0 7 — oo (6)
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The normal current density at the ground surface is zero.

<'y + si) P(Vgo)} =0
@)

@)
Conductor cross-sections with current injection satisfy:

0 -
/s—<sat —|—7>Vgo~nds =1

)
where [ is the instantaneous value of the injected impulse current, and 7 and ¢ represent
the conductivity and permittivity of the medium in the study domain, respectively.
@)

Interfaces satisfy the continuity conditions for both electric potential and
current density:

ot = 7 )
(v+ 5¢e) Vo it = (y+ 3¢ Voo

A

©)
7l
where ¢ and ¢~ represent the electric potentials on either side of the interface, it and 7~
denotes the outward normal direction at the interface.
The soil ionization phenomenon induced by impulse current dispersion causes a

four-zone distribution of soil resistivity near the grounding electrode: arc zone, spark zone,

semiconductor zone, and constant conductivity zone [25,26], as illustrated in Figure 2.

constant
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Figure 2. Zonal Distribution of Soil Resistivity Under Impulse Current Conditions.

The relationship between instantaneous soil resistivity and electric field intensity
is mathematically represented by a piecewise function, as illustrated in Figure 3 and
formulated in Equations (10) and (11).

Pc/

E; < E
Pi = 0.07ps, Ec <E<LE;
f(E)XPs/ 0<ELE

(10)
f(E)

=1—1.02E x 107 °+1.01E? x 1012 (11)
original soil resistivity, E indicates the local electric field intensity, Es stands for the critical

In this formulation, p; represents the instantaneous soil resistivity, ps denotes the
electric field magnitude for arc formation, E. the breakdown field strength magnitude in
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the spark region, and f(E) x ps describes the electric-field-dependent resistivity function in
the semiconductor zone [20].

Pik

Nonlinear
region

Spark
discharge

zone Arc

discharge
zone

E. E; E

Figure 3. Soil Resistivity Function.

2.4. Soil Structure Model

The primary objective of this work is to analyze the lightning impulse characteristics
inherent to grounding devices for river-crossing transmission towers, a three-dimensional
soil structure model is constructed, incorporating river depth h, riverbank slope angle «,
river flow velocity v, and riverbank surface elevation differences, as shown in Figure 4.

River width River width d

Distance
from the
ground
surface 0 Riverbank
the riverbed slope a
H

%iver depth &
o L

Figure 4. Modeling of complex soil structure in riverine areas.

2.5. Multiphysics Coupling Between Seepage and Impulse Current Dispersion
2.5.1. Soil Resistivity and Moisture Saturation

Soil resistivity is directly related to soil moisture saturation. The Archie model [27]
provides the fundamental correlation between soil resistivity and moisture saturation,
formulated as:

ps = KS,? (12)

In this formulation, Sy, represents the effective moisture saturation, while K and a are
constants. Taking typical sandy loam soil as an example [28], the values of K and a are
38.67 and 1.067, respectively. The corresponding resistivity—saturation curve is illustrated
in Figure 5.
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Figure 5. Resistivity—Saturation Curve for Sandy Loam Soil.

2.5.2. Instantaneous Soil Resistivity Under Seepage-Impulse Current Dispersion Coupling

To accurately calculate the instantaneous soil resistivity during lightning strikes on
transmission towers, it is necessary to simultaneously consider both soil seepage and
impulse current dispersion processes. The time scales of soil seepage and impulse current
dispersion span hundreds of days and microseconds, respectively. The dynamic response
of the instantaneous soil resistivity to both seepage-induced saturation changes and field-
dependent ionization is captured by the expression:

pe, Es <E
0i = 0.07I<Sb_a, E. < E<E; (13)
f(E)xKS;®, O0<E<E

3. Model Validation

This study validates the proposed coupled model by comparing its results with
experimental data:

(1) Full-scale power-frequency grounding resistance data for a square grounding device
in riverside sandy soil.

(2) Simulated data regarding the impulse grounding resistance of a star-shaped ground-
ing device in high-resistivity soil.

