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The grounding electrodes are buried in a harsh soil environment, which will cause
corrosion. Corroded grounding electrodes directly affect the safe and stable
operation of the power system. Therefore, it is particularly important to detect
the corrosion degree of the grounding electrodes accurately. The existing
methods have the following problems: 1) Power-frequency grounding
resistance is used as a single criterion, and lack of considering the impulse
characteristics, which is difficult to accurately judge the corrosion degree and
could cause a potential safety hazard. 2) Lacking considering the environmental
PH value, water content, salt content, and other factors of the buried soil, which is
easy to lead to misjudgment of corrosion degree. To solve the problems, this
paper studies a comprehensive evaluation of corroded grounding electrodes
considering impulse characteristics. Based on thermal stability, impulse
characteristics, and power frequency characteristics, the minimum safety
diameter of grounding electrodes and the factors that affect the corrosion of
the soil environment are studied. According to the relationship between each
evaluation factors and corrosivity, the membership is calculated and combined
with the comprehensive weight determined by the sum of the squares of
deviation. The fuzzy evaluation method is adopted to obtain the corrosive
evaluation matrix Y, and the corrosive index C is proposed to quantify the
corrosive strength. Combined with the minimum safety diameter, the residual
life range of the grounding electrodes is predicted and the corrosion degree is
divided. Finally, a comprehensive corrosion evaluation algorithm considering
impulse characteristics is proposed. The results show that this method not
only considers the soil environmental factors but also considers the grounding
characteristics of the grounding electrodes, especially the impulse characteristics.
This method is more comprehensive than other evaluation methods which only
consider the soil environment and can realize trenchless corrosion detection of
grounding electrodes. Therefore, the contribution of this work is of great
significance to the operation and maintenance of tower grounding electrodes.
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1 Introduction

The tower grounding electrodes are composed of grounding
electrodes and grounding lead conductors, which is the basis for
establishing effective lightning protection design. The tower
grounding electrodes are mainly used to provide a discharging
channel for lightning current and fault current (Yamamoto et al.,
2015). The grounding electrodes are prone to corrosion due to the
influence of acid, alkali, and salt content in the soil (Lu et al., 2022),
which will cause the grounding electrodes to become thinner and the
grounding resistance to increase. In the corrosion situation, the
grounding electrodes’ thermal stability, power-frequency
characteristics, and impulse characteristics of the grounding
electrodes are difficult to meet the standards. Therefore, it is
significant to evaluate the corrosion status of grounding
electrodes for the operation and maintenance of transmission
line towers.

The traditional grounding electrode corrosion detection method
used industry-standard guidelines (IEEE, 2012; Jiang and Li., 2021)
to measure the power-frequency grounding resistance. When the
power-frequency grounding resistance is larger than the standard
value, the excavation inspection of the grounding electrodes is
carried out. However, the impulse characteristics of the corrosion
grounding electrodes are not considered, resulting in incomplete
and inaccurate evaluation, which hinders the normal operation of
the power system. Wasim and Djukic conducted various corrosion
tests on carbon steel in different critical and representative
environments, and obtained corrosion rates under different
backgrounds (Wasim and Djukic, 2020); Pankaj K. Seen et al.
studied corrosion data from 44 soils tested by the United States
National Bureau of Standards for 12 years and obtained fitting
formula of corrosion rate of steel in soil (Wang and He, 2010).
But the corrosion evaluation is highly dependent on the data. With
the popularity of machine operation and multiple intelligent
algorithms for the evaluation of corrosion rate prediction is also
widely applied. Du and Li (2013) proposed a method combining
structural clustering analysis and support vector regression; Liu
(2019) proposed a method for predicting the corrosion rate of a
grounding network based on an artificial bee colony algorithm to
optimize a support vector machine, and Literature (Xu et al., 2013)
proposed five types of corrosion prediction models. Although all of
them achieved good prediction results, However, a single model
cannot build a simple corrosion rate replacement model, and a
mixed model may become complicated to realize. Moreover, it
ignored that grounding electrode corrosion is a non-linear
stochastic process affected by many factors, such as corrosion soil
environment (Charalambous et al., 2008).

