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Abstract: The corrosion of grounding grid materials in soil is a prominent factor in power and
electrical equipment failure. This paper aims to delve into the corrosion characteristics of grounding
grid materials and the corresponding methods of safeguarding against this phenomenon. Firstly, the
influencing factors of the soil environment on the corrosion of the grounding grid are introduced,
including soil physicochemical properties, microorganisms, and stray currents. Then, the corrosion
behavior and durability of common grounding grid materials such as copper, carbon steel, and
galvanized steel are discussed in detail and compared comprehensively. In addition, commonly used
protective measures in China and outside China, including anti-corrosion coatings, electrochemical
protection, and other technologies are introduced. Finally, it summarizes the current research progress
and potential future directions of this field of study.
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1. Introduction

A grounding grid is an important device used in substations for work grounding,
lightning grounding, and protective grounding, to ensure the safety of people, equipment,
and systems [1-3]. In the case of a lightning strike or power system failure that releases a
large amount of current to the ground, the grounding grid plays a role in quickly dissipating
the current and reducing the contact voltage and step voltage [4,5]. It can effectively
safeguard the stable operation of the power system and enhance the safety of personnel
and equipment.

With the development of the power industry, the safety requirements for substations
have become increasingly stringent, demanding higher levels of thermal stability and
corrosion resistance for the grounding systems. As a crucial component within the power
system, grounding materials are buried in the complex environment of the soil medium
for a long period. They are subjected to various corrosive influences, including battery
corrosion, soil-composition corrosion, and microbial corrosion [6-8]. Steel is employed for
the majority of the grounding materials in the system. Carbon steel material becomes brittle,
laminating, loose, and even fractured in several places after corrosion begins. The surface
is riddled with corrosion pits, which frequently exhibit localized corrosion patterns [9].
Electrochemical corrosion within the soil environment and the corrosion caused by the
drain current in the operation of power grid equipment cause the reduction of the cross
section of the grounding body and even fractures. As a consequence, the grounding
performance is compromised, resulting in an elevated grounding-resistance value, and a
diminished capacity to dissipate current. This leads to a local potential difference in the
grounding system itself that exceeds the safety value [10]. In addition to posing risks to
operators’ safety, secondary equipment’s insulation may be damaged due to backlash or
cable skin circulation. The ingress of high voltage into the control room has the potential to
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devastate monitoring equipment, resulting in significant economic losses and profound
social consequences. Xia et al. [11] conducted an investigation of 135 substations and
135 transmission lines with a voltage rating of 110 kV and above, as presented in Figure 1.
The occurrence of corrosion in grounding devices was found to be 8.6% and 17.1% in
these substations and transmission lines, respectively. Hence, it becomes imperative to
emphasize the significance of corrosion protection for the grounding grid and strive for
continuous enhancement of the corrosion-protection mechanism and measures. By doing
so, the operational efficiency and safety of the power system can be augmented.

(a) Others Switch (b) Overhead cable
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Structural support
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410 (23.12%) 7 865 (48.79%)

Figure 1. (a) Number of corrosion cases of power transformation equipment. (b) Number of corrosion
cases of power transmission equipment [11].

This paper provides a comprehensive review of the soil corrosion in a substation
grounding grid, along with the associated corrosion issues they encounter. It delves into
the factors that influence soil corrosion and discusses common anti-corrosion measures.
Furthermore, the paper describes diagnostic techniques and monitoring methods employed
to assess the corrosion state of a grounding grid. Lastly, the paper offers suggestions and
future perspectives on corrosion protection for a grounding grid.

2. Analysis of Research Hotspots and Frontiers in the Field of Soil Corrosion

The analysis of research hotspots and frontiers in the field of soil corrosion is crucial
for understanding the progress and development trends in this area, both at domestic
and international levels. To provide an objective reflection of these trends, this paper
utilizes bibliometric methods to conduct an analysis. By examining the annual trends of soil
corrosion papers, the main publishing countries, institutions, authors, and research hotspots
and frontiers, this analysis aims to offer valuable references for researchers working in
this field.

Following a thorough search of 821 articles pertaining to soil corrosion in WOS, we
proceeded to extract the keywords provided by the authors and conducted a statistical
analysis of their frequency. This procedure led us to identify the keywords that appeared
20 times or more, as illustrated in Figure 2. The figure clearly depicts that the primary
areas of focus within soil-corrosion research encompass corrosion studies, electrochemical
impedance spectroscopy, cathodic protection, and pipeline-steel corrosion.

To unveil the distribution of hotspots within the research field of soil corrosion, a
network clustering analysis was conducted using the extracted keywords from WOS. The
outcomes of this analysis are presented in Figure 3. The size of each circle corresponds to
the number of published papers, while the connecting lines between different organizations
signify related studies. Notably, Figure 2 illustrates that the primary research areas in soil
corrosion have predominantly revolved around factors such as water content and resistiv-
ity, with comparatively less attention given to corrosion mechanisms and the operating
conditions of underground metals.
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Figure 2. High-frequency keywords for WOS papers in the field of soil corrosion.
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Figure 3. Distribution of hotspots in soil-corrosion-research field based on keyword co-occurrence in
WOS papers.

3. Grounding Grid Materials

In situations where there is a short-circuit in the electrical current, a significant amount
of energy is converted into heat within the grounding conductor. However, challenges
within the power system often arise rapidly, hindering the dissipation of this generated heat
into the surrounding environment. Therefore, it becomes crucial to utilize a substance with
exceptional thermal and electrical conductivity properties to absorb this thermal energy
within the grounding material. Furthermore, the selected material for the grounding grid
must possess substantial mechanical strength and excellent corrosion resistance. These
characteristics ensure the grid’s ability to withstand external forces and environmental im-
pacts, maintaining its stable shape and structure while effectively countering the corrosive
effects of soil, water, and other external factors.

Carbon steel. A multitude of substations in China commonly employ carbon steel as the
chosen material for their grounding grids due to its noteworthy yield and tensile strength.
Carbon steel demonstrates an ability to withstand significant stresses and pressures, while
also offering simplicity in manufacturing and welding processes, as well as adaptability
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to various shapes and sizes [12,13]. The primary driving factor behind this choice is the
comparative affordability and accessibility of steel in contrast to copper. However, it is
crucial to note that carbon steel is not optimal for use as a grounding grid material. Its
corrosion resistance falls short when compared to copper and galvanized steel [14]. The
inherent high electrical resistivity of carbon steel leads to an increased grounding resistance
within the grid, thereby hindering the achievement of an optimal discharge effect. Another
drawback of carbon steel lies in its relatively lower thermal stability compared to copper.
The carbon present in carbon steel can initiate the formation of corrosion microcells, leading
to erosion of the grounding body and internal structure. Soil parameters such as soluble
salts, pH value, water content, oxygen concentration, and resistivity strongly influence
the corrosion process of carbon steel in the soil [15-18]. The joint parts of the carbon steel
grounding grid are generally connected using high-temperature arc welding. However,
due to the structural disparity between the welded junction and the underlying material,
corrosion susceptibility arises. Carbon steel corrosion in soil primarily manifests as localized
corrosion [19], as illustrated in Figure 4.

Anodic oxidation Soil

Fe — Fe2+ + 2e Cathodic reduction

(AC‘\(!)A_“* +o i
Pett Fe*-nH,0 . FeOOH

H,0,0 ,.,./
(Neutra'/Alka;i,;;,’) Fe(OH), — > Fe(OH); <__ Fe.0
3YY

Figure 4. Carbon steel corrosion mechanism in soil.

Galvanized steel. Galvanized steel refers to carbon steel that has been coated with a
layer of zinc. This process involves either electroplating or hot-dip plating the zinc onto
the surface of the carbon steel. It presents several advantages such as its simplicity, low
cost, and strong conductivity. Consequently, it has become the most prevalent method
in China for safeguarding grounding grids. The galvanized layer, which forms a dense
oxide film, serves as protection for the underlying steel matrix [20,21]. As zinc possesses a
lower electrode potential than carbon steel, a primary cell is formed between the zinc layer
and the carbon steel. In this electrochemical setup, zinc is consumed through oxidation as
the negative electrode, while the positive electrode, carbon steel, benefits from protective
reduction [22]. Empirical evidence supports the notion that the galvanized layer plays
a crucial role in safeguarding the underlying carbon steel base [23,24]. However, when
galvanized steel is employed as a grounding material, its corrosion resistance only offers
marginal enhancement compared to ordinary carbon steel. Over time, the zinc layer
begins to corrode, rendering the corrosion products incapable of preserving the underlying
structure. This susceptibility arises due to the limited thickness of the galvanized layer
and potential defects during the hot-dip-plating process. Subsequent to the damage of the
zinc layer, deleterious anions come into contact with the substrate, drastically accelerating
the corrosion of the substrate [7,25,26]. As the exposed area of the substrate expands,
the galvanized layer becomes incapable of protecting it, leading to equivalent corrosion
rates between galvanized steel and carbon steel when placed in soil. Consequently, as
corrosion progresses, the substrate suffers rapid deterioration. The corrosion mechanism of
galvanized steel is shown in Figure 5.
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Figure 5. Corrosion mechanism of galvanized steel.