3.1. Verification of Coupled Seepage and Diffuse Flow Grounding Characteristics Model

For grounding devices installed in highly porous sandy soil within river basins,
Reference [29] measured the power-frequency grounding resistance. Table 2 lists the
parameters characterizing the soil structure, with a square grounding device measuring
15 m inside length and buried at a depth of 0.8 m. Each corner of the square features a
19.5 m long vertical grounding electrode. A comparison of the model-calculated results
against experimental measurements is presented in Table 3, showing a maximum deviation
within 9%, which validates the effectiveness of the model. The error arises from the
uncertainty in measurement.

Table 2. Soil Parameters.

Soil Structure . River Surface-Ground . Impermeable . e Water
Parameters River Depth "k}, vation Difference River Depth Layer Soil Resistivity Resistivity
40 m
Values 5m Im 40 m underground 500 (2-m 30 Q'm
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Table 3. Power-frequency grounding resistance at different distances between the grounding device
and the river channel.

Distance from Grounding Calculated o
Grid to Riverbank/m Test Results/() Results/Q Error/%
45 1.57 1.63 3.82
80 1.98 2.01 1.49
200 9.32 8.52 8.58

3.2. Model Verification of Impulse Current Dispersion

The star-shaped grounding electrode shown in Figure 6 is established using the
aforementioned algorithm. The grounding electrode was configured with a 10 mm cross-
sectional radius, a material resistivity of 1.7 x 10~7 O-m, and was installed at a burial
depth of 1 m. The uniform soil resistivity is 1 x 103> Q-m. An 8/20 us impulse current with
amplitudes of 4.2 kA, 6.72 kA, 9.6 kA, and 13.52 kA is injected [30].

120°

120°

' J
60 cm

120°

Figure 6. Schematic diagram of star-shaped grounding electrode.

A comparison of the impulse grounding resistance calculated in this study against the
simulation results reported in Reference [30] is summarized in Table 4 for different current
amplitudes. The maximum deviation of 9.37% occurs at an impulse current amplitude of
13.52 kA. Considering the randomness inherent in the testing process and soil spark effects,
the results are deemed valid.

Table 4. Comparison of Calculated and Experimental Results of Impulse Grounding Resistance for
Star-Shaped Grounding Electrodes.

Impulse Current Experimental Calculated Error/%
Amplitude/kA Results [30]/Q Results/Q) ?
42 66.70 61.97 7.09
6.72 56.50 58.20 3.01
9.6 50.00 53.12 6.24
13.52 42.90 46.92 9.37

Figure 7 visualizes the subsurface electric field and resistivity patterns at a 1 m depth,
induced by an impulse current amplitude of 6.72 kA. At the current peak, the electric field
intensity near the electrode reaches a maximum of 2.81 X 10° V/m, which exceeds the
soil’s critical breakdown strength of 3 x 10° V/m [26]. This triggers soil ionization, causing
the local resistivity to plummet from 1 x 10> Q-m to 70 Q-m (7% of its original value) and
forming a spark discharge zone with a volume of 1.55 m3.
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Figure 7. Distribution of electric field intensity and resistivity at the peak moment of 6.72 kA current
amplitude. (a) Electric field intensity distribution. (b) Resistivity distribution.

4. Impact of River Flow Velocity on the Impulse Current Dispersion

This study established a simulation framework analyzing flow velocity effects
(0-10 m/s) on impulse current dispersion. The model incorporated a square grounding
grid (10 m x 10 m) composed of 10 mm diameter round steel bars with electrical resistivity
of 3.25 x 107> Qm, installed at 1 m depth and positioned 15 m from the river. The sub-
surface was characterized by soil resistivity of 500 (2-m, porosity of 36%, saturated and
residual water contents of 21.3% and 7% respectively, and permeability of 1 x 1078 m~2.
River water resistivity was set at 30 (2-m with 3 m surface elevation variation. Excitation
was provided by a 50 kA (2.6/50 us) impulse current injected at a quadrilateral terminal.

