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Abstract

Concealed conductive connections between a transmission tower’s grounding grid and its
foundation can cause a portion of the lightning strike current to enter the foundation and
concentrate at the concealed conduction locations, thereby increasing the risk of foundation
deterioration. To investigate the impact characteristics of such currents on the foundation
under this operating condition, this study first establishes an electro-thermal-mechanical
coupled finite-element model of the tower foundation that incorporates a subsurface con-
cealed conductive loop, and compares the foundation’s temperature rise and mechanical
characteristics under lightning currents and under power-frequency follow currents. The
results indicate that power-frequency follow current poses a substantially greater haz-
ard to the foundation than lightning current. Based on similarity theory, scaling laws
for the foundation subjected to the impacts of power-frequency follow current are then
derived. Considering that the intrinsic electro-thermal properties of the foundation cannot
be altered in the scaled model, a parameter correction method is proposed according to
quasi-similarity criteria. The corrected scaled-model results are compared with those of
the prototype in simulation, and principal indicators exhibit deviations within 3%. A
physical scaled model was subsequently designed and fabricated for impact testing, and
ultrasonic inspection was used to assess potential damage in the concealed conduction
region. The results show that under the action of power-frequency follow currents, the
maximum temperature at the concealed conductive region reaches 124 ◦C, with deviations
of 2.83% from the prototype simulation and 3.58% from the scaled-model simulation. The
tower foundation was subjected to 20 power-frequency follow current impacts. After each
impact and subsequent cooling, ultrasonic measurements of wave propagation velocity
at the concealed conduction center decreased from 3.797 km/s to 3.571 km/s. The ob-
served reduction in wave speed indicates a loss of local concrete structural integrity and
suggests the risk of performance degradation and initiation of microcracks. These findings
provide a reference basis for assessing the safety of tower foundations under concealed
conduction conditions.

Keywords: concealed conduction; scaled model; transmission tower; impact characteristics;
nondestructive testing
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1. Introduction
The grounding grid of transmission line towers serves as a critical support structure for

the power grid, and reliable grounding is essential to ensure the safe and stable operation of
the power system [1–3]. Accordingly, periodic measurement of tower grounding resistance
and routine inspection of tower foundations have become important measures to guarantee
the reliable operation of transmission lines [4–6]. In recent years, field maintenance of
transmission towers has frequently revealed the phenomenon of concealed conduction
between the grounding grid and the tower foundation; that is, unintended conductive
connections exist among the tower body, the foundation reinforcement cage, and the
grounding grid. This concealed conduction provides a current dissipation path along the
tower–foundation reinforcement cage–grounding grid during lightning strikes or short-
circuit faults, leading to uneven current distribution and localized energy concentration [7].
Under the cumulative effects of repeated lightning currents and power-frequency follow
current impacts, the tower foundation may undergo deterioration, with the initiation of
microcracks or even structural damage, thereby posing potential safety risks. Therefore, an
in-depth investigation of the impact damage characteristics of tower foundations under
concealed conduction conditions is of great significance for ensuring the long-term safe
operation of transmission lines

With respect to the damage characteristics of concrete, relevant researchers have con-
ducted numerous studies on concrete fatigue damage, impact-load-induced damage, and
other aspects [8–10]. Saqif et al. [11] experimentally investigated the compressive behavior
of ultra-high-performance concrete with ultra-high compressive strength under mono-
tonic and cyclic uniaxial compression and proposed a one-dimensional plastic damage
constitutive model capable of simulating cyclic compression-induced damage in concrete.
Jin et al. [12], using mesoscale numerical analysis, examined the damage zones of ordinary
concrete at elevated temperatures and found that the damage becomes more concentrated
at elevated temperatures compared with normal conditions, revealing the interaction be-
tween the strain-rate effect and the temperature-induced degradation effect in concrete.
Cui et al. [13] conducted dynamic Brazilian disk splitting tests on specimens of different
concrete types and analyzed the fracture processes and crack propagation patterns of
various fiber-reinforced concretes. Nie et al. [14] introduced damage accumulation effects
within an elastoplastic finite-element framework and implemented a UMAT in LS-DYNA
to analyze how cumulative damage influences the dynamic response and collapse process
of transmission towers. They pointed out that by classifying the damage at the component
and segment levels, the degree of damage in each tower segment can be quantitatively
evaluated. Gidrão et al. [15] studied damage evolution in normal- and high-strength con-
cretes through cyclic loading and acoustic measurements, reporting changes in internal
damping ratio and dynamic elastic modulus that provide experimental evidence for quan-
tifying dynamic damage under impact and cyclic actions. Krentowski [16] systematically
analyzed the failure mechanisms of concrete structures in long-term service under various
adverse conditions, such as explosions, fire, and aggressive environments, and proposed
repair measures and engineering recommendations tailored to different damage types,
thereby providing valuable practical guidance for safety assessment and strengthening
decisions. Dixit et al. [17] employed embedded piezoelectric transducers to monitor impact-
and fatigue-induced damage in concrete, extracted equivalent damping, stiffness, and
mass parameters using the electro-mechanical impedance technique, and demonstrated
that PZT signatures exhibit clear, damage-dependent changes that can be used to pre-
dict residual service life. Regarding the current dispersion and damage characteristics of
concrete under impulse current, relevant scholars have also conducted in-depth studies.
Wang et al. [18] used COMSOL (https://cn.comsol.com/, accessed on 10 June 2025) to

