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ABSTRACT: This study investigates the electrical characteristics of grounding electrodes in seasonal frozen soil through experimental
and simulation approaches. Experimental measurements reveal the variation patterns of soil resistivity and dielectric constant within
the frequency range of 100Hz–10MHz at different temperatures. The results indicate that decreasing temperature leads to increased
resistivity and decreased dielectric constant, with both parameters tending to stabilize at high frequencies. Computations based on the
method of moments demonstrate that accounting for the frequency dependence of frozen soil reduces the impedance magnitude by 20%–
40% in the high-frequency range and results in more complex resonant behavior. When the length of the grounding electrode is less
than the freezing depth, the high-frequency capacitive effect is significantly enhanced. Time-domain analysis shows that under lightning
impulse conditions, the potential reduction is approximately 22% during the first return stroke and can reach up to 42% in subsequent
return strokes. The study concludes that the frequency dependence of the electrical parameters of frozen soil has a considerable influence
on the response of grounding electrodes and should be considered in modeling and lightning protection design.

1. INTRODUCTION

Lightning activity is frequent in the western plateau regions
of China, where seasonal frozen soil is widely distributed.

The phase change of water in frozen soil induces fundamen-
tal differences in its electrical properties relative to unfrozen
soil [1–3], significantly affecting the lightning protection per-
formance of power system grounding devices [4, 5]. How-
ever, existing research is mainly concentrated on unfrozen soil
at normal temperatures [6], and there is a lack of systematic
experimental data on the resistivity and dielectric constant of
frozen soil within the lightning current frequency range (kHz–
MHz) [7], which will result in deviations in lightning transient
analysis. Although related studies in remote sensing have been
conducted, they mainly concentrate on microwave frequencies
and are not directly applicable to lightning protection issues in
power systems [8–10].
Integrating experiment and simulation, this paper investi-

gates the electrical behaviour of grounding electrodes in sea-
sonally frozen soil. Resistivity and permittivity of soil sam-
ples were first measured from 100Hz to 10MHz under varying
temperature and moisture; their pronounced frequency depen-
dence [11] was quantified. Wide-band impedance of electrodes
under different frozen-layer thicknesses and burial depths was
then analysed via the method of moments. Time-domain sim-
ulations further examined transient-potential responses under
lightning impulse [12, 13], providing theoretical guidance for
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the lightning protection design of transmission lines in per-
mafrost regions.

2. EXPERIMENTAL PRINCIPLE AND METHODOLOGY

The main test equipment included an impedance analyzer
(Keysight E5061B), a four-electrode probe, a temperature-
controlled chamber (operating range: −30◦C to +30◦C),
precision temperature sensors, as well as devices for moisture
content adjustment and dry density control. The test soil (loess
from Shaanxi) samples were first sieved through a 2mm mesh,
and the initial moisture content was adjusted to 12%. The
samples were then sealed 48 hours to homogenize. Then, the
soil was compacted in 3 equal layers into a cylindrical test
cell (Φ150 × 200mm) to ensure a uniform dry density. After
assembly, the sample was placed in a temperature-controlled
chamber, with preset test temperatures of +20◦C, 0◦C,
−10◦C, and −20◦C. At each temperature point, measurements
commenced only after the temperature at the center of the
sample stabilized within a difference of less than 0.3◦C from
the target value and was maintained for at least 30 minutes.
All test cables were 50Ω coaxial types, with single-point
grounding and shielding measures implemented to minimize
parasitic interference.
With copper electrodes (Φ140mm) on opposite sides of the

test box, the sandbox can be represented as a single-port circuit
network whose equivalent circuit consists of a parallel combi-
nation of capacitance and conductance in Figure 1 [14], evalu-
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FIGURE 1. Soil sample swept-frequency parameter test platform.

ated via Equations (1)–(2).

Y = G+ jωC (1)

Y =
A

d
(σ∗ + jωε∗) (2)

where G is the conductance (S); ω is the angular frequency
(rad/s); C is the capacitance (F);A is the electrode surface area
(m2); d is the distance between the electrodes (m); σ∗ is the
complex conductivity in the frequency domain (S/m); and ε∗

is the complex permittivity (F/m). Under sinusoidal excitation,
the soil conductivity and dielectric constant can be expressed
by Equation (3) [14].