Copper. Copper serves as a widely used grounding material in Europe and America,
owing to its extensive usage. It has exceptional conductivity and heat resistance, along
with favorable discharge characteristics and thermal stability [27-29]. The average annual
corrosion rate of copper typically falls below 0.03 mm per year, while the maximum
annual pitting rate remains beneath 0.2 mm per year. With its elevated corrosion potential,
copper seldom assumes the role of a dissolved anode in electrochemical corrosion scenarios
involving other metals or alloys. Instead, it tends to corrode the neighboring metal or
alloy while preserving its own structural integrity. Moreover, when exposed to oxygen,
the surface of copper undergoes chemical reactions that yield corrosion products, such
as basic copper carbonate (Cuy(OH),CO3). Copper basic carbonate can form a tightly
adhered layer on copper surfaces, forming a dense layer of corrosion products. This layer
effectively impedes the diffusion of aggressive ions from the soil towards the substrate,
as well as the diffusion of corrosion products back into the soil [30,31]. Consequently, the
protective capability of the substrate is enhanced, ensuring the prevention of additional
corrosion to the internal copper [32]. Copper corrosion exhibits robust durability and is
devoid of pitting tendencies, endowing it with a long lifespan. However, when copper
is employed as a grounding material, it is prone to interacting with subterranean steel
components, leading to the formation of a corrosive primary battery. Copper also corrodes
in strongly acidic environments [33]. Wu et al. [34] studied the corrosion behavior of copper
in acidic soil. It was found that the corrosion rate of copper accelerated with the increase
in soil acidity. In neutral or alkaline environments, copper surpasses galvanized steel in
terms of corrosion resistance, showcasing noteworthy advantages. Nonetheless, as a non-
ferrous metal, copper confronts challenges related to limited resources, elevated costs, and
substantial engineering expenses. The corrosion of copper engenders the release of heavy-
metal ions, which pose environmental hazards by contaminating soil and groundwater.
These ions can also accumulate within the food chain, indirectly or directly posing risks to
human health.

Copper-plated steel. The high price of copper in the market coupled with resource
shortage has spurred the development of copper-plated steel materials, which exhibit
properties comparable to pure copper but come at significantly reduced costs [35]. The
copper-plated-steel material entails the application of a specialized process to overlay a
copper layer of a certain thickness onto the surface of carbon steel. Notably, the corrosion
resistance of copper-coated steel surpasses that of both galvanized steel and carbon steel
grounding materials [36]. When exposed to oxygen, similar to copper, copper-plated steel
surfaces generate a protective copper oxide—alkali carbonate coating, effectively impeding
further corrosion of the underlying carbon steel. Additionally, the electrical conductivity
of copper-plated steel is superior to that of carbon steel, and approximately twice that
of galvanized steel. Consequently, it allows for a reduction in the cross-sectional area of
grounding rods while effectively minimizing grounding resistance. Furthermore, copper-
plated steel exhibits commendable mechanical strength. Within an equivalent cross-section,
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the tensile strength of copper-plated steel rods can exceed 600 MPa, which is twice as high
as that of solid copper rods. Consequently, copper-plated steel provides exceptional load-
bearing capacity and impact resistance, simplifying construction efforts [37,38]. However,
it is crucial to note that due to the limited thickness of the copper-plated-steel plating, any
damage to the plating can initiate a galvanic corrosion battery, accelerating the corrosion
of the internal steel core. As a result, the utilization of this material remains limited in
China, mainly due to insufficient operational experience. Table 1 presents a comprehensive
comparison of the overall performance of various grounding materials.

Table 1. Comprehensive comparison of typical grounding grid materials.

. . Maintenance
. Price (Ten Thousand Corrosion . .
Material : Fees/Remodeling Life Expectancy Shortage
CNY/Ton) Resistance Possibilities
Carbon steel 0.35 worst hlggxﬁigzeg:?gae‘{ ;ficgl;lres <10 poor corrosion resistance
Galvanized steel 0.5 worse hlgl;)(ﬁﬁ;?;g?g:é ;E%;lllres 10-15 poor corrosion resistance
Copper-plated steel 2.5 better no maintenance 30-50 poor corrosion resistance
in acidic soils
Copper (>99.9%) 6.0 best no maintenance/no 50 expensive and polluting

remodeling required

4. Factors Affecting Soil Corrosion of Grounding Materials

Soil is a complex system consisting of substances across gaseous, liquid, and solid
states. Various factors exert an influence on the corrosive nature of soil, comprising its phys-
ical and chemical attributes, electrochemical properties, microorganisms, stray currents, as
well as climatic considerations such as temperature [8,39—41]. The interconnectedness of
these factors mandates a comprehensive evaluation approach in assessing the corrosive-
ness of soil. Figure 6 illustrates the intricate interplay among the different components
contributing to soil corrosion.

\

— Climatic conditions Soil type
. . - . 4 Anaerobic environment
- Dissolved oxygen <+——  Air permeability — Anaerobic environment —* (SRB)
Temperature
Weak acid
ITon species and content Resistivity «—— pH value «—— Total acidity .
Strong acid

Corrosion rate +— Athodic reaction «—— Sulfide +————

Stray current — 1 t

Biofilm

Figure 6. Relationship between factors and soil erodibility.

4.1. Moisture Content

Grounding grid corrosion primarily manifests as electrochemical corrosion, with soil
moisture content emerging as a crucial determinant of such corrosion behavior. Moisture
in the soil acts as an electrolyte, providing an environment conducive to the formation of
corrosion cells. In addition, alterations in moisture content profoundly impact the physical
and chemical properties of the soil, thereby influencing the corrosion tendencies observed
in grounding grids [21,42,43]. Noor and Al-Moubaraki [44] investigated the corrosion
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rate of X60 steel under different water-content conditions. It was found that the corrosion
rate increases with increasing water content, and the corrosion rate decreases with further
increases in water content after the water content reaches 10 wt%. In a weightlessness
experiment conducted by Jing Fu et al. [45], it was found that the peak corrosion of 20G and
Q235 galvanized steel occurred at the soil humidity levels of 10% and 12.5%, respectively.
Liu et al. [46] investigated the corrosion behavior of Q235 steel in soils with different water
contents. As shown in Figure 7, it was found that the corrosion potential of steel decreases
and the corrosion rate and current density increase with increasing soil water content.
At moisture contents above 30 wt%, the corrosion rate decreases as the moisture content
increases. El-Shamy et al. [47] delved into an investigation of mild steel corrosion in clay
with different moisture contents and discovered that the corrosion rate increases as the
moisture content rises, provided that the content remains below 40%. Once the water
content surpasses a critical value, soluble salts saturate the soil. At this critical juncture,
optimal levels of oxygen diffusion and soil moisture culminate in a peak corrosion rate.
Subsequently, the availability of oxygen to the metal surface diminishes, resulting in a
decline in the corrosion rate [48].
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Figure 7. Polarization curves of Q235 steel in the Na-based bentonite clays at different moisture
contents over time: (a) 240 h; (b) 720 h; (c) 1080 h. (d) Average corrosion rate of Q235 steel soaked in
the Na-based bentonite clay for 1080 h with different moisture contents [46].

4.2. Soil pH Value

The pH value, an important soil physicochemical characteristic, has an impact on the
electrode potential of metals within the soil, ultimately influencing the corrosion rate of
metals [49-53]. In the case of acidic and neutral soils, the corrosion rate of carbon steel
increases as the pH value decreases [54,55]. The electrochemical corrosion behavior of
X70 steel in contaminated silty soil with different pH values was tested by Han et al. [56].
As illustrated in Figure 8, the radius of the capacitive arc in the high-frequency region
of X70 steel diminishes as the pH increases. Additionally, the corrosion rate and self-
corrosion-current density decrease. Wu et al. [9] investigated the corrosion behavior of
Q235 steel in simulated-soil solutions with varying pH values. The results revealed a
direct relationship between the weight loss of Q235 steel in simulated-soil solution and the
decreasing pH value. Furthermore, a rise in the cathodic-corrosion-current density and a
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shift towards more negative-corrosion-potential values were observed as the pH decreased.
In highly acidic soils, the pH level plays a crucial role in the cathodic polarization process,
specifically through the depolarization process of H*. Typically, in soils where the cathodic
depolarization of oxygen predominates, the acidity of the soil affects cathodic polarization
by counteracting the formation of OH™ generated during the cathodic process. In addition,
the dissolution of metal ions through the anodic process leads to the formation of corrosion
products with varying solubilities, influenced by the soil’s pH level. Hence, determining the
pH value holds significance in comprehending the corrosiveness of the soil, as it influences
numerous factors associated with corrosion in the soil environment.
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Figure 8. Polarization curves and EIS of X70 steel in the contaminated-silt system at pH values of
1.50, 3.78, 5.03, and 7.07: (a,b) 1 d; (c,d) 14 d [56].