4.1. Analysis of River Flow Velocity Effects on Seepage Processes

Figure 8 presents the pressure distribution at the interface between the river water
and riverbank soil under different flow velocities of 0 m/s, 5m/s, and 10 m/s. Pressure
values were extracted along a vertical line from the river surface at the interface between
the river water and the bank. The resulting curves showing how bank pressure varies with
depth at three flow velocities are depicted in Figure 9. Figures 8 and 9 show that when the
flow velocity is 0 m/s, the force on the riverbank above the water surface is 0 Pa. The 0 Pa
line aligns with the water surface, while the pressure on the riverbank below the water
surface corresponds to the hydrostatic pressure. The pressure distribution exhibits a linear
relationship with depth, reaching a maximum value of 6.86 x 10* Pa at the riverbed. At a
flow velocity of 5 m/s, the 0 Pa line shifts downward to 1.28 m below the river surface. The
hydrostatic pressure exerted on the riverbank between the 0 Pa line and the river surface
is relieved to zero by the flow velocity. Below the 0 Pa line, the hydrostatic pressure on
the riverbank exhibits a linear increase with water depth, attaining its maximum value of
5.61 x 10* Pa at the riverbed. At a flow velocity of 10 m/s, hydrostatic pressure is relieved
by flow velocity within the 5.10 m zone below the river surface. The 0 Pa line is located
5.10 m below the river surface. Below this zone, the hydrostatic pressure on the riverbanks
exhibits a linear increase with water depth, attaining its maximum value of 1.86 x 10* Pa
at the riverbed.

In summary, the river flow velocity alters the pressure at the interface between the
river water and the riverbank soil. As the flow velocity increases, the pressure decreases.
According to Equations (1) and (2), a reduction in pressure leads to a decrease in the extent
of river water infiltration. Moreover, the influence becomes more pronounced with higher
flow velocities.
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Pressure/Pa  —river surface 0 Pa line
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Figure 8. Pressure distribution along riverbank under different flow velocities: (a) 0 m/s flow velocity;
(b) 5 m/s flow velocity; (c) 10 m/s flow velocity.
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Figure 9. Relationship between pressure on riverbanks and river flow velocity. (a) Pressure on the
riverbank. (b) Position of the 0 Pa Line and Maximum Pressure on the Riverbank.

4.2. Flow Velocity Effect on Impulse Current Dispersion with an Impermeable Layer

In geological formations, rock or soil layers with extremely low permeability (such
as dense clay, mudstone, or intact bedrock) can effectively prevent the seepage or flow of
groundwater (impermeable layers). To simulate the presence of an impermeable layer in
actual soil conditions, the river parameters were configured as follows: depth of 7m; a 3 m
elevation differential between the water surface and ground; and flow velocities spanning
0 to 10 m/s. An analysis of the impulse grounding resistance was performed for three
specific scenarios: (1) without considering seepage; (2) considering seepage without an
impermeable layer; (3) considering seepage with an impermeable layer (depth:20-100 m).
The results are shown in Figure 10.

18

—_
N
|

—a&— [gnoring seepage
—e— Consider seepage without a waterproof layer
—A— Consider a 20-meter impermeable layer
—v— Consider a 40-meter impermeable layer
—&— Consider a 60-meter impermeable layer

<— Consider a 80-meter impermeable layer
— — Consider a 100-meter imperm.eable layep

~
1

—
[\S)
1

Impact Ground Resistance/Q
S
1

° ./o;°;/< —

o] T
_— v
6 __— /
Y

44 4 y————
2 T T T T T T

0 10

.4 6 . 8
River Flow Velocity/(m/s)

Figure 10. Impulse grounding resistance of the grounding device under different flow velocities.
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4.2.1. Impact of Flow Velocity and Aquitard on Impulse Grounding Resistance

As shown in Figure 10, when seepage from the river into the soil on both banks is
not considered, the impulse grounding resistance remains constant at 16.872 (), unaffected
by the river flow velocity. When seepage from the river into the soil on both banks is
considered without an impermeable layer, the low-resistivity zone formed by seepage
primarily extends downward into deeper regions, with the soil structure approximating
a vertically layered configuration. Simultaneously, it partially extends laterally to both
sides. Simulation results demonstrate a definitive decrease in impulse grounding resistance
when seepage is modeled, yielding values between 8.875 () and 9.632 (), in contrast to the
significantly higher resistance predicted without it. As the river flow velocity increases, the
pressure on the riverbank decreases, leading to a reduction in soil seepage. This results in
an increase in the impulse grounding resistance, which gradually tends toward saturation.
The low-resistivity zone formed by seepage primarily extends downward, and the impulse
grounding resistance exhibits a weak correlation with the flow velocity.