{
σ∗ = σ′ + jσ′′

ε∗ = ε′ − jωε′′
(3)

Substituting Equation (3) into Equation (2) yields an alterna-
tive expression for the admittance Y , as shown in (4).

Y =
A

d
(σeff + jωε0εreff) (4)

This study employed scattering parameter method based on
an impedance network analyzer to measure S-parameters of
a single-port circuit network. Prior to measurement, the net-
work analyzer was calibrated using open-circuit, short-circuit,
and load calibration procedures. The calibrated analyzer was
then connected to both ends of the soil sample via fixtures. Af-
ter obtaining the S-parameters, the admittance parameters (Y -
parameters) of the port were derived using Equation (5) [15]
and (6), which can then be converted to obtain the resistivity
and relative permittivity of the frozen soil at different frequen-
cies.

Y =
(1− S)

Z0(1 + S)
(5)

{
ρeff(f) =

1
σeff

= A
Re(Y )·d

εreff(f) =
Im(Y )·d
ωε0·A

(6)

where Z0 is the matching impedance of 50Ω, and ε0 is the vac-
uum permittivity with a value of 8.854× 10−12 F/m.

3. RESULTS AND ANALYSIS
The variations in relative permittivity and resistivity with fre-
quency were measured for soil with an initial water content of
12% at temperatures of 13◦C,−5◦C, and−12◦C, respectively.
The measurement results are shown in Figures 2 and 3. The
horizontal coordinate represents the common lightning current
frequency range, spanning from 100Hz to 10MHz.

FIGURE 2. Frequency characteristics of soil relative permittivity at dif-
ferent temperatures.

As shown in Figure 2, the relative permittivity of the soil
is the higher at positive temperatures than negative tempera-
tures. This is because negative temperatures cause water in the
soil to freeze into ice, and the permittivity of ice is much lower
than that of water. When the soil temperatures are −5◦C and
−12◦C, respectively, the difference in permittivity across fre-
quencies is relatively small compared to that at positive temper-
atures. This phenomenon occurs because the water content in
the soil decreases exponentially with decreasing temperature at
subzero conditions: it declines rapidly near the phase transition
temperature (around 0◦C) and then gradually approaches zero
as the temperature further decreases. Consequently, the wa-
ter content — and thus the relative permittivity — differs only
marginally between −5◦C and −12◦C. In the lightning current
frequency range, the dominant contribution to the variation in
the dielectric constant of moist soil is the orientational polariza-
tion of water molecules. As the excitation frequency increases,
the rotational speed of dipoles gradually fails to keep pace with
the changes in the electric field, leading to a gradual decrease
in the relative permittivity of the soil. Consequently, the curves
in Figure 2 tend to flatten out in the high-frequency range.
Figure 3 illustrates the variation of soil resistivity with fre-

quency. As shown in the figure, soil resistivity increases with
decreasing temperature, with particularly pronounced changes
observed on both sides of the phase transition temperature. Ex-
perimental measurements indicate that the electrical parame-
ters of frozen soil exhibit significant temperature and frequency
dependence. When the temperature decreased from 13◦C to
−12◦C, the soil resistivity increased sharply from 100Ω · m
to 4200Ω · m (measured at 100Hz), while the relative permit-
tivity decreased markedly due to the freezing of water into ice
(from approximately ε ≈ 80 for liquid water to ε∞ = 8 for
ice). Frequency-domain analysis reveals that within the light-
ning current frequency range of 100Hz to 10MHz, the permit-
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FIGURE 3. Frequency characteristics of soil resistivity at different tem-
peratures.

tivity of frozen soil decreases with increasing frequency and
stabilizes in the high-frequency range (> 1MHz). Resistivity
also demonstrates frequency dependence, though this effect is
negligible in thawed soil (ρ < 100Ω ·m). These findings pro-
vide critical parameters for the modeling of grounding devices.