The existing methods usually take power-frequency grounding
resistance as a single criterion, and lack of considering the impulse
characteristics. In some corrosion conditions, the impulse

performance of grounding electrodes cannot meet the
requirements but the power-frequency grounding resistance still
can, which would cause misjudgment of the corrosion degree and
potential electrical accidents. Moreover, the existing methods often
ignore that grounding electrode corrosion is a non-linear stochastic
process affected by many factors, which have the problems of
insufficient accuracy and low reliability. To solve the above

problems, this paper proposes a comprehensive evaluation of
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corroded  grounding  electrodes  considering  impulse
characteristics. Firstly, a comprehensive assessment theory of
grounding electrode corrosivity is put forward. Then the
influencing factors of corrosion grounding electrodes are
analyzed. Lastly, a fuzzy comprehensive evaluation corrosion
model is set up and the evaluation of grounding electrodes’
corrosion grades is realized. Therefore, this work can provide a
solid foundation for the operation and maintenance of tower

grounding electrodes, which is verified by the cases study.

2 Comprehensive assessment theory of
grounding electrode corrosivity

2.1 Corrosion mechanism of the grounding
electrode

The corrosion of grounding electrodes in the soil is mainly
electrochemical. The oxidation of iron occurs at the anode, and the
reduction of oxygen and hydrogen ions under acidic conditions
occurs at the cathode (Yin et al., 2022).

The grounding electrodes are buried in soil, and the surface of
the grounding electrodes will be deformed during the corrosion
process. In this section, the electrochemical module in COMSOL
Multiphysics is used to simulate the natural corrosion behavior of
the horizontal grounding electrodes. In Supplementary Figure S1,
the grounding electrode diameter is 0.012 dm, the length is 3 dm, the
buried depth is 0.5 dm, and the corrosion reaction time is 30 days.
Figure 1 shows the variation of grounding electrode dissolution and
deposition after 30 days of corrosion.

It can be seen from Figure 1, the solution and deposition of
corrosion products jointly lead to the deformation of the grounding
electrodes. The volume of corrosion products is larger than that of
the grounding electrode material, therefore, the volume expansion
characteristics should be considered when building the grounding
electrode model. Literature (Dan et al., 2020) proposed that the
volume expansion coefficient is the ratio between the volume of
corrosion products and the dissolved volume of the grounding
to be
2.79-2.93 through experimental measurement. In the subsequent

electrode, and the basic distribution was found
analysis, the measured average value of 2.87 is used as the volume
expansion coefficient of corrosion products. Supplementary Figure
S2 shows the model construction of the corroded grounding
electrode.

dy is the initial diameter of the grounding electrode before
corrosion, [ is the length of the grounding electrode, d,, is the
diameter of the grounding electrode after corrosion and dissolution,
d, is the diameter of the grounding electrode under corrosion and
covered by corrosion products, and d is the thickness of the
corrosion layer. The diameter of the grounding electrode before
corrosion is usually 12 mm (Zhang et al., 2020a; Zhang et al., 2020b;
Zhang et al,, 2020c). d,, can be measured by grinding away the
corrosion products on the surface.

The volume of the dissolved part of the grounding electrode

is VR:

d d
Ve = an< ()= ({)2) ()
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FIGURE 1

Model of corroded ground electrode: (A) Grounding electrodes solution;

The volume of the corrosion product is V:

d
nl((c) ( ))

According to the definition of the volume expansion coefficient,

Vi (2)

Eq. 3 can be derived:

Ve _ (de - dj)
e = T T o 3
VR (dO - dm)
Eq. 4 can be obtained from Eq. 3:
=+(C.+ d} - C.d2, (4)

Therefore, the real thickness of the corrosion layer considering
the expansion of the corrosion products can be calculated.

2.2 Calculation method of power-frequency
grounding resistance of corroded grounding
electrode

The increment of power-frequency grounding resistance of the
corroded grounding electrodes comes from two aspects: 1) The
adhesion of corrosion products affects the discharge of the
grounding electrodes. 2) The decrease in effective diameter leads
to a decrease in the discharge area. R, is the corrosion product
resistance and R, is the grounding electrode metal discharge
resistance.

R, is the resistance of a hollow ring column along the radial
direction, so its calculation formula can be obtained through
integration as shown in Eq. 5.

To

R, = JdR = J"OP dr Pcarr In =2
! ! corrymrl  2nL

Corrosion products occupy part of the soil discharge space, so R,

Pcorrl do
2l d,,

(5)

Ym

needs to subtract a hollow ring column resistance with soil as the
medium. As shown in Eq. 6.

P P P (1, 1
R, = 27rL<1nhd +176> ZﬂLlnd oL lnhd +1.76
(6)
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The power-frequency discharge characteristics of corroded
grounding electrodes.