https://cn.comsol.com/
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investigate the current diffusion characteristics and resistance reduction efficiency of con-
crete pile foundations in wind turbine systems. They analyzed the influence of different
soil resistivities on grounding performance and proposed that applying flexible graphite
composite grounding materials on the surface is more effective for reducing resistance in
wind turbine foundations. Zhang et al. [19] studied the thermal characteristics of conduc-
tive concrete foundations of towers under continuous lightning strikes, considering soil
ionization, spark effects, and cumulative effects. They pointed out that when the number
of continuous lightning strikes exceeds three, the temperature can reach 300 ◦C, which may
cause structural damage to the foundation, suggesting that reducing grounding resistance
and enhancing the current diffusion capacity of the grounding network are necessary.
Tian et al. [20] performed a comparative analysis of ordinary and conductive concrete
under lightning current impact, revealing that cracks are likely to occur in the main column
region of the foundation during the electro-thermal damage coupling process of lightning
discharge. However, although these studies have advanced understanding of concrete
impact behavior for transmission towers, they have not sufficiently considered the effects
of high-amplitude currents concentrated at concealed conduction locations when the tower
grounding grid and foundation are electrically connected. Consequently, building upon
existing research, this study combines simulation and scaled experiments to investigate
in depth the impact characteristics of high-amplitude currents concentrated at concealed
conduction locations within the tower foundation.

This study addresses the engineering problem of localized heating and subsequent
electro-thermal-mechanical damage in transmission tower foundations caused by current
concentration at concealed conductive paths between the foundation and the grounding
grid. A parameter correction method for scaled experiments is proposed and validated to
accurately reproduce the prototype’s localized heating and mechanical responses under
geometric scaling. Based on finite-element simulations, the current concentration and
temperature rise responses in the concealed conduction region under lightning impulses
and power-frequency follow currents were analyzed, confirming that the latter poses a
higher risk due to sustained Joule-heat accumulation. Considering that intrinsic material
parameters such as concrete electrical conductivity and thermal conductivity cannot be
proportionally scaled, a current amplitude correction approach based on quasi-similarity
criteria is introduced to reproduce the coupled electro-thermal-mechanical behavior of
the prototype in the scaled model. An experimental platform for power-frequency follow
current impact testing was designed and constructed, and multiple impact tests were
performed on the scaled foundation model. By combining real-time temperature monitor-
ing with ultrasonic nondestructive testing and comparing changes in wave velocity and
waveform, the study provides a detailed analysis of concrete property degradation at the
concealed conduction site.

2. Finite-Element Model Setup
This article establishes a finite-element simulation model for a concrete tower founda-

tion. The main column measures 1200 mm × 1200 mm × 2000 mm. The grounding grid is
made of a flexible graphite composite and is buried at a depth of 0.8 m. Inside the founda-
tion, eighteen vertical reinforcement bars with a diameter of 22 mm are distributed in the
vertical direction, and six horizontal stirrups with a diameter of 20 mm are evenly arranged
in the horizontal direction. The temperature at the foundation surface and at the far field of
the soil is fixed at 20 ◦C. Convective heat transfer between the foundation surface and the
ambient air is imposed, with a heat transfer coefficient of h = 10 W/·(m−2·K−1). Figure 1a
illustrates the multiphysics simulation model of the tower foundation and grounding
network, where the red dashed line indicates the concealed conductive loop. Figure 1b
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presents a schematic diagram of the internal structure of the tower foundation with the
concealed conductive loop.