4.3. Soil Resistivity

Soil resistivity holds significant importance in grounding engineering calculations
as it directly influences various factors such as grounding resistance, ground potential
distribution, contact voltage, and step voltage. It is commonly utilized as an indicator to
assess the corrosiveness of soil [57]. Multiple factors contribute to soil resistivity, including
mineral composition, moisture content, soil structure, and temperature. The concentration
of conductive ions in the soil and the overall moisture content play a vital role in deter-
mining the soil resistivity [14,15,48]. A higher concentration of conductive ions in the soil
results in better conductivity, while increased moisture content improves the electrical
conductivity. However, it is worth noting that discussing the relationship between soil
resistivity and corrosion becomes less meaningful when the soil’s water content is excep-
tionally low [6,44,49,54]. In terms of grounding systems, lower resistivity in the soil leads
to more effective discharge of the grounding grid. Conversely, from the perspective of
corrosion science, lower resistivity implies easier charge transfer, making the occurrence of
corrosion more likely. Soil resistivity levels have been utilized as criteria for evaluating soil
corrosiveness, as illustrated in Table 2.
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Table 2. Relationship between soil resistivity and corrosivity [58].

The Average Corrosion Rate

Soil Resistivity, O-m Soil Corrosivity of Steel, mm-a-1
0~5 very high >1
5~20 high 0.2~1
20~100 moderate 0.05~0.2
>100 low <0.05

4.4. Soluble Salt

The soluble-salt content in the soil has a direct impact on various physical and chem-
ical properties of the soil. As the soluble-salt content increases, along with a rise in the
concentration of charged ions, the soil becomes more electrically conductive and exhibits
a lower resistivity. This conductivity enhancement is due to the presence of ions that can
facilitate the flow of an electrical current in the soil. Moreover, changes in the concentration
of the medium also influence the corrosion-current density. Therefore, the content of soluble
salts in the soil not only affects its electrical properties but also has implications for the
corrosion behavior of materials in contact with the soil.

The presence of soluble salts in soil has varying effects on soil corrosion. Among
the corrosive ions in soil, CI™ and SOZ_ have the most influence on metal corrosion.
CIl™ is known for its small ionic radius, which accelerates the anodic corrosion process
of metals and reacts with the metal matrix through the corrosion layer [44,59]. Studies
conducted by Zhu et al. [14] have shown that an increase in C1™ content leads to higher
corrosion-current density and weight-loss rate. Song et al. [60] investigated the corrosion
performance of carbon steel in solutions with different chloride ion concentrations and
found that the corrosion pattern varied with the chloride ion content. Small and substantial
pitting corrosion can be observed at the initial point even when exposed to low chloride
concentration. This phenomenon indicates that carbon steel is more susceptible to chloride
attack and that chloride ions accelerate the corrosion of carbon steel (Figure 9). SOZf, on
the other hand, can affect the pH of soil, leading to increased acidity and reduced pH levels,
indirectly contributing to soil erosion [61]. The SOi* content in soil also influences the mass
transfer rate of the cathode and anode of electrode materials [55]. The corrosion effects of
CO%‘ and HCO™ on carbon steel differ. CO%‘ acts as a barrier to corrosion, while HCO™
does not. Li et al. [62] investigated the corrosion behavior of Q235 steel in a simulated-soil
fluid and found that an increase in HCO™ and CO%f concentration led to the passivation
of Q235 steel. Xie et al. [63] studied the corrosion behavior of X70 steel and observed that
the corrosion-current density increased with higher HCO™ concentration. CO%‘ plays a
significant role in the corrosion of carbon steel, as it can react with Ca?t to form CaCO3;,
which, in conjunction with sand particles in the soil, creates a strong protective layer.
This layer effectively inhibits the anodic corrosion process and slows down the corrosion
rate of carbon steel [64]. Soil cations exert minimal influence on corrosion due to their
primarily conductive nature [65]. For instance, ions such as Ca>" tend to form insoluble
carbonates when they are present in soil. These carbonates adhere to the metal surface,
thereby retarding the corrosion process. Overall, the relationship between the total salt
content of the soil and its susceptibility to erosion is shown in Table 3.

Table 3. Correspondence between soil salt content and corrosivity [66].

Soil Salt Content (%) Soil Corrosivity
<0.05 very low
0.05~0.2 low
0.2~0.5 moderate
0.5~1.2 high

>1.2 very high
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0.015 wt.%

1.015 wt.%

Figure 9. Carbon steel exposed to soil with different chloride ion concentrations for 1, 3, 5, 7, and
12 weeks [60].

4.5. Temperature

With variations in seasons, the effects of lightning inrush currents and the conse-
quences of short-circuit incidents involving high currents, the temperature of the soil
adjacent to the grounding grid undergoes substantial changes. This fluctuation in soil
temperature triggers corresponding alterations in soil moisture content, resistivity, redox
potential, oxygen content, and oxygen transmission capacity [48,67]. The elevation in
temperature in the soil system accelerates both the diffusion process of the cathode and
the ionization process of the electrochemical reaction. Furthermore, temperature directly
impacts microbial activity, consequently leading to noteworthy transformations in soil
erosion dynamics [7]. Through research conducted by Benmoussa et al. [54], the corrosion
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behavior of pipeline steel in a simulated-soil fluid was examined using techniques like
kinetic potential polarization. The findings revealed an intensified corrosion tendency of
steel, accompanied by an increase in corrosion-current density with rising temperature.
Notably, soil resistivity declines as temperature rises. In general, an increase in temperature
significantly accelerates the process of metal corrosion [68]. Wu et al. [69] investigated the
effect of temperature on the corrosion of X80 steel in acidic soil, as illustrated in Figure 10.
Within the temperature range of 25 to 75 °C, the charge transfer resistance decreased, while
the corrosion-current density increased with the elevation of soil temperature. Furthermore,
as the temperature rose, the corrosion products became loose and inhomogeneous, further
aggravating the corrosion of X80 steel. Nie et al. [70] conducted an investigation into the
electrochemical corrosion behavior of carbon steel in soil across varying temperatures. The
results indicate that the anodic-current density of steel rises while the linear polarization
resistance reduces with increasing temperature. At low temperatures, the steel passivates.
However, as the temperature increases, the passivation current density increases, leading to
a decrease in the passivation current interval. Moreover, the corrosion rate of steel increases
with rising temperature, causing a decrease in impedance and charge-transfer resistance.
However, the influence of temperature on the corrosion rate is more intricate for primary
corrosion cells involving depolarization processes with oxygen. This complexity arises
due to the fact that elevated temperatures accelerate oxygen diffusion while significantly
lowering its solubility [71].
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Figure 10. Potentiodynamic polarization curves (a) and EIS (b—d) of X80 steel after burying for 24 h
in the temperature range 25 °C to 75 °C. SEM images of X80 steel after burying for 240 h at different
temperatures: (e) 25 °C, (f) 55 °C, (g) 75 °C [69].

Soil temperature indirectly impacts soil erosion through influencing various other
factors. One such factor is soil resistivity, which tends to increase with rising temperatures.
Additionally, soil temperature also plays a role in the metabolic activity of microorganisms.
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It has been observed that microbial metabolism generally increases within a certain tem-
perature range. These two factors, soil resistivity and microbial metabolism, are crucial in
determining the extent of soil erosion.

4.6. Soil Oxygen Content

The oxygen levels in the soil are influenced by various factors, including soil type,
moisture content, soil structure, particle size, inhomogeneity, etc. Oxygen concentration
works in conjunction with other influencing factors to impact corrosion [16,71]. Some
oxygen is present within the interstitial spaces among soil particles, while some dissolves in
water in the soil. Generally, drier soil exhibits higher oxygen content, whereas moister soil
has lower oxygen levels. The heterogeneous nature of soil leads to considerable variations
in oxygen content within the same area, leading to the formation of oxygen concentration
cells and subsequent corrosion. In cases where the backfill contains materials like gravel or
construction debris, the limited permeability of the surrounding medium creates oxygen-
deficient regions, acting as anodes within corrosion cells, while other metal components
in the uniform soil act as cathodes. Xie et al. [63] conducted a study on the corrosion
morphology of X70 steel at different dissolved-oxygen levels. The findings revealed that at
higher dissolved-oxygen levels, corrosion manifested more severely, resulting in numerous
corrosion pits on the surface. Conversely, as the dissolved oxygen decreased, both the
number of corrosion pits and the corrosion rate diminished, indicating a deceleration in
the corrosion process. Wang et al. [72] conducted a study on the corrosion behavior of X80
steel under varying dissolved oxygen (DO) concentrations and pH levels. Their findings
indicate that the presence of oxygen accelerates the corrosion of X80 steel. Ata pH of 5.0
(Figure 11c), the corrosion potential tends to increase with the increase in DO content, and
the corrosion-current density increases with the increase in DO content.
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Figure 11. Polarization curves of X80 steel in soil-simulated solutions under different conditions:
(a) pH 3.0; (b) pH 4.0; (c) pH 5.0. Corrosion-current-density fitting results (d) [72].