Therefore, the calculation method of the power-frequency
grounding resistance of the corroded grounding electrode is

(i)

2.3 Calculation method of impulse
grounding impedance of corroded
grounding electrode

shown in Eq. 7:

2

L
In —+1.76

P do
R R R — CO'V'r 1 o
PR n hdo

4 (7)

2.3.1 Determination of discrete frequency range
The lightning current function in this paper is used the Heidler-
type formula given in the IEC standard (IEC62305-1, 2010):

o (BN
oo (ke o
n= e[f(T‘/fz) ("TZ/TI)W] (9)
03 frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1146926

Wang et al.

The wave-front time is 2.6 ys, the half-peak time is 50 s, and the
amplitude is 10 kA.

Where, I is the current peak value, # is the peak correction
coefficient of lightning current, 7, is the wave-front time constant, 7,
and is the attenuation time constant.

Lightning current has a large amplitude and high frequency. To
study the discrete spectral characteristics of lightning current, the
periodic extension time-domain diagrams of lightning current can
be obtained by periodic extension as shown in Supplementary
Figure S3.

Supplementary Figure S3 indicates that when the time is
greater than 400 ps, the amplitudes of the lightning current
tend to be zero. Therefore, the lightning current period T is
selected at 400pus during the periodic The
fundamental frequency f of the lightning current after the

extension.
periodic extension is 2.5 kHz (1/T).

2.3.2 Calculation method of impulse grounding
impedance

The impulse grounding impedance is an important technical
index that reflects the surge protection performance of
grounding electrodes. The impulse grounding impedance
refers to the ratio between the impulse voltage amplitude and
the lightning current amplitude injected into the grounding
electrode. To obtain the impulse grounding impedance, the
time domain response of the impulse voltage should be
solved. The impulse voltage response of the corroded
grounding electrodes satisfies Eq. 10 at different frequency
points:

(10)

U(f)=2(f)-1(f)

Where, Z is composed of grounding electrode self-resistance,
mutual resistance, self-inductance, and mutual inductance between
conductor segments (Hu et al., 2022).

The calculation process is shown in Supplementary Figure S4.

3 Sudy on influencing factors of
grounding electrodes corrosion state
evaluation

This paper choose a 220 kV 2T-FK3 typical tower grounding
electrodes structure with square ray, which Ly = 10m, L, = 8m, h =
0.8m is shown in Supplementary Figure S5.

The grounding electrode material is round carbon steel, with a
relative dielectric constant of 17 and a relative permeability of
636. A coating (Zhang et al., 2020a; Zhang et al., 2020b; Zhang
et al., 2020c) is added to the outer layer of the grounding
electrodes to simulate the corrosion products. Setting the
diameter to 12mm, 1l mm, 10mm, 9 mm, 8 mm, 6 mm,
4 mm, and 2 mm, and setting the corrosion layer thickness d
to 0 mm, 1 mm, 3 mm, 4 mm, 5 mm, 7 mm, 9 mm, and 10 mm.
The microsegment of the square, the radial electrode, and the lead
down line are all 0.2 m. The side length of the square is divided
into 50 segments and the radial electrode is into 10 segments. The
segment of the grounding electrodes is shown in Supplementary

Figure S6.
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3.1 Analysis of the influence of power-
frequency characteristics on a
comprehensive assessment of grounding
electrode corrosivity

After corrosion, the solution and deposition of corrosion
affect the
characteristics of the ground electrode. To study the discharge

products jointly power frequency grounding
capacity law of the corroded grounding electrode surface, the
MALZ module of CDEGS is used to simulate. The discharge
capacity law of the corroded grounding electrode surface is
shown in Figure 2.

It can be seen from Figure 2, the discharge capacity at the end
of the radial electrode is the largest, and the discharge capacity at
the square is small and approximately uniform. As a whole, the
grounding electrodes mainly rely on the radial electrode to
discharge. At the lead-down connection, the discharge surface
distorts and the discharge density reaches its minimum. The
corrosion of the grounding electrodes will not affect the overall
discharge capacity, but the corrosion layer will weaken the end
effect of the current distribution. The thicker the corrosion layer,
the smaller the discharge density of the end part of the radial
electrodes, and the larger the discharge density of the square.
Corrosion leads to the weakening of the discharge capacity of the
radial electrode.