 
(a) (b) 

Figure 1. (a) Schematic diagram of the tower foundation and grounding network; (b) schematic
diagram of the internal structure of the tower foundation.

Part of the core material parameters used in the simulation model are listed in Table 1;
all other parameters were set according to the built-in material library.

Table 1. Physical parameters of materials in the prototype model.

Material Electrical Conductivity
(S/m) Density (kg/m3)

Thermal
Conductivity
(W·m−1·K−1)

Coefficient of
Thermal Expansion

(K−1)

Concrete 1.0 × 10−4 2400 1.28 1.0 × 10−6

steel 1.0 × 107 7850 44.5 1.23 × 10−5

Grounding grid 3.08 × 104 2000 127 1.7 × 10−5

For the electromagnetic/thermal-mechanical impact simulations, the standard
2.6/50 µs lightning current waveform was selected:

I(t) =
I0

k
(e−αt − e−βt) (1)

In the governing expression, I0 denotes the peak current in kA, k is the peak correction
factor, and α and β are the time constants for current decay and rise, respectively.

To investigate the influence of concealed conduction on the current dispersion of
transmission tower foundations, a shunt coefficient η is defined to quantitatively describe
the current distribution.

η f =
I f

Is
× 100% (2)

ηc =
Ic

I f
× 100% (3)

In the equation, ηf represents the shunt coefficient of the tower foundation with
concealed conduction, ηc denotes the shunt coefficient of the concealed conduction loop, Is

is the amplitude of the injected system current, If is the amplitude of the current flowing
into the tower foundation with concealed conduction, and Ic is the amplitude of the actual
current flowing through the concealed conduction path.

In the baseline foundation model, a concealed conductive loop was introduced, result-
ing in two parallel leakage paths: the earthing down-lead and the concealed loop. A soil
resistivity of 500 Ω·m was adopted for the calculations. Reference [21] presents a detailed
numerical analysis of the distributions of lightning currents with a duration of 300 µs
and peak values ranging from 40 kA to 120 kA, and of power-frequency follow currents
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with a duration of 0.54 s and amplitudes ranging from 3.5 kA to 9.9 kA. Reference [22]
employed ATP (https://atp-emtp.org/, accessed on 18 May 2025) software to calculate the
grounding resistance and current dispersion characteristics of tower foundations under
continuous lightning strike currents. Based on the above literature analysis, this study
selects a lightning current with a peak amplitude of 120 kA and a power-frequency follow
current with an amplitude of 9.4 kA. The resulting dispersion coefficient ηf is calculated to
be 61.71%, indicating that the corresponding current flowing into the concealed conductive
tower foundation is 74.05 kA for the lightning current and 5.8 kA for the power-frequency
follow current. Furthermore, the dispersion coefficients ηc under lightning current and
power-frequency follow current are 62.42% and 65.74%, respectively. These results demon-
strate that for tower foundations with concealed conductive paths, only about 35% of the
discharge current flows into the grounding grid through the earthing down-lead, while
the remaining portion is dispersed through the concealed conductive path within the
foundation. Therefore, this study focuses on a detailed analysis of concealed conductive
tower foundations, with simulation parameters set to a lightning current of 74.05 kA lasting
100 µs and a power-frequency follow current of 5.8 kA lasting 0.56 s. The flow chart of the
simulation calculation is shown in Figure 2.

 

Figure 2. Simulation calculation flowchart.

The temperature distribution of the tower foundation is shown in Figure 3. For both
current types, the maximum temperature occurs at the concealed conduction site. The
peak temperature under lightning current is 27.45 ◦C, while under power-frequency follow
current it reaches 120.59 ◦C. Hence, the thermal effect induced by the power-frequency
follow current is substantially greater than the transient heating caused by lightning current,
leading to more pronounced potential damage to the foundation. The electrical and thermo-
mechanical responses at the concealed conduction site under different current types are
summarized in Table 2.

(a) (b) 

Figure 3. (a) Temperature distribution under lightning current; (b) temperature distribution under
power-frequency follow current.

https://atp-emtp.org/
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Table 2. Electrical and thermo-mechanical characteristics at the concealed conduction site under
different current types.