4. CALCULATION OF FREQUENCY-DOMAIN CHAR-
ACTERISTICS OF GROUNDING DEVICES IN SEA-
SONAL FROZEN SOIL

4.1. Calculation Principles and Models
This study employs the Method of Moments (MoM), an elec-
tromagnetic computational technique, to solve the full-wave
frequency-domain electromagnetic field equations. When the
nonlinear characteristics of soil resistivity under lightning cur-
rent are not considered, the MoM offers significant advan-
tages: it eliminates the need for discretizing the entire soil
dispersion region, requires no definition of absorbing bound-
ary conditions [16], and only necessitates segmental discretiza-
tion of the grounding electrode itself. Compared to Finite-
Difference Time-Domain (FDTD) method and Finite Element
Method (FEM),MoMachieves faster computational speeds and
lower memory consumption, enabling efficient solutions for a
large number of discrete frequency points within a single pro-
gram execution. The frequency-domain full-wave electromag-
netic field equations based on Maxwell’s theory are expressed
as follows (7). 

θ = σ + jωε
γ2 = jωµθ
A = µI

4π

∫
e−γR

R ds
U = − 1

µθ∇ · A

(7)

where σ is the medium conductivity (S/m), ε the permittiv-
ity (F/m), ω the angular frequency of excitation (rad/s), µ the
permeability (H/m), A the vector magnetic potential (Wb/m),
R the distance from the observation point to the source (m),
I the unit input current (A), d∗s∗ the differential segment of
the source (m), and U the transient potential response at the
input point (relative to infinity) (V). The full-wave electro-
magnetic field equations incorporate both the induced electric

(a) (b)

FIGURE 4. Equivalent circuit models of grounding electrodes across
different frequency ranges: (a) Low-frequency leakage current distri-
bution; (b) High-frequency leakage current distribution.

field (E = −jωA − ∇φ) and displacement current density
term (jωεE), thereby accounting for the inductive effects of
the grounding device and capacitive effects of the soil. The
impedance of the grounding electrode in the frequency domain
can be expressed as (8).

Z(jω) =
U(jω)
I(jω)

(8)

Electrical parameters of the surface layer of seasonal frozen
soil are not fixed but vary significantly with climatic and tem-
poral factors due to cyclic freezing and thawing in response to
external temperature changes. Based on the experimental re-
sults presented in Section 3, the surface soil layer in this sec-
tion is modeled as frozen soil at −12◦C, while the underlying
thawed soil, which is less affected by external environmental
variations, is set as thawed soil at 13◦C.
The concept of “critical frequency” (Fci) is introduced

here [17]. When grounding systems are analsyzed, a key
parameter is grounding resistance [18]. However, the value of
grounding resistance is not constant and is strongly dependent
on the frequency of the current. Above and below the critical
frequency, the grounding impedance transitions from purely
resistive to either inductive or capacitive in nature, as shown
in Figure 4.
When f < Fc, the magnitudes of ωL for the grounding elec-

trode and ωC for the soil are both small, so the phase angle is
approximately zero. In this work, a grounding impedance is
regarded as purely resistive when the phase angle lies within
±1◦, and its value is numerically equal to the direct-current
grounding resistance, which can be obtained from the wave-
tail steady-state of the lightning impulse transient [19]. Under
such conditions, the equivalent circuit model of the grounding
electrode is shown in Figure 4(a), comprising solely the soil
conductance, with IG — the conduction current — dominating
the dissipation pattern. For f > Fc, the grounding impedance
deviates from the DC value; in the time domain, this deviation
emerges during the wave-front transition of the lightning cur-
rent. Therefore, numerical analyses can select the appropriate
grounding electrode circuit model by evaluating Fc and the fre-
quency spectrum of the lightning current to determine whether
inductive and capacitive components must be included.
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(a) (b)

FIGURE 5. Schematic diagram of the layout of the calculation case. (a) The ground electrode length l = 5m. (b) The ground electrode length
l = 10m.