The power-frequency grounding resistance is calculated
according to Eq 7. The calculation results of low-frequency
grounding resistance are shown in Figure 3.

Figure 3 shows the calculation results of the power-frequency
grounding resistance of the corroded grounding electrode. The
power-frequency grounding resistance and soil resistivity are
proportional functions. The curves in Figure 3 are approximately
parallel, and the power-frequency grounding resistance increases
with the increase of the corrosion grades.

3.2 Analysis of the influence of impulse
characteristics on a comprehensive
assessment of grounding electrode
corrosivity

There is usually a great difference between the impulse
characteristics and the power-frequency characteristics, and its
impulse  characteristics ~ contain ~ many  high-frequency
components. The 12 frequency points (0, 2.5kHz, 5kHz,
7.5kHz, 10kHz, 12.5kHz, 15kHz, 27.5kHz, 40 kHz, 50 kHz,
90 kHz, 100 kHz) recommended by CDEGS are selected to
calculate the amplitude-frequency characteristics of impedance, as
shown in Figure 4.

After corrosion, the radius of the grounding electrodes
decreases, and since the corrosion product is a non-magnetic and
weakly conductive substance, it mainly affects the amplitude of the
grounding impedance. The frequency domain impedance of the
grounding electrodes changes little in the low-frequency range but
increases rapidly in the high-frequency range. Therefore, the
corrosion grades cannot be accurately judged only through the

power-frequency characteristics.
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Power-frequency grounding resistance of different corrosion degree: (A) 20 O:m < p < 80 O:m; (B) 100 O-m < p < 180 O-m.

—a— d,=12mm
—e— dy=11mm
16|—4— d,=10mm
—v— dp=9mm
14+dm=8mm — T
T | dp=6mm
% |- dy=4mm
§ A dy=2mm ot ]
E’, I Ll el e
g ! | T /
g 8 prsrspp—r— T «—1
5 /
PR e RS = ==
G) 6 p r—//‘
i VW//
¥ /
4+ p = o . e T |— =
I |.....ll/./l
2 " 1 1 1 1 1 1 n 1 " 1

-10 0 10 20 30 40 50 60 70 80 90 100 110
Frequency(Hz)

FIGURE 4
The amplitude-frequency characteristics of impedance.

When lightning current flows through the grounding electrodes,
its impulse discharge characteristics are different from power-
frequency discharge characteristics. The impulse discharge
characteristics of grounding electrodes are shown in Figure 5.

It can be seen from Figure 5, the corrosion of the grounding
electrodes will not affect the overall discharge capacity, but the
corrosion layer will weaken the end effect of the current distribution.
When the frequency is 0kHz-10kHz, the impulse discharge
characteristics are consistent with the power-frequency discharge
characteristics. However, when the frequency is 50 kHz and
100 kHz, the grounding electrodes have an obvious hindrance
effect on the high-frequency impulse current, and the discharge
density at the grounding lead-down connection is almost zero.
Impulse current only discharge in the effective dispersal area
near the grounding electrodes injection point. It can be seen that
the discharge density of the grounding electrodes presents an
uneven form when the frequency is higher.

Frontiers in Materials

The impulse grounding impedance is calculated according to
Supplementary Figure S4. The calculation results of impulse
grounding impedance are shown in Figure 6.

The impulse grounding impedance and soil resistivity are
proportional functions. The curves in Figure 6 are approximately
parallel, and the impulse grounding impedance increases with the
increase of the corrosion grades.

3.3 Determination of minimum safe
diameter

After corrosion, the thermal stability of the grounding electrodes
will decrease, and the impulse grounding impedance and power-
frequency grounding resistance will increase. This situation leads to
the deterioration of the discharge capacity. When the thermal
stability or discharge capacity decreases beyond the limit, safety
accidents are likely to occur. Therefore, it is very important to
determine the minimum safety diameter of the grounding electrode.

This paper adopts IEC standard (IEC 60364-5-54, 2011; IEC
61557-5, 2019) as shown in Supplementary Table S1.

According to Figures 3, 6, the impulse grounding impedance and
power-frequency grounding resistance increase both increases with
the aggravation of the corrosion grades. Figures 3A, 6A show that the
power-frequency grounding resistance and the impulse grounding
impedance both meet the standards. When the soil resistivity is
according to Figures 3B, 6B, power-frequency grounding resistance
meets the standards, but the impulse grounding impedance already
does not. Therefore, the impulse characteristics should be considered
in determining the minimum safe diameter.