Current Type Temperature (◦C) Stress (N/m2) Displacement (mm)

Lighting current 27.45 1.55 × 107 1.85 × 10−3

Power-frequency follow current 120.59 2.03 × 108 2.40 × 10−2

The results indicate that the stress and displacement levels under power-frequency
follow current are approximately 13 times higher than those under lightning current. Such
significant superimposed thermo-mechanical effects may lead to local thermal cracking
of the concrete, degradation of the bond between steel reinforcement and concrete, and
deterioration of the overall material properties, thereby posing a substantial threat to
the service safety of the tower foundation. In contrast, although the lightning current
exhibits a much higher peak value, its extremely short duration results in relatively limited
damage effects. Based on these findings, this study focuses on investigating the impact
mechanism of power-frequency follow current on the dynamic response of transmission
tower foundations, with the aim of providing theoretical guidance for protective design
and service life evaluation in engineering practice.

3. Derivation and Validation of Scaling Relations for the Foundation
3.1. Derivation of Scaling Relations

Similarity theory has been widely used in power-system studies [23,24]. When a tower
foundation concrete is subjected to an impact current, the current tends to concentrate at
the concealed conductive location, causing a rapid rise in temperature inside the concrete
and generating steep temperature gradients that lead to irreversible property degradation.
The principal input parameters considered here are mass M, length L, time T, temperature
θ, electric current I, coefficient of thermal expansion α, density ρ, thermal conductivity
k, specific heat at constant pressure Cp, electrical conductivity σe, Young’s modulus E,
and frequency f. Output parameters include the concrete stress at the conduction site
σ, temperature rise ∆T, and displacement δ. According to the Buckingham π theorem,
choosing M, L, T, θ, and I as the fundamental physical dimensions allows the dimensions
of the remaining quantities to be expressed in terms of these five base dimensions; the
resulting dimensional relationships are listed in Table 3.

Table 3. Dimensional matrix.

M L T θ I

M 1 0 0 0 0
L 0 1 0 0 0
T 0 0 1 0 0
θ 0 0 0 1 0
I 0 0 0 0 1
α 0 0 0 −1 0
ρ 1 −3 0 0 0
k 1 1 −3 −1 0

CP 0 2 −2 −1 0
σe −1 −3 3 0 2
E 1 −1 −2 0 0
f 0 0 −1 0 0
σ 1 −1 −2 0 0

∆T 0 0 0 1 0
δ 0 1 0 0 0
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To construct dimensionless groups, we select ρ, L, E, Cp, and I as the repeating vari-
ables. Their dimensional forms are [ML−3], [L], [ML−1T−2], [L2T−2θ−1], and [I]. A generic
dimensionless group can therefore be written in the following form:

Π = AρaLbEcCd
p Ie (4)

In the expression, A is a constant and a, b, c, d, e are the exponents associated with the
respective physical quantities. Applying the principle of dimensional homogeneity and
equating the powers of the chosen fundamental dimensions for the above expression yields
the following system of equations:

α1 + a + c = 0
α2 − 3a + b − c + 2d = 0
α3 − 2c − 2d = 0
α4 − d = 0
α5 + e = 0

(5)

Here α1–α5 denote the dimensional exponents of the selected base physical
quantities, i.e., 

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1




α1

α2

α3

α4

α5

 =


−1
−3
3
0
2

 (6)

Solving the coupled systems (4) and (5) yields

a = −1
2

, b = 3, c =
3
2

, d = 0, e = −2 (7)

According to the Buckingham π theorem,

ln(σe) = a ln(ρ) + b ln(L) + c ln(E) + d ln(CP) + e ln(I) (8)

The logarithmic form for the electrical conductivity σe can be written as

Πσe = σeρ−1/2L3E3/2C0
p I−2 =

σeE3/2L3

ρ1/2 I2 (9)

Similarly, nondimensional combinations for other physical quantities (thermal con-
ductivity, thermal expansion coefficient, stress, temperature rise, displacement, etc.) are
obtained following the same procedure:

Πα =
αE
ρCp

, Πk =
k

ρ1/2E1/2CpL
, Π f =

f ρ1/2L
E1/2 , Πσ =

σ

E
, Π∆T =

ρCp∆T
E

, Πδ =
δ

L
(10)

Similarity theory requires geometric, kinematic, and dynamic similarity; hence, each
nondimensional group must be identical for the model and the prototype. The similarity
ratio of any physical quantity Q between the model and the prototype is denoted by

βQ =
Qm

Qp
(11)
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Subscripts m and p denote the scaled model and the prototype, respectively. For
the similarity ratio of the dimensionless group associated with the thermal expansion
coefficient, we obtain

(Πα)m
(Πα)p

=
αmEm/ρmCPM
αpEp/ρpCPp

(12)

From which it follows that the similarity ratio for the thermal expansion coefficient is

βα =
βρβCP

βE
(13)

Applying the derived similarity criteria sequentially yields the similarity ratios for
other parameters such as the thermal conductivity; the complete set of similarity relations
for the scaled model is summarized in Table 4.