4.2. Results and Analysis Incorporating the Frequency-
Dependent Electrical Parameters of Seasonally Frozen Soil
When the frequency dependence of soil electrical parameters is
ignored, the soil resistivity is fixed at the value corresponding to
f = 100Hz, and the permittivity is set to the limit as frequency
approaches infinity [20], denoted as ρ and ε∞, respectively;
the resulting soil parameters are listed in Table 1.

TABLE 1. Electrical parameters of soil with 12% initial water content.

Relative permittivity (ε∞) Resistivity ρ0 (Ω ·m)
8(−12◦C) 4200(−12◦C)
8(13◦C) 100(13◦C)

As reported in reference, the frequency dependence of soil
electrical parameters can be neglected when the resistivity is
below 100Ω · m [21]. Therefore, the electrical parameters of
thawed soil are treated as constant under the frequency com-
ponents of lightning current, whereas the parameters of frozen
soil, which are the focus of this study, must account for fre-
quency dependence.
As illustrated in Figures 5(a) and (b), the vertical grounding

electrode was modelled with a diameter of 25mm and lengths
l = 5m and 10m, while the surface frozen-soil thickness hwas
set to 1m, 4m, and 6m.
Under 100Hz–10MHz excitation, this section conducts

numerical evaluation via electromagnetic simulation on the
frequency-domain response of vertical grounding electrodes
of varying lengths in seasonally frozen soil and compares out-
comes obtained with and without accounting for the frequency
dependence of frozen-soil electrical parameters, as detailed in
Figures 6–9.
In Figure 6, when l < h, the grounding electrode is entirely

located within the frozen soil layer, as indicated by the legend
“h = 6m” and the corresponding green vertical axis on the
right. For frequencies above the critical frequency f > Fc, Fig-
ure 6 shows that the grounding impedance exhibits capacitive
characteristics over a broad frequency range (approximately
2×104 to 4×106 Hz), with a negative phase angle. As the fre-
quency increases, the capacitive behavior becomes more pro-
nounced, and the magnitude of the impedance decreases more
significantly. This phenomenon occurs because the high resis-

(a)

(b)

FIGURE 6. Amplitude-frequency and phase-frequency characteristics
of grounding impedance for l = 5m when considering frequency-
independent electrical parameters of frozen soil.

tivity of frozen soil leads to a gradual increase in the ratio of dis-
placement current Jc to conduction current JG with increasing
frequency, as described by Equation (9). Consequently, current
dissipation becomes dominated by the displacement current Ic,
resulting in a trend toward capacitive impedance.

Jc
JG

=
ωε

σ
= ρωε (9)

However, when the frequency approaches approximately
5MHz, the phase angle of the grounding impedance becomes
positive, indicating a resonant peak. The impedance exhibits
oscillatory characteristics, transitioning between inductive and
capacitive behaviors across different frequencies. The equiv-
alent circuit model under these conditions is shown in Fig-
ure 4(b), which consists of soil conductance Gi, capacitance
Ci, and the inherent inductance Li of the grounding device,
connected in cascade.
In Figure 7, the length of the grounding electrode is l = 10m,

meaning h < l. Under the three conditions of h = 1, 4, and
6m, the critical frequency Fc is approximately equal, around
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(a)

(b)

FIGURE 7. Amplitude-frequency and phase-frequency characteristics
of grounding impedance for l = 10m when considering frequency-
independent electrical parameters of frozen soil.

10 kHz. When f > Fc, for all three scenarios, both the phase
angle and magnitude of the grounding impedance gradually in-
crease with frequency and remain positive. This occurs be-
cause, at low frequencies, the primary current dissipation re-
gion of the grounding electrode is located in the low-resistivity
thawed soil. As indicated by Equation (9), the capacitive effect
of thawed soil is weak, and the inductive effect of the grounding
electrode dominates.
For the cases where h = 4m and 6m, at higher frequencies,