In sandy soil, the size of soil particles plays a significant role in the soil’s oxygen
content and can, therefore, impact the corrosion potential of carbon steel in the soil, as well
as its cathodic reaction rate [39]. This, in turn, influences the corrosiveness of the soil. He
et al. [73] investigated the effect of different sand-particle sizes on the corrosion behavior
of X70 steel. The findings confirmed that as the grain size decreased the number and size
of pitting pits increased, and the corrosion rate accelerated. Wang et al. [74] observed
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the corrosion morphology of X80 steel after EIS testing in soil-simulation solutions with
different pH and DO contents, as shown in Figure 12. At the same pH, the corrosion of X80
steel increased with the increase of DO content. When the DO content was 4.30 ppm, the
surface of the specimen showed a dense and high number of corrosion pits. In addition,
the level of oxygen concentration in the soil affects the formation of corrosion products.
A higher porosity facilitates the penetration of oxygen and water retention, while good
permeability accelerates metal corrosion within the soil.

DO ~ 0.25 ppm DO =~ 4.30 ppm DO =~ 20.2 ppm

0'¢ =~ Hd

'y ~Hd

Figure 12. Surface OM image of X80 steel after EIS test in the acidic soil-simulated solu-
tion with various pH and DO contents. (a) pH =~ 3.0 and DO ~ 0.25 ppm; (b) pH ~ 3.0 and
DO =~ 4.30 ppm; (c) pH ~ 3.0 and DO =~ 20.2 ppm; (d) pH ~ 4.5 and DO =~ 0.25 ppm; (e) pH ~ 4.5
and DO~ 4.30ppm; (fjpH~45 and DO =202ppm; (g)pH~55 and DO ~ 0.25 ppm;
(h) pH ~ 5.5 and DO ~ 4.30 ppm; (i) pH ~ 5.5 and DO =~ 20.2 ppm [74].

4.7. Microbial Corrosion

Microorganisms present in the soil may not be directly responsible for corrosion, but
their biological activities have a direct or indirect influence on the corrosion process of
metals [67,75]. Microbial metabolism produces inorganic acids, organic acids, sulfides,
and hydrogen, which in turn enhance the cathodic polarization process of metal corrosion.
These metabolites modify the oxygen concentration, salt content, and acidity of the metal’s
surroundings, leading to the formation of localized corrosion cells, such as oxygen concen-
tration cells [76-78]. Among these microorganisms, sulfate-reducing bacteria (SRB) and
iron-oxidizing bacteria (IOB) have the most significant impact on corrosion performance.
In practical operating conditions, it is primarily these two types of bacteria that accelerate
material deterioration through synergistic action. IOB consumes oxygen in the medium,
generating favorable conditions for anaerobic SRB growth and encouraging corrosion of
the substrate with SRB.

SRB belong to a group of anaerobic microorganisms that can utilize sulfate or other
oxidized sulfides as electron acceptors to dissimilate organic matter [79]. SRB can generate
energy by reducing SOif to S*~. These bacteria are known to cause microbial corrosion
of various industrial materials such as iron, mild steel, stainless steel, aluminum and
aluminum alloys, copper and copper alloys, and nickel and nickel alloys [80,81]. In a study
conducted by Sun et al. [82], the corrosion behavior of stainless steel in soil containing
SRB was examined. The results showed a higher corrosion rate of steel reinforcement in
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soil with SRB compared to steel in soil without SRB. Corrosion can also be influenced
by changes in oxygen availability. El Hajj et al. [16] demonstrated that the transition
from aerobic to anaerobic conditions stimulated SRB activity and hydrogen sulfide (H;S)
production. This transformation led to the conversion of iron hydroxyl oxides formed
during the aerobic phase to maghemite pyrite, resulting in improved steel protection
under anaerobic conditions. Javaherdashti et al. [83] revealed that SRB can promote stress
corrosion cracking in carbon steel. Li et al. [84] discovered that the biological activity of SRB
alters steel corrosion by generating H»S and FeS films on the steel surface, exacerbating
the corrosion process. Microorganisms have the ability to modify the electrochemical
conditions on metal surfaces through the formation of biofilms, which can accelerate or
inhibit corrosion [85].

SRB can exert their corrosive effect through various mechanisms, including the ca-
thodic depolarization mechanism, concentration cell mechanism, local cell mechanism,
metabolite mechanism, acid-corrosion mechanism under sediment, and anodic-zone-
fixation mechanism [86]. Among these mechanisms, the cathodic depolarization theory
is widely recognized and accepted. According to the cathodic depolarization theory, SRB
utilize ions present on the metal surface to reduce sulfate, leading to the production of
sulfides. This process disrupts the normal electrochemical reactions occurring at the metal
surface and contributes to the corrosion of the material. Figure 13 illustrates the corrosion
mechanism associated with SRB. It is important to note that SRB can employ multiple
mechanisms simultaneously, and the specific mechanism involved may vary depending
on the environmental conditions and the type of material being corroded. Understand-
ing these mechanisms is crucial for implementing effective corrosion-control strategies in
environments where SRB activity is present.
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Figure 13. Corrosion mechanism of sulfate-reducing bacteria.

4.8. Stray Current

The grounding grid, being exposed to underground environments for extended pe-
riods, is subjected to the influence of stray currents, which arise from the interference of
alternating electric fields. It has been observed through numerous studies that stray currents
can accelerate the corrosion rate and reduce the service life of grounding grids [14,87-89].
The corrosion mechanism induced by stray current on metal is depicted in Figure 14. The
section where the stray current enters the grounding grid is protected as a cathode, while
the area where it exits acts as an anode, accelerating corrosion. Stray currents accelerate
the corrosion rate of the grounding grid and promote the deposition of corrosion products.
Simultaneously, the effective dissipation area of the grounding grid diminishes due to
the combined effects of ferrous metal corrosion dissolution and deposition of corrosion
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products. Consequently, the gradual accumulation of corrosion-product deposits obstructs
the surface of the grounding grid, impeding the dissipation of ground current. When
corrosion becomes severe or even leads to fractures, the dissipation of the grounding grid
is further impeded, increasing the likelihood of ground faults.

Soil

? . Stray current
Electrical corrosion

Cathodic region Anode region

Figure 14. Stray-current corrosion mechanism.

Currently, there are numerous studies that have investigated the impact of direct
currents (DCs) on the corrosion behavior of carbon steel materials. The influence of DC
stray currents in a soil environment is closely associated with the duration of the disturbance
and the density of the stray current. It has been observed that the longer the stray current
acts, the greater its effect on the corrosion rate [90,91]. Field exposure experiments and
indoor tests at sites in Sweden and France by Sjogren et al. [92] demonstrated an increased
corrosion tendency in stainless steel, carbon steel, and cast iron under the influence of stray
DCs. Wang et al. [93] studied the corrosion behavior of X70 steel under the influence of
direct currents. In the absence of an applied current, the specimen surface remained smooth
without pitting pits. However, with an increase in DC density, the corrosion severity
escalated, leading to the formation of numerous corrosion pits. Ma et al. [94] conducted
a study to investigate the corrosion behavior of X80 steel in a soil-simulation solution
under various stray DCs, as displayed in Figure 15. At a DC density of 0 mA /cm?, the
corrosion rate was slow and exhibited a limited granular distribution (Figure 15a). As the
DC density was increased to 0.25 mA /cm?, the corrosion-product layer became thicker
than that observed without DC interference. When the DC density further increased to
0.5 mA/cm? (Figure 15¢), the corrosion products began to transform into those with a
higher density. The corrosion rate escalated alongside the DC density, and the cracks on the
corrosion-product layer multiplied significantly, exhibiting a loose and porous morphology
(Figure 15e). Tan et al. [95] found that the presence of stray DCs significantly augmented
the corrosion-current density and weight-loss rate of Q235 steel, Q235 galvanized steel, and
Cu in soils with identical moisture-content. These findings highlight the substantial impact
of stray DCs on the corrosion of carbon steel materials and emphasize the importance of
managing and mitigating stray-current effects in practical applications.

When it comes to carbon steel grounding grids in soil, the grounding electrode is more
susceptible to alternating current (AC) corrosion behavior, resulting in greater damage
during the dissipation process due to its inherent current-dissipation characteristics. Fu
and Cheng [96] investigated the AC corrosion behavior of pipeline steel in a solution using
kinetic potential polarization tests and immersion tests. It was found that the presence of
an alternating current led to a negative shift in the corrosion potential of pipeline steel and
diminished its passivation ability in the solution. Similarly, Guo et al. [91] found a negative
shift in the corrosion potential of X60 pipeline steel with increasing AC density, and the
corrosion rate accelerated with higher anodic-current density. Furthermore, Yang et al. [97]
conducted an experimental study on X100 steel under AC conditions, as depicted in
Figure 16. Their findings indicate that both the corrosion rate and corrosion-current density
increase with the rise in stray-current density. It is worth noting that even when cathodically
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protected, the presence of an AC can expedite material corrosion [98,99]. These findings
emphasize the significance of addressing AC corrosion in carbon steel grounding nets and
highlight the need for appropriate measures to mitigate its detrimental effects.