Table 4. Similarity ratios.

Physical Quantity Similarity Ratio

Thermal expansion coefficient βρβCP β−1
E

Thermal conductivity β1/2
ρ βCp β1/2

E βL

Electrical conductivity β1/2
ρ β2

I β−3/2
E β−3

L
Frequency β1/2

E β−1/2
ρ β−1

L
Stress βE

Temperature rise βEβ−1
ρ β−1

Cp

Displacement βL

3.2. Correction of the Scaling Relations

A 1/4-scale model was constructed with the same structural configuration as the
prototype. The scaled foundation dimensions are 300 mm × 300 mm × 500 mm; the
vertical reinforcement bar diameter is 5.5 mm and the stirrup diameter is 5 mm. The scaled
model is composed of the same material types as the prototype, and its material parameters
are initially obtained via the similarity relations and scaling formulae:

βρ = 1, βCP = 1, βE = 1 (14)

The geometric scale factor of the model is denoted by βL. From the similarity deriva-
tion, the thermal conductivity of the scaled model should be βL times that of the prototype,
the electrical conductivity should scale as βL

−1 of the prototype, and the current fre-
quency should also scale as βL

−1. In practice, however, electrical conductivity and thermal
conductivity are intrinsic material properties that cannot be adjusted arbitrarily when
fabricating the physical model. Similarly, because the experiment employs a mains power
supply, the frequency remains fixed at 50 Hz. Consequently, a scaled model constructed
strictly according to the similarity relations will exhibit deviations in reproducing the
prototype’s electrical behavior; therefore, the corresponding scaling coefficients must be
further corrected.

When current flows through the concealed conduction point, localized heating is
generated due to the Joule heating effect. The heat generation rate can be expressed as

q = J · E (15)

where J is the current density (A/m2) and E is the electric field intensity (V/m).
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The generated heat diffuses through the material via thermal conduction, a process
governed by the Fourier number:

Fo =
αt
L2 (16)

Based on the derived similarity ratio relationships, the following correlations for heat
generation rate and Fourier number exist between the prototype and the model:

(q)p =
(q)m

β−2
I βσβ4

L
(17)

(Fo)p =
(Fo)m

βαβtβ
−2
L

(18)

Furthermore, the power source frequency influences the skin depth of the current in
the conductor:

δ =

√
2

ωµσ
(19)

According to the similarity ratio relationships, the following can be obtained:

(
δ

L

)
p
=

(
δ
L

)
m

β−1
f β−1

µ β−1
σ β−1

L
(20)

The temperature rise induces thermal expansion in the material, resulting in a strain of

εth = α(T)∆T (21)

Similarly, the thermal strain of the scaled model satisfies

(εth)p =
(εth)m

βα
∆Tm
∆Tp

(22)

For the 1/4-scale model, holding the material electrical conductivity, thermal conduc-
tivity, and the main frequency constant leads to a temperature rise in the model that is
four times that of the prototype. Since concrete damage is primarily induced by thermal
stress arising from thermal expansion, other electrical and thermo-mechanical responses are
likewise amplified by a factor of four. To ensure that the scaled model can accurately reflect
the electrical characteristics of the prototype, the scaling relationship must be corrected.
From Equations (15)–(17), the following relationship can be derived:

(∆T)m
(∆T)p

=
β2

I βt

βρβCP βσβ4
L

(23)

To minimize the errors introduced by fixed parameters in the scaled experimental
model, namely, to ensure that the result of Equation (23) equals 1, either the current duration
or the current amplitude can be adjusted. For the 1/4-scale model, the current duration
corresponds to one-fourth of that in the prototype. Under otherwise identical conditions,
this study chooses to reduce the applied current amplitude to one-eighth of the prototype
value, ensuring that the resulting temperature rise accurately reproduces the prototype’s
thermal trend. A comparative analysis is then conducted on the simulation model after
applying this current amplitude correction.
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3.3. Validation of the Scaling Relations

To visually compare the electrical characteristics between the scaled model and the
prototype structure, the calculation results from the scaled model, established based on
similarity theory, were scaled up according to the derived similarity ratios.