the inductive effect of the grounding electrode reduces current
dissipation at its distal end, resulting in an effective length. In-
stead, current dissipation predominantly occurs in the surface
frozen soil layer (as illustrated in Figure 6, where the length
of the red arrows represents the relative magnitude of displace-
ment and conduction leakage current densities). Under these
conditions, the grounding impedance exhibits capacitive char-
acteristics with a negative phase angle. Although h < l, the in-
creased thickness of the surface frozen soil layer influences the
high-frequency behavior of the grounding electrode. As shown
by the black dashed line in Figure 7, a greater frozen soil thick-
ness enhances the capacitive effect, shown as a lower frequency
threshold for the onset of negative phase angles in the ground-
ing impedance.
In this section, the electrical parameters of the frozen soil

are not set as constant values but are defined as frequency-
dependent. The data required for the calculations are sourced
from Section 2.
When the frequency-dependent decrease in resistivity and

permittivity of the surface frozen soil layer is considered, a
comparison between Figure 6 and Figure 8, as well as Figure 7
and Figure 9, reveals the following: If h > l, the magnitude of
the grounding impedance decreases significantly across the en-
tire frequency range; if h < l, the decrease in impedance mag-
nitude is primarily noticeable only in the high-frequency range.

(a)

(b)

FIGURE 8. Ground impedance magnitude and phase characteristics
versus frequency when l = 5m, without considering frequency
characteristics. (a) Frequency-dependent magnitude of the grounding
impedance. (b) Frequency-dependent phase angle of the grounding
impedance.

(a)

(b)

FIGURE 9. Ground impedance magnitude and phase characteristics
versus frequency when l = 10m, without considering frequency
characteristics. (a) Frequency-dependent characteristic of ground-
ing impedance magnitude. (b) Frequency-dependent characteristic of
grounding impedance phase angle.

The high-frequency characteristics of the grounding impedance
become more complex, exhibiting more pronounced oscilla-
tory behavior and additional resonant peaks within the 1MHz–
10MHz frequency band. Additionally, the critical frequency
Fc of the grounding impedance becomes lower.
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5. TRANSIENT POTENTIAL VARIATION OF GROUND-
ING ELECTRODES IN SEASONAL FROZEN SOIL

5.1. Calculation and Analysis of Transient Potential on Ground-
ing Electrodes under First Return Stroke
The process of lightning current dissipation through the tower
grounding device is an electromagnetic transient phenomenon
on the microsecond (µs) timescale [21]. By employing the in-
verse Fourier transform, the frequency-domain solution can be
converted into a transient solution in the time domain. Taking
the transient potential response as an example (10):

V (t) = F−1 (Z(jω) · I(jω)) (10)

where Z(jω) is the frequency-domain grounding impedance,
I(ω) the frequency-domain lightning current, and F−1 the in-
verse Fourier operator. Lightning strikes often involve multiple
return strokes [22, 23]. In this study, Heidler function is used
to model the lightning current source, as expressed in the fol-
lowing Equation (11):

I(t) =
Ip
η

(t/τ1)
n

1 + (t/τ1)n
e−t/τ2 (11)

In the equation, Ip is the peak current (kA), τ1 the front time
(µs), τ2 the tail time µs), n the integral exponent taken as 2,
and η the correction factor. Lightning-current parameters are
listed in Table 2; subsequent strokes are represented by the su-
perposition of subsequent stroke 1 and subsequent stroke 2.

TABLE 2. Lightning-current parameters.

Lightning current I0 τ1 τ2 η
First stroke 28 1.8 95 0.8231

Subsequent stroke 1 10.7 0.25 2.5 0.6394
Subsequent stroke 2 6.5 2 230 0.8765

Figure 10 shows a typical lightning-current waveform. The
amplitude of the subsequent stroke is approximately one-third
that of the first stroke, but its front time is shorter, containing
higher-frequency sinusoidal components.

FIGURE 10. Typical first-stroke and subsequent-stroke current wave-
forms.