When seepage from the river into the soil on both banks is considered in the presence
of an impermeable layer, the low-resistivity zone formed by seepage tends to expand
laterally along both sides of the river due to the obstruction of downward seepage by the
impermeable layer. Under these conditions, the impulse grounding resistance is further
reduced compared to the case without an impermeable layer. Moreover, the shallower the
impermeable layer, the stronger its restraining effect on vertical seepage and the more it
promotes lateral seepage, resulting in a lower impulse grounding resistance. Compared
with the case without an impermeable layer, the weakening effect of riverbank pressure
reduction on seepage intensity is more significant under the lateral seepage mode; therefore,
the impulse grounding resistance exhibits a pronounced upward trend with increasing
seepage velocity.

4.2.2. Impact Analysis of Flow Velocity on Subsurface Electric Field Intensity and
Soil Resistivity

To isolate the role of river flow in the seepage-dispersion mechanism, the impermeable
layer was fixed at 60 m depth, creating a controlled basis for analyzing velocity effects on
grounding performance. Figure 11 illustrates the evolution of soil resistivity distribution
near the grounding device and the riverbank in response to increasing flow velocities from
0Om/sto10m/s.

Soil resistivity(
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Figure 11. Resistivity distribution near the grounding device under different flow velocities.

(a) Resistivity distribution at 0 m/s flow velocity. (b) Resistivity distribution at 4 m/s flow ve-
locity. (c) Resistivity distribution at 6 m/s flow velocity. (d) Resistivity distribution at 10 m/s
flow velocity.
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As shown in Figure 11, seepage leads to an increase in soil moisture content, resulting
in a distinct low-resistivity zone (below 100 ()-m) beneath and on both sides of the river.
The soil resistivity surrounding the shallow-depth grounding device exhibits a reduction
from an initial 500 (3-m to approximately 300 (2-m, with a laterally asymmetric pattern
evident between its two sides. Additionally, the impulse dispersion process creates a
localized ionized zone with low resistivity near the grounding device.

As the river flow velocity increases from 0 m/s to 10 m/s, the pressure on the riverbank
decreases, leading to a reduction in lateral seepage. As a result, a significant enlargement
of the relatively high-resistivity region is observed, accompanied by a corresponding rise
in the soil resistivity around the grounding device. The difference in resistivity between
the left and right sides of the device also decreases. At zero flow velocity, the soil resistivity
on the two sides of the grounding device ranges from 169.7 (3-m to 255.1 (2-m, showing
a noticeable difference. At flow velocities of 4 m/s, 6 m/s and 10 m/s, the resistivity on
the two sides varies from 216.8 (3-m to 273.1 (-m, from 256.1 ()-m to 276.3 ()-m, and from
272.2 ()-m to 277.4 ()-m, respectively.

Increasing river flow velocity (0-10 m/s) induces soil electrical anisotropy, redirecting
ground current at 3 m depth toward the lower-resistivity riverbank (Figure 12). At zero
flow velocity, a significant difference in current density is observed on the two sides of the
device, with maxima of 147.4 A/m? and 201.1 A/m?, respectively, resulting in a difference
of 53.7 A/m?. As the flow velocity increases, the current density distribution gradually
becomes more uniform. When the flow velocity reaches 10 m/s, the maximum current
densities on the two sides reach 150.4 A/m? and 157 A/m?, respectively.

Current density (_A/rznzzl) Current density (A/m*)
20 g
180
140

@)

Figure 12. Current density distribution near the grounding device under different flow velocities
(aquitard depth: 60 m). (a) Current density distribution at 0 m/s. (b) Current density distribution
at10 m/s.

4.2.3. Impact Analysis of Aquitards on Subsurface Electric Field Intensity and
Soil Resistivity

To analyze the influence of the impermeable layer depth on seepage and the dispersion
process of the grounding device, the soil resistivity distribution near the grounding device
was extracted under the following conditions: a river flow velocity of 0 m/s, with no
impermeable layer, and with impermeable layers located at depths of 100 m, 60 m, and
20 m below ground. The results are shown in Figure 13.