On the premise of safe discharge, the literature (Low-voltage
electrical installations-Part 5-54.) shows that the grounding
electrodes are mainly composed of carbon round steel, which
should meet the standards of thermal stability and mechanical
strength. Furthermore, the cross-sectional area should be no less
than 50 mm’. As shown in Eq. 11.

S=mrl =—2>50 (11)
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Impulse discharge characteristics of corroded grounding electrodes at different frequency points: (A) 2500 Hz; (B) 10 kHz; (C) 50 kHz; (D) 100 kHz.

N

—— dn=12mm —— dy=11mm
— dp=10mm —— du=9mm
5|—— dn=8mm —— dp=6mm
—— dp=4mm —e— d,=2mm

41

Impulse grounding impedance(2)

1 L

FIGURE 6

40 50 60
Soil Resistivity(e-m)

70 80

—— dy=12mm
—— dp=10mm
[—— dp= 8mm

—— dy=11mm
—— dp=9mm

e dp= 6mm

—— dp=4mm —— d,=2mm

Impulse grounding impedance(x)

100 120 140

Soil Resistivity(e-m)

180

Impulse grounding impedance of different corrosion degree: (A) 20 O-m < p < 80 O-m; (B) 100 O'm < p < 180 Q:m.

Eq. 12 can be derived:

d,, >7.98mm

(12)

Therefore, the minimum safe diameter standards under different

Frontiers in Materials

soil resistivity conditions are formulated as shown in Table 1.

When the diameter of the grounding electrode meets the
requirement of thermal stability, it should meet Eq. 11. After
corrosion, its safety diameter shall be no less than 7.98 mm.
Therefore, the minimum safety diameter should consider impulse
grounding  characteristics,  power

frequency  grounding
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FIGURE 8
The comprehensive evaluation of corroded grounding electrodes model.

TABLE 1 Minimum safety diameter standard.

100 < p <500

Minimum Safety Diameter (mm) 7.98

characteristics, and thermal stability. The determination of the
minimum safety diameter proposes in this paper is only
applicable to most low-resistance and traditional square beam
tower areas. If the current diameter d,, <d i, has affected the
lightning protection and grounding effect, it needs to be
excavated and replaced in time. When d,, > d 1, indicates that
the grounding electrode meets the thermal stability requirements.
The corrosion of the grounding electrodes is affected by the content
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of acid, alkali, and salt in the soil (He, 1998), so it is necessary to
analyze the corrosive factors affecting the soil environment and
conduct a corrosion analysis on the soil environment.

3.4 Simulation of soil corrosive evaluation
factors

The corrosion of grounding electrodes is mainly affected by soil
texture, soil resistivity, PH value, salt content, water content, metal
corrosion potential, soil Cl~ content, and soil SO~ content. It is difficult
to measure metal corrosion potential, soil Cl~ content, and soil SO3~
content on site. Therefore, this paper selects PH value, soil resistivity,
water content, and salt content as the corrosion evaluation factors.
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FIGURE 10
Comparison of the diameter of the grounding electrodes.

In this section, Supplementary Figure S1 is used to obtain the
corrosion rate rule and the change of ion concentration under
different PH values,
resistivity after 30 days of natural corrosion, as shown in Figure 7.

It can be seen from Figure 7, the corrosion rate is higher when

water content, salt content, and soil

the soil resistivity and PH value are smaller, and the corrosion rate is
higher when the soil moisture content and salt content are higher.
The distribution of hydrogen ion concentration indicates that the
soil PH near the grounding electrode is higher, which is due to the
oxygen reduction reaction generating more hydroxide ions.

The corresponding relationship between each evaluation factor
and soil corrosion grades is shown in Supplementary Table S2.
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4 Comprehensive evaluation of
corroded grounding electrodes
considering the impulse characteristics

The existing corrosion assessment methods of the soil
environment do not consider the grounding characteristics, and
the assessment methods of the grounding electrode corrosion grades
also do not consider the soil environmental factors. When the
grounding electrodes do not meet the requirements, it has to be
replaced. Therefore, in this section, the grounding characteristics
and soil environmental factors are considered comprehensively to
evaluate the corrosion grades. Based on the fuzzy theory mentioned
by literature (Zhang et al., 2020a; Zhang et al., 2020b; Zhang et al.,
2020c) and the idea of corrosion evaluation, the minimum safe
diameter is combined with corrosion rate as an important parameter
for residual life prediction. The comprehensive evaluation of the
corroded grounding electrodes model is shown in Figure 8.