Figure 15. SEM corrosion-product images of X80 steel samples after 2 h in NS4 solution under various
DC densities without strain: (a) ipc = 0 mA/cm?, (b) ipc = 0.25 mA /cm?, (¢) ipc = 0.5 mA /cm?,
(d) ipc =1 mA/cm?, (e) ipc = 2 mA/cm? [94].
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Figure 16. (a) Potentiodynamic polarization curves of X100 steel under various AC densities in
simulated-acidic-soil solution. (b) Corrosion rates of X100 steel corroded in simulated-soil solution
for 96 h at different AC densities. Optical images of the corrosion products of X100 steel in the
simulated-acidic-soil solution after about 96 h under AC densities of (¢) 0 A/m?2, (d) 50 A/m?2, and
(e) 500 A/m?2 [97].

5. Corrosion Protection and Monitoring of Grounding Grid
5.1. Means of Protection against Corrosion of Grounding Grid
5.1.1. Cathodic-Protection Method

Cathodic protection is a widely employed technique for safeguarding metallic struc-
tures against corrosion [100,101]. It consists of two main methods: sacrificial anode method
and applied current method. Figure 17 illustrates the corrosion mechanism involved. In the
sacrificial-anode method, a negative-charged auxiliary anode is connected to the ground
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grid to shield it from corrosion, with the more-negative metal corroding first, thereby safe-
guarding the grounding conductor. However, this method incurs the drawback of depleting
the sacrificial-anode material and necessitating a loss of a greater amount. Conversely,
the applied-current method employs an external power supply to provide an electrical
current to the protected metal, inducing cathodic polarization and consequently retarding
the corrosion rate [102]. The applied-current method serves as an economical and efficient
means of protection [103]. However, its applicability is limited in situations with significant
interference from stray currents and should be avoided in high-resistivity environments.
Furthermore, there are certain drawbacks associated with this method, such as the lack of
adjustability in the protection current, the inconvenience of online monitoring, and the in-
tricate interconnection of the grounding grid with numerous steel structures on the ground.
These factors impose several restrictions on the utilization of applied-current cathodic
protection. In contrast, the sacrificial-anode approach finds extensive usage in protecting
substation grounding grids. It not only provides cathodic protection but also reduces the
resistance of the grounding system, facilitating the diffusion of industrial-frequency cur-
rents and lightning currents while eliminating the risks posed by stray currents. Although
there have been some achievements in terms of the reliability and technical solutions of
cathodic protection, it is important to note that the adoption of this method incurs high
costs, and a comprehensive set of norms and standards is yet to be established.
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Figure 17. Cathodic-protection method: (a): applied-current method, (b): sacrificial-anode method.

5.1.2. Resistance-Reducing Agent

The descending agent operates by leveraging its diffusion and penetration properties
to diminish the resistivity of the soil surrounding the grounding system [104-106]. When
a reducing agent is applied around the grounding body, it increases the effective cross-
sectional area of the grounding system. Consequently, it attenuates soil corrosion on the
grounding body to a certain extent, while simultaneously reducing the contact resistance
between the grounding body and the soil, as well as the resistivity of the surrounding
soil. This mechanism aids in enhancing the overall performance and effectiveness of the
grounding system [107].

Currently, there are several types of drag-reducing agents used domestically, includ-
ing chemical drag-reducing agents, physical drag-reducing agents, and rare-earth-class
drag-reducing agents. Chemical drag-reducing agents primarily consist of electrolytes
as their main conductive component, which results in stronger diffusion and penetration
effects compared to other types of drag-reducing agents [108]. However, these agents are
corrosive to metals, have poor stability and longevity, and can be easily washed away
with rainwater. Physical drag-reducing agents, on the other hand, are non-electrolyte
solid powder that utilize strong-alkali and weak-acid salts as the gelling materials. The
descending material exhibits strong adsorption capabilities to the grounding body without
containing electrolytes. Its conductivity remains unaffected by soil moisture content, and
it offers better stability. Once solidified, it will not be lost due to changes in the water
table [109]. Although it provides better anti-corrosive properties, the reduction in resistance
is not as significant, and higher quantities of this agent are generally required. Rare-earth
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drag-reducing agents utilize the characteristics of rare-earth bentonite non-metallic miner-
als as their base material, with certain additives acting as drag-reducing substances [110].
This type of drag-reducing agent effectively lowers resistance, improves the resistivity of
the surrounding soil, and has a minimal corrosive effect on the grounding grid, making it
the most promising option. However, the construction process for using this agent is strict
and more expensive compared to other types. Table 4 compares the performance of typical
drag-reducing agents.

Table 4. Comparison of typical resistance-reducing agents.

Types of Drag-Reducing Agent Advantage Shortage
chemical drag-reducing agent strong penetration and diffusion poor Stakl)ilflé?’lggﬁ service
. . stronger adsorption to reduction of resistance is
physical drag-reducing agent grounding grid not significant [109]
. less corrosive and more highly demanding and
rare earth class drag-reducing agent effective on the grounding grid costly construction [110]

When selecting a descending resistive agent for a substation, it is important to consider
the specific conditions and requirements of the substation. The selected agent should exhibit
the following characteristics: low resistivity, low corrosion rate of the ground grid, long-
lasting environmental protection, not contain water-soluble hazardous substances, and
good stability. By considering these factors and selecting a resistive degradation agent that
meets these criteria, the substation can ensure optimal performance, safety, and longevity
of its grounding system.

5.1.3. Conductive Anticorrosive Coatings

Conductive coatings typically consist of several key components, including base
resin, conductive fillers, solvents, and additives. These coatings serve a dual purpose of
providing conductivity and anticorrosive protection. When applied correctly, high-quality
conductive anticorrosive coatings offer effective corrosion resistance against acids, alkalis,
and salts [111-113].

In recent years, there has been significant progress in the research of conductive
coatings. Datta et al. [114] conducted a study on the electrochemical corrosion behavior
of both graphene-coated copper and bare copper in sodium chloride and sodium sulfate
solutions, utilizing electrochemical impedance spectroscopy (EIS) and polarization curves
(PC). The findings, as presented in Figure 18, demonstrate that graphene-coated copper
displays superior corrosion resistance and reduced electrical resistance compared to bare
copper. Wei et al. [115] investigated the long-term corrosion behavior of thermally sprayed
stainless-steel-coated Q235 steel, Q235 steel, and galvanized steel in soil. It was found
that Q235 steel experienced the most severe corrosion, with a substantial formation of
corrosion products on its surface. Galvanized steel, though exhibiting better corrosion
resistance than 235, had its zinc layer deteriorated. On the other hand, the coated steel
demonstrated the best corrosion resistance among the three materials, with the coating
remaining intact on the specimen’s surface. Wu et al. [116] explored the corrosion resistance
of Al-Si-coated Q235 steel and found it to be superior to that of galvanized steel under
acidic and neutral conditions. However, its corrosion resistance decreased rapidly in acidic
solutions. Polyaniline, characterized by its environmental stability, easy availability and
high conductivity, has shown protective properties against various materials, such as carbon
steel. Nonetheless, its low dispersion and adhesion in resin coatings significantly reduce
the corrosion resistance of polyaniline composite coatings. Carbon nanotube-modified
conductive coatings demonstrate promising applications. Zou et al. [117] conducted a
study on the corrosion behavior of Q235 steel and various coatings in a simulated-soil
solution using electrochemical tests, as illustrated in Figure 19. The results revealed
that the application of different coatings effectively hindered the anodic and cathodic
reactions of Q235 steel within the simulated-soil solution, thereby diminishing the corrosion
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propensity and corrosion rate of the steel. Li et al. [118] prepared multi-walled carbon
nanotube /polyurethane composite coatings using electrostatic spraying and observed a
reduction in corrosion-current density and a significant enhancement in corrosion resistance
after applying the composite coating to the steel surface. During the construction process,
coatings are susceptible to various defects such as pinholes, breaks, and scratches, which can
accelerate corrosion. Ren et al. [119] suggested using conductive coatings in conjunction
with cathodic protection as a corrosion-protection strategy. This combination not only
slows down the aging rate of the coating, but also facilitates a more uniform distribution
of a cathodic-protection current. As a result, the service life of the grounding device is
significantly prolonged, providing enhanced protection against corrosion.
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Figure 18. (a) Electrochemical impedance spectroscopy of bare and graphene-coated copper conduc-
tors in 0.5 M (0.5 molecular-weight gram powder in, per litre, volume of solution) Sodium sulphate
solution. (b) Potentio electrochemical impedance spectroscopy of bare and graphene-coated copper
conductors in 0.1 M sodium chloride solution. Polarization curves of the graphene-coated and
uncoated copper in different solutions: (c) 0.5 M sodium sulphate solution; (d) 0.1 M sodium chloride
solution [114].
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Figure 19. (a) Polarization curves of Q235 steel and different electrodeposited coatings in simulated-
soil pore solution. (b) Fitting results of polarization curves [117].
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5.1.4. New Grounding Materials

Conventional grounding materials encounter challenges such as poor corrosion re-
sistance, high maintenance expenses, limited availability of resources, and environmental
degradation. The innovation of novel grounding materials holds the potential to effectively
mitigate these issues.