The impermeable layer obstructs the downward seepage of river water, causing the
low-resistivity zone formed by seepage to expand laterally along both sides of the river. The
shallower the depth of the impermeable layer, the stronger its obstruction of vertical seepage
and the more it promotes lateral expansion. When the impermeable layer is omitted, the
soil resistivity in the immediate vicinity of the grounding device remains nearly uniform
at a value of approximately 277.7 (3-m. With the impermeable layer positioned at 100 m
depth, the soil resistivity near the grounding device remains largely uniform but exhibits
only a minor reduction to approximately 273.3 ()-m. With the impermeable layer at 60 m
depth, the soil resistivity exhibits a distinct asymmetric pattern around the grounding
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device: approximately 169.7 (2-m on the river-facing side versus 255.1 (2-m on the opposite
side, demonstrating a clear lateral expansion of the conductive zone. At a depth of 20 m,
the low-resistivity soil almost fully encapsulates the grounding device, creating a largely
homogeneous low-resistivity environment with a value of approximately 95.7 ()-m.

Soil resistivity(Q-m Soil resistivity(Q-
y( ) oil resis 1\1/\1/I y( 3 612)

Max:364
| ===t | _=——cal 350

250
50
50

(a) (b)
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Pr—
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Figure 13. Resistivity distribution near the grounding device under different impermeable layer
depths. (a) No impermeable layer. (b) Impermeable layer at 100 m depth. (c) Impermeable layer at
60 m depth. (d) Impermeable layer at 20 m depth.

The current density distribution at a depth of 3 m below the grounding device under hydro-
static pressure conditions and different impermeable layer configurations (no impermeable layer,
100 m depth, 60 m depth, 20 m depth) is extracted as shown in Figure 14. Due to differences
in soil resistivity, the ground current consistently disperses preferentially toward the river side
of the grounding device, where resistivity is lower. When no impermeable layer is present,
the maximum current densities on the two sides of the grounding device are 161.1 A/m? and
123.6 A/m?, respectively. With an impermeable layer at 100 m depth, the values are 170.7 A /m?
and 129.6 A/m?2. At60 m depth, the current densities reach 201.1 A/ m? and 147.4 A/m?2. When
the impermeable layer is at 20 m depth, the difference in current density between the two sides
is small, with values of 159.7 A/m? and 159.4 A/m?, respectively.
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Figure 14. Current density distribution near the grounding device under different impermeable layer
depths. (a) Current density distribution without impermeable layer. (b) Current density distribution
with impermeable layer at 100 m depth. (c) Current density distribution with impermeable layer at
60 m depth. (d) Current density distribution with impermeable layer at 20 m depth.
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In summary, the impermeable layer obstructs the downward seepage of river water,
promoting the lateral expansion of a low-resistivity zone with high moisture content along
both sides of the river, thereby reducing the soil resistivity in these areas. The lightning
current preferentially selects a conduction path through the riverside soil adjacent to
the grounding device, consequently lowering the overall impulse grounding resistance.
Therefore, in the design of grounding devices for river-crossing transmission towers, the
effects of river seepage should be taken into account. Both river flow velocity and the
depth of the impermeable layer significantly influence the extent of seepage and the current
dispersion characteristics of the grounding device.

5. Analysis of Soil Structure Effects on Impulse Current
Dispersion Process

Variations in river depth drive the reconstruction of the pressure head gradient, which
governs the evolution characteristics of the seepage field. The focus of this section is to re-
veal its role and the associated mechanism in determining the grounding device’s efficiency.

5.1. Impact of River Depth on Impulse Current Dispersion with an Impermeable Layer

The impulse grounding resistance was calculated across a range of river depths
(5-15 m) under three specific scenarios, given a 3 m river-to-ground elevation difference
and hydrostatic pressure conditions: without considering seepage, considering seep-
age without an impermeable layer, and considering seepage with an impermeable layer
(depth: 20 m—100 m). The calculation results are shown in Figure 15.
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Figure 15. Impulse grounding resistance of the grounding device under different river depth condition.

5.2. Analysis of the Impact of River Depth and Impermeable Layer on Impulse
Grounding Resistance

Figure 15 illustrates that in the absence of river-to-soil seepage, an increase in water
depth from 5 m to 15 m results in a larger volume of river water within the low-resistivity
zone associated with the grounding device. This leads to a marginal decrease in impulse
grounding resistance from 16.841 () to 16.748 (), representing a minimal reduction of 0.55%.