4.1 Comprehensive evaluation model of
corrosivity considering impulse
characteristics

4.1.1 The method of subjective and objective
weight integrated weighting

The objective weighting method uses the grey correlation
2022) to calculate the objective
weight. The subjective weighting method adopts the analytic
2022). This paper chooses the
comprehensive ensemble weighting method based on the sum of
squared deviations to integrate subjective weights and objective
weights (Peng et al., 2019).

Let S; = [Xi1, Xi2 eoor Xin] "
normalized weight vectors given by the subjective weighting

analysis method (Guo et al,

hierarchy process (Ilham et al,

be a certain decision scheme. The

method and objective weighting method are Wy, and Wqy,
respectively, and the comprehensive weight
Ws =i Wgup, + 2Wop, and «a, are combination
coefficients and meet of + a3 =1. If let block matrix W =
[Wsup, Wob] and H = [, a»]", then we have Wg = WH.

According to the simple linear weighting method, the
comprehensive evaluation value §; in the decision scheme vector
can be obtained from W shown in Eq. 13:

MAXD = Zd (W) = ZI; [le (- xe,»)wsj]z
335

i=1

vector is
where o

(13)

M=i

(xijl - xejl) : wsjl(xijz - xejz) * Wsjy

u M§
u M§

5
1
—_

If matrix B is shown in Eq. 14:

Zz (xtl xGl) Xi1 — x91) ZZ (-xxm xﬂm) Xim — xem)

B= i=16=1 i=10=1
ZZ (Xim = Xom) (Xi1 = X1) - ZZ (Xim = Xom) (Xim — Xom)
i=16=1 i=16=1

(14)

Therefore, the maximum sum of squares of the total deviation of
the comprehensive evaluation value is shown in Eq. 15:
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TABLE 2 Soil corrosion and average corrosion rate.

Soil corrosive  Corrosion index C  Corrosion rate/(mm/a)

10.3389/fmats.2023.1146926

TABLE 3 Classification reference of corrosion grades.

Residual life ARL  Corrosion coefficient A

Corrosion grades

Weaker 0-0.2 0.1-0.2 I 5<ARL<20 [0.17,0.33]
Weak 0.2-0.4 0.2-0.3 1 ARL<5 [0.083,0.17)
Medium 0.4-0.6 0.3-0.6
Strong 0.6-0.8 0.6-1
According to the evaluation matrix Y, the corrosion index C is
Stronger 0.8-1 > 1

MAXD = W'BW, = H'W'BWH
H'™H=1
H>0

(15)

Without considering the non-negativity of H, it can be reduced
to an unconstrained optimization problem, and Eq. 16 can be
simplified as:

MAXD = H'W'BWH/ (H"H) (16)

According to the relevant knowledge of the Rayleigh quotient in
matrix theory, the unit eigenvector corresponding to the maximum
characteristic r00t A 0 of the matrix H' WYBWH is the optimal
solution, which is replaced by Wy = WH and normalized to obtain
the optimal comprehensive weight vector Wy .

4.1.2 Calculation of membership

The weight distribution indicates the influence grades of
evaluation factors on the corrosion. To realize a comprehensive
evaluation of the corrosion of grounding electrodes, it is necessary to
find out the relationship between the corrosion and each evaluation
factor. This paper establishes corrosion evaluation factors U = [u;,
uy, Uz, ug] = [PH, soil resistivity, water content, salt content] and
corrosive comments V = [vy, v,, V3, V4, V5] = [weaker, weak, medium,
strong, stronger]. The fuzzy matrix of the causticity of grounding
electrodes in the soil is established as R, as shown in Supplementary
Table S3.

According to the corresponding relationship between soil
corrosion grades and each evaluation factor in Supplementary
Table S2, parameters in matrix R are calculated by the
trapezoidal distribution membership function (Wan et al,, 2021).

4.2 A fuzzy comprehensive evaluation of the
corrosion grades of grounding electrodes

4.2.1 Corrosion rate assessment of grounding
electrodes

The evaluation matrix Y of soil corrosive is obtained Y = W <R,
and the expression of elements in the evaluation matrix Y is shown
in Eq. 17.

i "z Y13 Yia tis
a1 T2y 123 T4 To5
Y = WSOR = (wsb Ws2, Ws3, ws4)

¥31 T3 133 T34 T35

Ya1 Tap Va3 Tag Tys

= ()/1, V25 V35 V4> )’5)
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defined to express corrosion. The calculation formula of C is shown
in Eq. 18.