Stainless steel composites exhibit excellent electrical, mechanical, and thermal stability.
They surpasses copper, galvanized steel, and other grounding materials in terms of corro-
sion resistance, while they are more cost-effective than copper and galvanized steel. The
addition of appropriate alloying elements can enhance the corrosion resistance of the mate-
rials. Lv et al. [120] conducted a study on the corrosion behavior of high-silicon ferrochrome
in soil, revealing that higher levels of silicon and chromium in the matrix significantly
reduced the steel’s corrosion rate. Li et al. [121] developed a Cr microalloyed low-carbon
steel and compared its corrosion behavior with that of Q235 steel in soil. The findings
demonstrated that the corrosion resistance of Cr microalloyed low-carbon steel was greatly
enhanced by incorporating a suitable amount of chromium, as compared to Q235 steel.
Numerous metals encounter grounding issues, including corrosion and elevated grounding
resistance. Graphite presents several advantages such as good electrical conductivity, low
cost, and good stability. In recent years, it has emerged as a research focus for non-metallic
conductive materials. Wang et al. [122] proposed a novel graphite grounding conductor
with significantly lower grounding resistance and enhanced corrosion resistance when
compared to traditional materials. This conductor is capable of withstanding sustained
strong currents, among other benefits. Huang et al. [123] proposed a flexible graphite
composite grounding material composed of high-purity flake graphite and conducted tests
to confirm its adherence to electrical-engineering requirements. Furthermore, graphene-
composite grounding devices have proven to possess superior current-drainage capacity
and resistance-reducing effect compared to galvanized steel.

Graphite-composite grounding materials exhibit excellent grounding performance,
particularly due to their superior corrosion resistance compared to metal grounding
materials. This attribute significantly extends the service life of the grounding system
and ensures operational safety for the grounding grid. As a result, graphite-composite
grounding materials hold vast potential for diverse applications in the field of grounding-
material development.

5.1.5. Other Methods

Increasing the cross-sectional area of the grounding body has several advantages for
the grounding grid. Firstly, it reduces power loss, resulting in improved overall grounding
efficiency and performance, while also decreasing grounding resistance. Moreover, this
increase in cross-sectional area has the potential to extend the lifespan of the grounding
grid. However, it is important to consider that augmenting the cross-section necessitates
greater material consumption and can pose challenges when it comes to welding.

5.2. Corrosion Diagnosis and Detection Methods for Grounding Grid

The grounding grid, being buried in the ground for extended periods, is subjected to
harsh operating conditions, making corrosion problems unavoidable. Insufficient electrical
connections between ground grid equalizing conductors or grounding leads can result
in fault points, deteriorating the grounding grid’s performance and causing electrical-
performance issues [124-127]. In severe cases, it can directly jeopardize the safe and stable
operation of the power grid. Therefore, it is crucial to conduct comprehensive testing and
analysis of the grounding grid’s condition. Various corrosion-assessment methods are
commonly employed, including electrochemical analysis, electromagnetic-field analysis,
and electrical-grid analysis. These techniques help evaluate the severity of corrosion and
inform appropriate remedial measures [128].

Electromagnetic-analysis methods. Electromagnetic-field analysis is utilized to diagnose
fault conditions in grounding grids. This approach involves examining the magnetic-field
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distribution on the ground surface, which can reveal abnormalities when the grounding
conductor is broken or damaged [129]. By injecting a sinusoidal current of a different
frequency into the grounding grid and detecting the resulting electromagnetic induction at
the surface, a comparison with the pre-energization magnetic-field-strength distribution can
determine the corrosion state of the grounding grid. Operating parameters of the grounding
grid during operation are measured using known grid topology and the fundamental
concept of corrosion detection [130]. Wang et al. [131] proposed a specific detection method
based on magnetic-field excitation, as shown in Figure 20. By accurately positioning the
coil, the secondary magnetic-field signal is extracted from two magnetic fields, enabling
precise measurement of underground metal corrosion. This non-contact method provides
higher measurement accuracy and stronger anti-interference capabilities compared to
traditional methods and is not restricted by the grounding grid’s structure. In cases where
the grounding grid drawings are missing or the actual structure of the grounding grid
differs from the provided drawings, magnetic-field inspection can be a helpful solution for
detecting grounding grid corrosion. The method is simple and effective; however, when
corrosion is not severe and there are no fractures present, the magnetic field changes may
not be apparent, resulting in less-accurate detection results.

a b :
e . i o Transmitter loop Tx2 ® Receiver Loop Re
Primary magnetic fl}‘ld Primary magnetic A
i QV‘ ol field 7, !
i e Primary magnetic field Tx I Receiver hoop Rua j Te
h i [\ X
Surface Surface ﬁ/ \ / <
Soil Soil

Grounding grid

The secondary
Grounding magnetic field

Figure 20. (a) The process of generating magnetic induction. (b) Detection process of secondary
magnetic field [131].

Electrical-grid-analysis methods. Electrical-grid-analysis methods involve simplifying
the grounding grid into a purely resistive grid [132]. The equivalent physical model of
this approach is shown in Figure 21. By applying DC excitation to the grounding grid
and measuring the corresponding response parameters of the port, the fault-diagnostic
equations can be established to determine the actual resistance value. The degree of
corrosion in each conductor section can then be diagnosed by comparing it with information
such as the initial resistance value obtained during the construction program [133]. The
electrical-grid-analysis method has a long history of research, and the theory behind it is
relatively well developed. However, this method has limitations regarding the location
and number of underground wires, making it difficult to apply to medium and large
grounding grids.

Electrochemical Method. The corrosion process of grounding grid conductors primarily
involves electrochemical reactions influenced by factors such as air, soil pH value, and
moisture content. Huang et al. [134] developed an electrochemical method for detecting
the depth of corrosion in grounding bodies, demonstrating its accuracy in measuring this
parameter, and indicating the overall state of the grounding body. With the advancement
of electrochemical theory, various methods such as the linear polarization method and
constant-current step have emerged, allowing for the evaluation of the grounding grid’s
condition by direct-measuring electrochemical parameters and converting them into cor-
rosion rates [135]. The electrochemical method is relatively straightforward to operate,
provides fast detection, and can directly reflect the corrosion rate of the grounding grid.
However, further research is required to address signal interference at the testing site and
to enhance the design performance of the sensors used in this method.
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Figure 21. Equivalent physical model of the grounding network [132].

6. Conclusions and Prospects

In conclusion, the corrosion of grounding grids is influenced by various soil properties
and factors such as resistivity, moisture content, pH value, oxygen content, and soil tem-
perature. These factors interact with each other, and their combined effect determines the
extent of corrosion. Microorganisms and stray currents in the soil can accelerate corrosion
directly or indirectly. Although galvanized and cathodic protection methods are commonly
used for protection at present, they have limitations and provide only limited protection
against corrosion. To address these challenges, future research and development can focus
on the following prospects:

1. Exploration of new materials: research and development of new materials with excellent
corrosion resistance, such as graphene-composite grounding materials, carbon-fiber-
based-composite grounding materials, and graphite/glass-fiber-composite grounding
materials, can replace traditional materials and extend the service life of ground-
ing grids.

2. Environmentally friendly anti-corrosion technologies: Investigation of environmen-
tally friendly anti-corrosion treatments (e.g., research on degradable anti-corrosion
agents, low-energy, and low-pollution anti-corrosion treatments), can reduce envi-
ronmental pollution and hazards. Meanwhile, it is crucial to further investigate and
innovate in the field of grounding-grid-material recycling. Further advancements in
coating anti-corrosion technology, including improving adhesion, wear resistance, and
overall corrosion-resistance performance, can be beneficial. Additionally, combining
anticorrosive coatings with cathodic protection and other protective measures can
be explored.

3. Integration of intelligent technology: Through combining intelligent technology, meth-
ods and equipment for real-time monitoring of grounding grid corrosion can be
developed. This would enable timely monitoring and early warning of corrosion,
thereby enhancing the operational stability and reliability of the grounding grids.

Through pursuing these prospects, we can address the challenges posed by grounding

grid corrosion and work towards improving their longevity and performance.

Author Contributions: Writing—original draft preparation—].Z. (Sections 1 and 6); X.M. (Section 2);
X.R. (Section 3); S.L. (Section 4); EZ. (Section 5). Writing—review and editing—J.X., X.Y. and Y.Y,;
supervision, J.X., X.Y. and Y.Y.; project administration, funding acquisition, J.Z., X.M., X.R. and S.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the State Grid Chongqing Electric Power Research Institute
(No. SGCQDKO00SBQT2200294).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2024, 17, 507 23 of 27

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Huang, ].S.; Ye, Z.C.; Zhang, G.B.; Bao, S.Z.; Wang, P.Y.; Liu, G. Study on a 110 kV Combined Prefabricated Joint Fault Caused by
Premature Failure of Grounding Grid. Eng. Fail. Anal. 2022, 141, 106701. [CrossRef]

Puttarach, A.; Chakpitak, N.; Kasirawat, T.; Pongsriwat, C. Substation Grounding Grid Analysis with the Variation of Soil Layer
Depth Method. In Proceedings of the 2007 IEEE Lausanne Power Tech, Lausanne, Switzerland, 1-5 July 2007; IEEE: Lausanne,
Switzerland, 2007; pp. 1881-1886.