In Figure 11, the solid lines correspond to results obtained
with frequency-independent frozen-soil parameters, whereas
the scattered symbols incorporate full frequency dependence.
Panel (a) shows the transient potential of a 10m electrode: as
the frozen-layer thickness h increases (but remains h < l),

the peak potential rises, indicating that deeper surface freez-
ing degrades the current-dissipation performance of the verti-
cal electrode. When the frequency dependence of the frozen
layer is included, the transient potential almost coincides with
the frequency-independent case. This is because the dominant
spectral content of the return stroke lies in the kHz band; at
these low-frequency components most current dissipates in the
thawed soil surrounding the electrode tip (Figure 11), so the
frequency dependence of the surface frozen soil exerts only a
marginal influence on the transient potential.

(a)

(b)

FIGURE 11. Transient potential of grounding electrodes with different
lengths under first lightning stroke. (a) Transient potential under the
first stroke when l = 10m. (b) Transient potential under the first
stroke when l = 5m.

Figure 11 shows the transient-potential behaviour for a 5m
electrode (right-hand yellow axis corresponds to transient po-
tential when h = 6m, and the same applies to Figure 12).
When h = 6m, the frozen layer is thicker than the electrode
(h > l), and the transient potential is an order of magnitude
larger than for h < l. Accounting for the frequency depen-
dence of the frozen-soil parameters markedly moderates the ris-
ing slope and reduces the peak amplitude; Equation (12) gives a
potential-drop ratioD of 22%. This outcome is consistent with
the h = 6m traces in Figures 6(a) and 9(a): when frequency
dependence is included, the grounding-impedance magnitude
decreases with increasing frequency across the entire lightning-
current spectrum.

D =
U1 − U2

U1
= 22% (12)

U1 andU2 denote the peak transient potentials of the ground-
ing electrode without and with the consideration of frequency-
dependent characteristics of frozen soil, respectively.
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(a)

(b)

FIGURE 12. Transient potential of grounding electrodes with differ-
ent lengths under subsequent lightning stroke. (a) Transient potential
under the subsequent stroke when l = 10m. (b) Transient potential
under the subsequent stroke when l = 5m.

5.2. Individual Fault-Type Diagnosis
Figure 12 shows the transient-potential behaviour of grounding
electrodes of different lengths under subsequent strokes. Com-
paring the h > l cases in Figure 11(b) and Figure 12(b) reveals
that the transient-potential reduction is more pronounced for
subsequent strokes when the frequency dependence of the sur-
face frozen layer is considered; Equation (13) givesD = 42%.
This is because the grounding impedance becomes capacitive
in the high-resistivity frozen soil, and the subsequent stroke
contains higher-frequency sinusoidal components, causing the
impedance magnitude to decrease more strongly under these
high-frequency components.

D =
U3 − U4

U3
= 42% (13)

U3 andU4 denote the peak transient potentials of the ground-
ing electrode without and with the consideration of frequency-
dependent characteristics of frozen soil, respectively.

6. CONCLUSION
By integrating experiment and simulation, this paper system-
atically investigates the electrical characteristics of grounding
electrodes under seasonally frozen-soil conditions and further
examines their lightning-induced transient-potential variations.
The specific conclusions are as follows:
a) Accounting for the frequency dependence of frozen-soil

electrical parameters reduces the grounding-impedance magni-
tude by roughly 20%–40% at high frequencies (> 100 kHz)
and introduces multiple resonance peaks between 1MHz and
10MHz, yielding a more complex resonant behaviour.

b) When electrode length exceeds the frozen-layer thick-
ness, the low-frequency response is governed by the underlying
thawed soil, and the characteristic frequency is≈ 10 kHz; con-
versely, for l < h, the fully frozen surroundings intensify the
high-frequency capacitive effect, expanding the negative-phase
region by roughly 40%.
c) Increasing frozen-layer thickness markedly intensifies the

frequency-dependence effect. At h = 6m, the high-frequency
capacitive behaviour emerges roughly one decade earlier than
at h = 1m, and the impedance-magnitude difference exceeds
30% in the high-frequency range.
d) Under lightning stroke, if the electrode is embedded in

high-resistivity frozen soil, including the frequency depen-
dence yields a potential drop of≈ 22% for the first return stroke
and up to 42% for subsequent strokes, demonstrating that tran-
sient analyses of grounding electrodes in permafrost regions
must incorporate the frequency-dependent effect.
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