C=y;x02+y, x04+y; x0.6+y, x08+ y5x1 (18)

C reflects the corrosion strength of the soil environment on
grounding electrodes, which is positively correlated with the
corrosion rate of the grounding electrodes. According to the
literature (Jinl. He, 1998), the relationship between the average
corrosion rate of grounding electrodes and soil corrosion is
shown in Table 2.

4.2.2 Average residual life prediction of grounding
electrodes

After corrosion, the cross-sectional area of the grounding
electrodes becomes smaller. As a result, the grounding electrodes
cannot meet the standards, and their service life is shortened. If the
grounding electrodes are broken due to the current thermal effect, a
safety accident may occur. Therefore, it is necessary to predict the
average residual life of the grounding electrodes and replace the
grounding electrodes in time. The average residual life prediction
model of the grounding electrodes is shown in Figure 8.

Corrosion rate and the minimum diameter considering impulse
characteristics are important parameters to evaluate the corrosion
rate and predict the average residual life of the grounding electrodes.
The corrosion rate is related to the corrosion in the soil
environment, many influencing factors in the soil environment
directly lead to the different corrosion rates of the grounding
electrodes, and then determine the service life of the grounding
electrodes. This paper uses corrosion rate Ky (mm/A) to
quantitatively describe the grades of overall metal corrosion. In
engineering, the corrosion rate is usually regarded as an important
parameter to predict the residual life of the grounding electrode.
According to the analysis in Section 2, only the range of residual life
of the grounding electrode with diameter d,,; >d nin needs to be
predicted.

The average residual life (ARL) of the grounding electrodes is
calculated by Eq. 19, where dx is the diameter of the grounding
electrode meeting the standards, and v is the average corrosion rate.
Literature (Jinl. He, 1998) shows that the average corrosion rate of
in the soil is

the grounding electrode of carbon steel

0.2 mm-0.4 mm/a.

dx—d min
ARL = dx _dmin _ do( do )
v 14
)
v

(19)

This paper defines the corrosion coefficient A and sets two kinds
of corrosion grade levels: “corrosion grade I and corrosion grade IT”.
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TABLE 4 Sample corrosion evaluation results.

Evaluation matrix Y Corrosion index C

Soil type

YiY2Y3Ya)Ys

1 0 0.31 0.44 0.07 0 0.44
2 0.19 0.08 0.27 0 0 0.23
3 0.4000.1000 0.14
4 00.39 0.14 0.20 0.11 0.51
5 0.1900.40 0 0 0.28
6 0 0.44 0.24 0.14 0.15 0.58
7 0 0.53 0.06 0.24 0.10 0.54
8 0 0.45 0.30 0.11 0 0.45

Therefore, two corrosion grade levels correspond to the corrosion
coefficient and residual life range reference range as shown in
Table 3. Table 3 in the corrosion grades of the division can
provide a reference for field diagnostic work.

Therefore, according to the comprehensive corrosion evaluation
results and the prediction range of the residual life of the grounding
electrode, the power department can arrange the operation and
transformation plan for the grounding electrodes of the
transmission line tower in different areas.

5 Case study

5.1 Verification of the minimum safe
diameter

To verify the minimum safe diameter, the transmission line
tower is selected for the field measurement experiment. The site
measurement diagram is shown in Supplementary Figure S7. The
basic parameters of the tower are shown in Supplementary Table S4.

Soil resistivity is measured by the Wenner method. The power-
frequency grounding resistance is measured by the sweep-frequency
grounding impedance measuring instrument developed by our
research group. The impulse grounding impedance is measured
by the impulse coefficient method. The results of soil resistivity
measurements near the tower and the grounding resistance
measurement are shown in Figure 9.

According to Figure 9, the power-frequency grounding
resistance meets the standard, but the impulse grounding
impedance does not. Therefore, the power-frequency grounding
resistance should not be used as the single criterion for corrosion
detection. Based on Eq. 7, the corresponding diameter that meets the
grounding resistance standards is derived. Figure 10 is the
comparison of the diameter of the grounding electrodes.

When the soil resistivity is small and the grounding resistance
meets the standards, the minimum safe diameter should be
calculated by considering the thermal stability. When the soil
resistivity is high, the impulse characteristics and thermal
stability should be considered at the same time. This paper
verifies the correctness of determining the minimum safety
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TABLE 5 Range of average residual life ARL of grounding electrodes for three
soil types.