The maximum temperature at the concealed conduction point was 119.71 ◦C for the
scaled model and 120.59 ◦C for the prototype, resulting in an error of approximately 0.73%.
The temperature rise curves of the scaled model and the prototype show good agreement,
indicating that the scaled model effectively captures the temperature rise characteristics
of the actual prototype. The distributions of thermal stress and displacement for both the
prototype and the scaled model are shown in Figure 4.

Figure 4. Temperature rise curves for the prototype and the scaled model.

The maximum stress at the concealed conduction location in the scaled model was
1.98 × 108 Pa, compared with 2.03 × 108 Pa in the prototype, corresponding to an
error of approximately 2.46%. The maximum displacement of the scaled model was
5.83 × 10−3 mm, versus 2.40 × 10−2 mm for the prototype, with an error of about 2.83%.
Both the prototype and the scaled model exhibit similar stress and displacement distribu-
tions. Due to end effects, the current tends to flow toward the ends of the reinforcement bars;
however, because only a single concealed conductive path exists, the current dissipation
path is limited, which also induces notable deformation at the base of the foundation.

After correcting the applied current amplitude, the scaled model shows good agree-
ment in temperature response and other electrical characteristics, with errors controlled
within 3%. The corrected scaled model can therefore effectively reproduce the electrical
behavior of the real structure. Accordingly, a 1/4-scale physical test model was fabricated
with the same structural configuration and subjected to power-frequency follow current
impact tests for further analysis.

4. Scaled-Model Fabrication and Testing
4.1. Scaled-Model Fabrication

Because the damage caused by power-frequency follow currents is substantially
greater than that of lightning currents, an experimental apparatus for investigating founda-
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tion impact behavior under power-frequency follow currents was designed and assembled;
a schematic of the test rig is shown in Figure 5. The test system comprises an AC power
supply, a voltage divider, Rogowski coils, the concrete scaled foundation model, thermo-
couples for temperature monitoring, and a data-acquisition card. The power source is a
500 A AC generator; loop current and voltage measurements are performed using a Ro-
gowski coil and a voltage divider with ratios of 100:1 and 5000:1, respectively, connected to
the acquisition system.

 
(a) (b) 

 
(c) (d) 

Figure 5. (a) Stress distribution in the prototype model; (b) stress distribution in the scaled model;
(c) displacement distribution in the prototype model; (d) displacement distribution in the
scaled model.

A reinforcement cage was fabricated by tying Ø5.5 mm longitudinal bars and Ø5 mm
stirrups, as illustrated in Figure 6. Thermocouple-equipped optical fibers were embedded
adjacent to the reinforcement at the concealed conduction location and cast integrally with
the concrete; surface-mounted thermocouples were attached to the concrete surface above
the concealed conduction site for external temperature monitoring. Approximately 5 cm
of exposed rebar was reserved at the concrete surface to serve as the current-injection
electrode. The concrete used in the test is C30 ordinary concrete, and the specific mix
proportions are shown in Table 5.
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Table 5. C30 concrete mix ratio.

Material Dosage(kg/m3)

Cement 380
Water 190
Sand 680

Gravel 1200
Water Reducer 7.6

Figure 6. Schematic of the experimental setup.

After the concrete foundation was cast, it was cured under room-temperature condi-
tions by covering with a plastic film for moisture retention over a period of 28 days. Upon
reaching the design strength, the specimens were subjected to testing. Prior to the formal
impact tests, nondestructive testing instruments were employed to perform a full-domain
scan of the concrete specimens, recording baseline data such as wave velocity, acoustic
travel time, and waveform characteristics. Subsequently, the model was mounted on the
experimental platform, where a power-frequency current impulse with an amplitude of
approximately 0.3 kA and a duration of 1 s was applied. Each impulse was spaced by an
interval of 30 min to ensure the specimen fully cooled back to ambient temperature, thereby
avoiding thermal accumulation that could interfere with subsequent results. During the
test, a data acquisition system continuously recorded the transient temperature variations
at each measurement point. After all impact tests were completed, the specimens were
scanned again using nondestructive methods. By systematically comparing the changes
in wave velocity attenuation, acoustic travel time, and waveform distortion before and
after the impacts, the initiation and propagation of internal damage in the concrete were
comprehensively evaluated.