De Araujo, A.RJ.; De Azevedo, W.L.M.; D’Annibale, ].L.A.; Da Silva, W.C.; Filho, ].P. Transient Analysis of Interconnected
Grounding Grids under Physically Damaged Conditions. In Proceedings of the 2021 14th IEEE International Conference on
Industry Applications (Induscon), Sao Paulo, Brazil, 15-18 August 2021; IEEE: Sao Paulo, Brazil, 2021; pp. 739-745.

Lv, J.X. Analysis on Importance and Basic Requirements of Proper Grounding in Power Plants and Substations. Process. Auto
Instrum. 2010, 31, 55-57.

Han, J.; Du, J. A Method for Grounding Grid Corrosion Rate Prediction. In Proceedings of the 3rd International Conference on
Advances in Energy, Environment and Chemical Engineering (AEECE), Chengdu, China, 26-28 May 2017; IoP Publishing Ltd.:
Bristol, UK, 2017; Volume 69, p. 012089.

Li, G.X.;; Wang, Y.; Guan, Y.L,; Li, L.; Jiang, Z.Q. Research on Evaluation Method of Soil Corrosive Property to Grounding Grid in
Transformer Substation. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Sanya, China, 17-19
November 2018; Volume 479, p. 012017. [CrossRef]

Nakhaie, D.; Kosari, A.; Mol, ] M.C.; Asselin, E. Corrosion Resistance of Hot-Dip Galvanized Steel in Simulated Soil Solution: A
Factorial Design and Pit Chemistry Study. Corros. Sci. 2020, 164, 108310. [CrossRef]

Contreras, A.; Quej, L.M.; Sosa, E.; Liu, H.B.; Alamilla, J.L. Corrosion Rate of Low Carbon Steels in Function of Physicochemical
Properties of Soils. MRS Adv. 2021, 6, 825-829. [CrossRef]

Wu, Y,; Liu, T;; Luo, S.; Sun, C. Corrosion Characteristics of Q235 Steel in Simulated Yingtan Soil Solutions. Materialwiss.
Werkstofftech. 2010, 41, 142-146. [CrossRef]

Kostic, V.; Raicevic, N. A Study on High-Voltage Substation Ground Grid Integrity Measurement. Electr. Power Syst. Res. 2016,
131, 31-40. [CrossRef]

Xia, X.; Jin, Y.; Qiao, H.; Li, X,; Lin, D. Survey on Corrosion of Power Transmission and Transformation Equipment. Corros. Sci.
Prot. Technol. 2018, 31, 121-127.

Melchers, R.E.; Petersen, R.B. A Reinterpretation of the Romanoff NBS Data for Corrosion of Steels in Soils. Corros. Eng. Sci.
Technol. 2018, 53, 131-140. [CrossRef]

Ezzeldin, I.; El Naggar, H.; Newhook, J.; Jarjoura, G. Accelerated Wet/Dry Corrosion Test for Buried Corrugated Mild Steel. Case
Stud. Constr. Mater. 2022, 17, €01152. [CrossRef]

Zhu, Z.; Shi, C.; Zhang, Y.; Liu, Z. The Effects of Cl- and Direct Stray Current on Soil Corrosion of Three Grounding Grid Materials.
Anti-Corros. Methods Mater. 2020, 67, 73-82. [CrossRef]

Norin, M.; Vinka, T. Corrosion of Carbon Steel in Filling Material in an Urban Environment. Mater. Corros. 2003, 54, 641-651.
[CrossRef]

El Hajj, H.; Abdelouas, A.; El Mendili, Y.; Karakurt, G.; Grambow, B.; Martin, C. Corrosion of Carbon Steel under Sequential
Aerobic-Anaerobic Environmental Conditions. Corros. Sci. 2013, 76, 432-440. [CrossRef]

Akkouche, R.; Remazeilles, C.; Barbalat, M.; Sabot, R.; Jeannin, M.; Refait, P. Electrochemical Monitoring of Steel/Soil Interfaces
during Wet/Dry Cycles. J. Electrochem. Soc. 2017, 164, C626—C634. [CrossRef]

Suganya, S.; Jeyalakshmi, R. Long Term Study on the Corrosion Behaviour of Buried Mild Steel under Different Native Soil
Environments. In Proceedings of the International E-Conference on Advancements in Materials Science and Technology (ICAM),
Online, 23-25 November 2020; Volume 47, pp. 957-963. [CrossRef]

Sa’adan, A.W.M.; Aziz, M.; Sundari, R. Application of Frumkin Isotherm for Carbon Steel Corrosion in Soil Media. In Proceedings
of the 3rd International Conference on Advances in Materials Manufacturing ICAMMP 2012), Beihai, China, 22-23 December
2012; Volume 652-654, pp. 963-966. [CrossRef]

Lopes, LM.E; Loureiro, C.R.O.; Junqueira, RM.R. Corrosion Monitoring of Galvanized Steel in Soil Extract Solutions by
Electrochemical Impedance Spectroscopy: Uberwachung der Korrosion von Verzinktem Stahl in Bodenprobenlésungen Durch
Elektrochemische Impedanzspektroskopie. Materialwiss. Werkstofftech. 2014, 45, 619—-627. [CrossRef]

Pereira, R.; de Oliveira, E.; Lima, M.; Brasil, S. Corrosion of Galvanized Steel under Different Soil Moisture Contents. Mater. Res.
2015, 18, 563-568. [CrossRef]

Padilla, V.; Ghods, P.; Alfantazi, A. Practical Model for Three-Stage Corrosion Behavior of Galvanized Steel Reinforcement in Soil.
Corrosion 2013, 69, 509-521. [CrossRef]

Asgari, H.; Toroghinejad, M.R.; Golozar, M. A. Effect of Coating Thickness on Modifying the Texture and Corrosion Performance
of Hot-Dip Galvanized Coatings. Curr. Appl. Phys. 2009, 9, 59-66. [CrossRef]


https://doi.org/10.1016/j.engfailanal.2022.106701
https://doi.org/10.1088/1757-899X/479/1/012017
https://doi.org/10.1016/j.corsci.2019.108310
https://doi.org/10.1557/s43580-021-00170-6
https://doi.org/10.1002/mawe.201000559
https://doi.org/10.1016/j.epsr.2015.10.006
https://doi.org/10.1080/1478422X.2017.1417072
https://doi.org/10.1016/j.cscm.2022.e01152
https://doi.org/10.1108/ACMM-06-2019-2136
https://doi.org/10.1002/maco.200303680
https://doi.org/10.1016/j.corsci.2013.07.017
https://doi.org/10.1149/2.0531712jes
https://doi.org/10.1016/j.matpr.2021.05.152
https://doi.org/10.4028/www.scientific.net/AMR.652-654.963
https://doi.org/10.1002/mawe.201400243
https://doi.org/10.1590/1516-1439.341714
https://doi.org/10.5006/0622E
https://doi.org/10.1016/j.cap.2007.10.090

Materials 2024, 17, 507 24 of 27

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rodger, J.; Bartlett, S.; Atrens, A. Corrosion of the Galvanizing of Galvanized-steel Electricity Transmission Towers. Mater. Corros.
2017, 68, 902-910. [CrossRef]

Yan, EJ.; Li, X.G.; Wang, X.G. The Corrosion Behavior of Galvanized Steel in Alkaline Soil. Appl. Mech. Mater. 2013, 331, 416—420.
[CrossRef]

Soriano, C.; Alfantazi, A. Corrosion Behavior of Galvanized Steel Due to Typical Soil Organics. Constr. Build. Mater. 2016, 102,
904-912. [CrossRef]

Afonso, F.; Neto, M.; Mendonca, M.; Pimenta, G.; Proenca, L.; Fonseca, I. Copper Corrosion in Soil: Influence of Chloride Contents,
Aeration and Humidity. J. Solid State Electrochem. 2009, 13, 1757-1765. [CrossRef]

Zhu, M.; Du, C;; Li, X; Xing, Y.; Liu, Z. Galvanic Corrosion Behavior of Copper-Clad Steel Bars with Unclad Two-End Faces.
Corros. Sci. Prot. Technol. 2013, 25, 265-270.