Number Algorithm of article

1 4.7-9.4 ()
2 2.3-3.5 (1)
3 8.4-16.8 (1)
4 1-5 (1)

5 6.23-9.35 (I)
6 2.15-4.3 (II)
7 2.5-5 (II)
8 _

diameter according to the impulse characteristics, thermal
stability, and power-frequency characteristics.

5.2 Verification of grounding electrode
corrosion assessment method

Supplementary Figure S8A shows that this paper selects eight soil
samples near the grounding electrode collected from the transmission
line tower. Supplementary Figure S8B shows that the TZS-5 soil multi-
parameter comprehensive test system is used to measure soil
parameters and electrode corrosion rate. The measurement results
of various soil parameters and electrode corrosion rates are shown in
Supplementary Table S5, where the corrosion rate is the average value
obtained from three measurements.

According to the data in Supplementary Table S5, the
corresponding corrosion fuzzy evaluation matrix Y and corrosion
index C of carbon steel metal in these eight field soil samples are
calculated as shown in Table 4.

According to Table 4, the corrosion index C is:
C>C7>Cy4>Cg>Cy>Cs5>C,>Cs5 . In this paper, the grounding
electrodes of eight soil samples are polished and their effective diameters
are measured. In the first soil sample, the average effective diameter of the
ground electrodes is 10.8 mm. In the second soil sample, the average
effective diameter of the ground electrodes is 9.70 mm. In the third soil
sample, the average effective diameter of the ground electrodes is
10.68 mm. In the fourth soil sample, the average effective diameter of
the ground electrodes is 9.59 mm. In the fifth soil sample, the average
effective diameter of the ground electrodes is 9.85 mm. In the sixth soil
sample, the average effective diameter of the ground electrodes is
1029 mm. In the seventh soil sample, the average effective diameter
of the ground electrodes is 10.50 mm. In the eighth soil sample, the
average effective diameter of the ground electrodes is 8.85 mm.

Considering the power-frequency characteristics, impulse
characteristics, and thermal stability, the minimum safe diameter
of the first and fifth grounding electrodes is 7.98 mm, and the
minimum safe diameter of the other grounding electrodes is
9 mm. Substitute Eq. 19 successively to calculate its average
residual life, as shown in Table 5.

According to the experimental soil properties and evaluation
results, it can be seen that the No. 6 soil and No. 7 soil has strongly
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corrosive due to their high water content and salt content. According
to Table 5, when power-frequency characteristics, impulse
characteristics, and thermal stability are considered, the
prediction results will be more accurate.

Therefore, based on the experimental results and on-site
analysis, the proposed comprehensive evaluation and prediction
method to diagnose the corrosion of the grounding electrodes has

high accuracy and high applicability at the site.

6 Conclusion

The existing corrosion assessment methods of the soil
environment do not consider the grounding characteristics, and
the assessment methods of the grounding electrode corrosion grades
also do not consider the soil environmental factors. Therefore, this
paper proposes a comprehensive evaluation method for the
corrosion of grounding electrodes considering the grounding
characteristics and soil environmental factors.

The main results are:

1. There are significant differences between power-frequency
The
frequency dispersion characteristic is uniform. However, the
has
resulting in the dispersion law is not uniform.

characteristics and impulse characteristics. power-

impulse characteristic high frequency component,

. The effects of soil environmental factors on the electrode
corrosion rate are analyzed by simulation. The results show
that the corrosion rate is higher when the soil resistivity and
PH value are smaller, and the corrosion rate is higher when the
soil moisture content and salt content are higher.

3. Based on considering the grounding characteristics, thermal
stability, and soil environmental factors, the comprehensive
evaluation of corroded grounding electrodes is proposed. The
evaluation method is verified by the case study, and the corrosion
of carbon steel in eight soil samples is ranked as Cs> C,;> Cy> Cg>
C;> Cs> Cy> Cs. This method is more comprehensive than other
evaluation methods, which can realize trenchless corrosion

detection of grounding electrodes.

Therefore, the contribution of this work is shown below. On the
one hand, the current corrosion degree of the existing grounding
electrodes can be realized under the condition of trenchless. On the
other hand, it is of great significance to evaluate and predict the
corrosion rate of grounding electrodes in each area for the operation
and maintenance of tower.
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