The presence of an impermeable layer during seepage induces the formation of a soil
profile characterized by quasi-vertical stratification. The impulse grounding resistance
demonstrates a significant reduction compared to the non-seepage case, declining from
9.327 Q) to 8.433 () as river depth increases. With greater river depth, the enhanced
pressure-area coupling effect along the riverbank intensifies the seepage, further reducing
the impulse grounding resistance. River depth is not a dominant factor governing the value
of the impulse grounding resistance.
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Under seepage conditions with an impermeable layer, the impermeable layer restricts
the downward seepage of river water, causing the low-resistivity zone formed by seepage to
expand laterally along both sides of the river. The presence of the impermeable layer thereby
yields a lower impulse grounding resistance compared to the scenario where it is absent.
An increase in river depth amplifies the pressure—area coupling along the bank, thereby
promoting more intense seepage and ultimately lowering the impulse grounding resistance.
However, due to the nonlinearity of the soil resistivity—saturation curve (Figure 5), an
inverse relationship exists between the depth of the impermeable layer and the influence
gradient of water depth on resistance, with shallower layers causing a more rapid spatial
attenuation of this effect.

The resistivity distribution around the grounding device and river was investigated
for increasing river depths (5 to 15 m) under a 60 m impermeable layer and hydrostatic
pressure. The resulting distributions are presented in Figure 16.
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Figure 16. Soil resistivity distribution at different river depths. (a) Resistivity distribution at 5 m river
depth. (b) Resistivity distribution at 7.5 m river depth. (c) Resistivity distribution at 10 m river depth.
(d) Resistivity distribution at 15 m river depth.

As shown in Figure 16, the increase in river depth elevates the hydrostatic pressure
at the riverbank, enhancing seepage intensity. However, due to the presence of the imper-
meable layer, vertical infiltration is hindered, promoting lateral expansion of river water.
This results in an enlarged low-resistivity zone in the soil on both sides of the riverbank.
When the river depth increases from 5 m to 15 m, the soil resistivity on the two sides
of the grounding device is approximately 252 (3-m and 276.6 (2-m, and 137.3 (3:m and
192.5 ()-m, respectively.

Figure 17 presents the extracted current density at a 3 m depth beneath the grounding
device, revealing a pronounced difference between its two sides due to soil resistivity
heterogeneity. As the river depth increases from 5 m to 15 m, the maximum current
densities on the respective sides rise from 141.9 A/m? and 195.3 A/m? to 148.7 A/m?
and 200.3 A/m?.

In summary, both river depth and the position of the impermeable layer regulate the
processes of seepage and current dispersion. Therefore, in the site selection for cross-river
transmission towers, comprehensive consideration should be given to water depth and the
geological characteristics of the impermeable layer.
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Figure 17. Current density distribution under different river depth conditions. (a) Current density
distribution at 5 m river depth. (b) Current density distribution at 7.5 m river depth. (c¢) Current
density distribution at 10 m river depth. (d) Current density distribution at 15 m river depth.

6. Conclusions

This study investigates the scenario of lightning strikes on cross-river transmission
towers. Based on a coupled model of soil seepage and current dispersion, we analyze
the effects of river flow velocity, bank slope, water depth, and impermeable layers on
the seepage and impulse dispersion processes. The results demonstrate that the impulse
grounding resistance of the grounding device is significantly lower when seepage is con-
sidered compared to when it is neglected. It is concluded that:

(1) Anincrease in river flow velocity weakens the seepage effect and partially counteracts
the hydrostatic pressure exerted by the river on the bank. As a result, the depth of
the 0 Pa line shifts downward from the water surface, reducing both the pressure on
the riverbank and the intensity of seepage. This, in turn, leads to an increase in soil
resistivity and the impulse grounding resistance of the grounding device.

(2) The impermeable layer inhibits vertical seepage while promoting lateral seepage. The
shallower its burial depth, the lower the soil resistivity and the impulse grounding
resistance of the grounding device. Conversely, an increase in river depth enhances
bank pressure and seepage intensity, thereby reducing soil resistivity and the impulse
grounding resistance of the grounding device.

Therefore, the design and site selection of grounding devices for cross-river transmis-
sion towers must comprehensively consider factors such as river flow velocity, depth, and
the presence of impermeable layers to ensure the safe operation of the power system.
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