Photographs of the cast scaled model are presented in Figure 7. The internal concrete at
the grounding point was designated as the concealed conduction center. During fabrication,
two thermocouples were tied beside the reinforcement at the concealed conduction center
and cast together with the reinforcement cage. After curing, surface thermocouples were
attached at the corresponding locations. See schematic in Figure 8.



Appl. Sci. 2025, 15, 12143 13 of 18

 
Figure 7. Fabrication of the internal reinforcement cage.

 

Figure 8. Photograph of the scaled concrete foundation model.

4.2. Experimental Results and Analysis

Common nondestructive techniques for detecting internal defects in concrete include
ground-penetrating radar, acoustic emission, impact-echo method, and ultrasonic test-
ing [25–27]. In this study, ultrasonic inspection was employed to evaluate the post-impact
internal condition. When ultrasonic waves propagate through concrete, they are reflected,
refracted, or scattered by voids, lack of compaction, cracks, and other anomalies; the re-
ceived signals are analyzed to infer the internal structure [28]. Concu et al. [29] obtained
UPV maps on a test concrete wall with embedded voids and reported pointwise velocities
ranging approximately 2.874–4.540 km/s, mean ≈ 4.210 km/s, with the lowest velocities
spatially coincident with the artificial defects, thus demonstrating clear low-velocity zones
for defect localization. Complementary controlled cracking tests by Camara et al. [30]
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showed that induced cracks produced measurable UPV reductions on the order of 1.9–3.7%,
accompanied by observable waveform attenuation and amplitude decrease. These results
demonstrate that ultrasonic testing can identify concrete defects by measuring the wave
velocity attenuation and waveform distortion caused by ultrasonic waves passing through
the defect. This method is also feasible for detecting structural integrity damage in hidden
conductive connections.

Ultrasonic measurements in the present test were performed using an RSM-RCT(B)
velocity meter. Nine inspection points were arranged around the concealed conduction
location, with point 5 located at the concealed conduction center and the remaining points
placed at 50 mm intervals around point 5. The emitter and receiver probes were separated
by 300 mm, and petroleum jelly was used as the coupling medium. A schematic of the
velocity measurement setup is shown in Figure 8.

The concrete foundation was subjected to twenty AC current impacts of 0.3 kA. After
each impact, the specimen was allowed to cool before ultrasonic inspection was performed
at the predefined measurement points. The accuracy of ultrasonic testing is influenced by
factors such as the coupling between the probe and the specimen, the surface roughness of
the specimen, and the inherent uncertainties of the pulse generator and standard attenuator.
Therefore, during the testing process, any abnormal data points were remeasured, and the
average value obtained from multiple measurements was taken as the final wave velocity
result. The variation in each measurement point with increasing impact count is shown
in Figure 9.

 
Figure 9. Wave velocity measurement schematic.

As the number of impacts increased, a gradual decline in wave velocity was observed
across the measurement points, with the most pronounced effect at point 5, the concealed
conduction center. The wave velocity at point 5 decreased from an initial 3.797 km/s
to 3.571 km/s, a reduction of approximately 5.95%, indicating possible internal perfor-
mance degradation. Representative pre- and post-test waveforms at point 5 are compared
in Figure 10.
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Figure 10. Wave velocity curves at measurement points under multiple impacts.

Waveforms at measurement point 5 before and after the test is shown in Figure 11.
Before testing, the waveform signals were relatively stable. Although small fluctuations
occurred due to scattering from internal rebar, the main peak was clear and the energy was
concentrated, indicating an intact bulk transmission path in the concrete. As the impact
tests progressed, waveform fluctuations increased markedly: the main peak amplitude
gradually decreased, and multiple secondary small peaks appeared after the main peak.
This behavior is consistent with enhanced internal multiple reflections and scattering of the
acoustic wave. The reduction in the main peak amplitude indicates that transmitted energy
is increasingly dissipated or scattered into non-direct paths; the increase in secondary peaks
suggests the emergence of new reflective interfaces—e.g., microcracks, interface debonding,
or the generation of air voids/pores—complicating wave propagation paths and reducing
transmission efficiency.

(a) (b) 

Figure 11. Waveforms at measurement point 5 before and after testing: (a) pre-test waveform;
(b) post-test waveform.

At sensor point 5, the wave speed remained at approximately 3.79 km/s during the
first five impacts, indicating no obvious internal deterioration of the concrete in the early
impact stages. After the sixth impact, however, the wave speed dropped to 3.745 km/s and
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then exhibited a monotonically decreasing trend with further impacts, reaching 3.571 km/s
after the 20th impact. The relative decrease from initial to final state is about 5.95%, which
indicates that cumulative current impacts have caused degradation of concrete performance
and even present a risk of microcrack initiation.

The preceding simulation analysis yielded maximum temperatures at the concealed
conductive location of 120.59 ◦C for the prototype model and 119.71 ◦C for the scaled
model under power-frequency continuing current. In the experimental continuing current
impacts, monitoring data show that the internal concealed conductive location reached a
peak temperature of approximately 124 ◦C—a relative error of 2.83% with respect to the
prototype simulation and 3.58% with respect to the scaled-model simulation—thus demon-
strating that the scaled model’s continuing-current impact tests can effectively reproduce
the electrical-thermal behavior of the actual engineering model. Surface thermocouple mon-
itoring recorded a maximum temperature of about 97.2 ◦C; the higher internal temperature
indicates heat accumulation within the concealed conductive zone and slow dissipation.
Such internal overheating can cause loss of free water in the concrete, concentration of
thermal expansion–contraction stresses, and degradation of the aggregate–paste interface
bond. Under repeated impacts, these effects may induce microcracking in the concrete and
render the structure unfit for continued service.

5. Conclusions
When concealed conduction exists between the transmission tower foundation and the

grounding network, local current tends to concentrate at the concealed conductive region,
which may induce concrete damage through thermal expansion. This study investigates
this phenomenon and yields the following conclusions.

1. The electro-thermal-mechanical distribution characteristics of the tower foundation
under lightning current and power-frequency follow current shocks are generally
consistent. Simulation results indicate that at the concealed conduction locations, the
maximum stresses and displacements under power-frequency continuing current are
approximately 13 times those induced by lightning impulses. The damage caused
by power-frequency follow current is significantly greater than that induced by light-
ning current. Although the lightning current exhibits a higher peak amplitude, its
extremely short duration results in minimal temperature rise, making it unlikely to
cause further damage to the tower foundation. In contrast, the prolonged duration
of the power-frequency follow current, coupled with the limited current dispersion
paths within the foundation, leads to substantial heat accumulation. This process
generates steep temperature gradients, which in turn induce thermal damage to the
foundation structure.

2. Scaling relations for the tower foundation under power-frequency follow current were
derived, and, considering that intrinsic electrical and thermal material parameters
cannot be freely adjusted according to geometric scaling, a parameter-correction
method based on similarity criteria was proposed. Using a 1/4-scale model as an
example, simulation comparisons indicate that the key parameters between the scaled
model and the prototype are reduced to within 3%, and that the corrected scaling
approach can reliably reproduce the prototype’s electro-thermal behavior under
continuing current.

3. An experimental platform was established, and a 1/4-scale model of the tower foun-
dation was designed and fabricated. Under the action of power-frequency follow
current, the maximum temperature at the concealed conduction site reached 124 ◦C;
this peak has a relative error of 2.83% compared with the prototype simulation and
3.58% compared with the scaled-model simulation. The maximum temperature mea-
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sured at the concrete surface was 97.2 ◦C. After 20 power-frequency follow current
impacts, ultrasonic inspection shows that the wave speed at the concealed conduction
center decreased from 3.797 km/s before testing to 3.571 km/s, a reduction of approx-
imately 5.95%. The reduction in wave velocity indicates a loss of structural integrity,
suggesting the possible occurrence of microcracks or interfacial defects that scatter and
attenuate the ultrasonic waves. The corresponding waveform distortion, including
amplitude reduction and the appearance of secondary peaks, further confirms the
formation of internal reflection interfaces caused by material degradation.

This study combines numerical simulation and scaled-model experiments to inves-
tigate the transient impact characteristics of concealed conductive contact between the
tower foundation and the grounding grid. However, the conclusions are based on a specific
geometric configuration, and no experimental studies have been conducted to examine the
influence of multiple factors such as soil resistivity, concrete moisture content, and ground-
ing form. Moreover, variations in concrete strength grade and reinforcement arrangement
can significantly affect current distribution, heat dissipation paths, and material mechanical
degradation. The present research shows potential application value for the design and
evaluation of transmission tower foundations and provides useful references and ideas for
subsequent parametric analyses and engineering experiments, but further studies are still
needed before practical implementation in specific projects.
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