Shao, Y.; Mu, M.; Zhang, B.; Nie, K.; Liao, Q. Corrosion Behavior of Copper-Clad Steel Bars with Unclad Two-End Faces for
Grounding Grids in the Red Clay Soil. ]. Mater. Eng. Perform. 2017, 26, 1751-1757. [CrossRef]

Souissi, N.; Triki, E. Early Stages of Copper Corrosion Behaviour in a Tunisian Soil. Mater. Corros. 2010, 61, 695-701. [CrossRef]
Srivastava, A.; Balasubramaniam, R. Microstructural Characterization of Copper Corrosion in Aqueous and Soil Environments.
Mater. Charact. 2005, 55, 127-135. [CrossRef]

Souissi, N. Comparison of Early Stages of Copper Corrosion in Sulfate, Chloride, Humic and Soil Media. Surf. Eng. Appl.
Electrochem. 2013, 49, 73-77. [CrossRef]

Galai, M.; Benglilou, H.; Touhami, M.E.; Belhaj, T.; Berrami, K.; Kafssaoui, H.E. Comparative Analysis for the Corrosion
Susceptibility of Copper Alloys in Sandy Soil. Environ. Eng. Res. 2018, 23, 164-174. [CrossRef]

Wu, Y.; Luo, S.; Gou, H. The Corrosion Behavior of Copper in Acid Soil during Soil Acidification by Simulated Acid Rain.
Materialwiss. Werkstofftech. 2012, 43, 1074-1079. [CrossRef]

Zhang, C.; Liao, Y.; Gao, X.; Zhao, J.; Yuan, Y.; Liao, R. Research Advances of Soil Corrosion of Grounding Grids. Micromachines
2021, 12, 513. [CrossRef]

Su, Y.; Fang, B.; Lv, P; Du, C.; Liu, Z. Initial Corrosion Behavior of Grounding Materials in Three Typical Soils in Shaanxi Province.
Corros. Sci. Prot. Technol. 2018, 30, 279-284. [CrossRef]

Yang, H.; Zhong, Y.; Wu, W. The Analysis of the Application of Copper Plated Steel Material in Substation Grounding Project.
In Proceedings of the Manufacturing Science And Materials Engineering, Pts 1 and 2; Jian, L., Ed.; Trans Tech Publications Ltd.:
Stafa-Zurich, Switzerland, 2012; Volume 443444, pp. 688-693.

Ma, T; Li, H.; Gao, J.; Li, Y. Corrosion Behaviour of Cu/Carbon Steel Gradient Material. Crystals 2021, 11, 1091. [CrossRef]
Suganya, S.; Jeyalakshmi, R. Corrosion of Mild Steel Buried Underground for 3Years in Different Soils of Varying Textures. J.
Mater. Eng. Perform. 2019, 28, 863-875. [CrossRef]

Petersen, R.B.; Melchers, R.E. Effect of Moisture Content and Compaction on the Corrosion of Mild Steel Buried in Clay Soils.
Corros. Eng. Sci. Technol. 2019, 54, 587-600. [CrossRef]

Azoor, RM,; Deo, R.N.; Birbilis, N.; Kodikara, ].K. Coupled Electro-Chemical-Soil Model to Evaluate the Influence of Soil Aeration
on Underground Metal Pipe Corrosion. Corrosion 2018, 74, 1177-1191. [CrossRef] [PubMed]

Mineta, S.; Ohki, S.; Mizunuma, M.; Oka, S. Study of Corrosion Rate of Buried Steel in Soil by Electrochemical Impedance
Spectroscopy. ECS Trans. 2018, 85, 599-604. [CrossRef]

Quej-Ake, L.M.; Contreras, A. Electrochemical Study on the Corrosion Rate of X52 Steel Exposed to Different Soils. Anti-Corros.
Methods Mater. 2018, 65, 97-106. [CrossRef]

Noor, E.; Al-Moubaraki, A. Influence of Soil Moisture Content on the Corrosion Behavior of X60 Steel in Different Soils. Arab J.
Sci. Eng. 2014, 39, 5421-5435. [CrossRef]

Fu, J.; Pei, E; Zhu, Z.; Tan, Z.; Tian, X.; Mao, R.; Wang, L. Influence of Moisture on Corrosion Behaviour of Steel Ground Rods in
Mildly Desertified Soil. Anti-Corros. Methods Mater. 2013, 60, 148-152. [CrossRef]

Liu, L.; Li, W;; Deng, Z.; Xu, S.; Xu, Y; Zeng, L.; Li, D.; Yang, Y.; Zhong, Z. Effect of Moisture on Corrosion Behavior of Q235 Steel
in Bentonite Clay. Int. ]. Electrochem. Sci. 2023, 18, 100164. [CrossRef]

El-Shamy, A.; Shehata, M.; Ismail, A. Effect of Moisture Contents of Bentonitic Clay on the Corrosion Behavior of Steel Pipelines.
Appl. Clay Sci. 2015, 114, 461-466. [CrossRef]

Wasim, M.; Shoaib, S.; Mubarak, N.M.; Inamuddin; Asiri, A.M. Factors Influencing Corrosion of Metal Pipes in Soils. Environ.
Chem. Lett. 2018, 16, 861-879. [CrossRef]

Doyle, G.; Seica, M.; Grabinsky, M. The Role of Soil in the External Corrosion of Cast Iron Water Mains in Toronto, Canada. Can.
Geotech. . 2003, 40, 225-236. [CrossRef]

Alamilla, J.; Espinosa-Medina, M.; Sosa, E. Modelling Steel Corrosion Damage in Soil Environment. Corros. Sci. 2009, 51,
2628-2638. [CrossRef]

Coérdoba, V.C.; Mejia, M.A.; Echeverria, F; Morales, M.; Calderén, J.A. Corrosion Mitigation of Buried Structures by Soils
Modification. Ingeniare. Rev. Chil. Ing. 2011, 19, 486—497. [CrossRef]

Kato, Y.; Kamimura, T.; Sugae, K.; Harada, Y. Effect of Pyrite Oxidation in Soils on Corrosion Behavior of Steel. Corrosion 2018, 74,
1167-1176. [CrossRef]

Contreras, A.; Quej, L.M,; Liu, H.B.; Alamilla, J.L.; Sosa, E. Role of Mexican Clay Soils on Corrosiveness and Stress Corrosion
Cracking of Low-Carbon Pipeline Steels: A Case Study. Corrosion 2020, 76, 967-984. [CrossRef] [PubMed]


https://doi.org/10.1002/maco.201609351
https://doi.org/10.4028/www.scientific.net/AMM.331.416
https://doi.org/10.1016/j.conbuildmat.2015.11.009
https://doi.org/10.1007/s10008-009-0868-4
https://doi.org/10.1007/s11665-017-2581-2
https://doi.org/10.1002/maco.200905383
https://doi.org/10.1016/j.matchar.2005.04.004
https://doi.org/10.3103/S1068375513010134
https://doi.org/10.4491/eer.2017.077
https://doi.org/10.1002/mawe.201200927
https://doi.org/10.3390/mi12050513
https://doi.org/10.11903/1002.6495.2017.189
https://doi.org/10.3390/cryst11091091
https://doi.org/10.1007/s11665-019-3855-7
https://doi.org/10.1080/1478422X.2019.1638564
https://doi.org/10.5006/2860
https://www.ncbi.nlm.nih.gov/pubmed/38138004
https://doi.org/10.1149/08513.0599ecst
https://doi.org/10.1108/ACMM-12-2016-1737
https://doi.org/10.1007/s13369-014-1135-2
https://doi.org/10.1108/00035591311315346
https://doi.org/10.1016/j.ijoes.2023.100164
https://doi.org/10.1016/j.clay.2015.06.041
https://doi.org/10.1007/s10311-018-0731-x
https://doi.org/10.1139/t02-106
https://doi.org/10.1016/j.corsci.2009.06.052
https://doi.org/10.4067/S0718-33052011000300016
https://doi.org/10.5006/2748
https://doi.org/10.5006/3515
https://www.ncbi.nlm.nih.gov/pubmed/38066756

Materials 2024, 17, 507 25 of 27

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Benmoussa, A.; Hadjel, M.; Traisnel, M. Corrosion Behavior of API 5L X-60 Pipeline Steel Exposed to near-Neutral pH Soil
Simulating Solution. Mater. Corros. 2006, 57, 771-777. [CrossRef]

Chung, N.T.; So, Y.-S.; Kim, W.-C.; Kim, J.-G. Evaluation of the Influence of the Combination of pH, Chloride, and Sulfate on the
Corrosion Behavior of Pipeline Steel in Soil Using Response Surface Methodology. Materials 2021, 14, 6596. [CrossRef]

Han, P,; Han, P; Xie, R.; He, B.; Bai, X. Study of the Electrochemical Corrosion Behaviour of X70 Steel in H2504 Contaminated
Silty Soil. Int. |. Electrochem. 2018, 13, 8694-8710. [CrossRef]

Melchers, R.E.; Wells, T. Correlation between Soil Electrical Resistivity, Polarisation Resistance and Corrosion of Steel. Corros. Eng.
Sci. Technol. 2018, 53, 524-530. [CrossRef]

Li, J. Study on Low Alloy Steel Designed for Grounding Grid and Its Corrosion Behavior in Acidic Soil. Ph.D. Thesis, University
of Science and Technology Beijing, Beijing, China, 2015.

Md Noor, N.; Othman, S.R.; Nordin, Y.; Lim, K.S.; Abdullah, A. Qualitative Assessment of Chloride and Sulphate Influence on
Soil Corrosivity. Adv. Mat. Res. 2012, 446—449, 3462-3466. [CrossRef]

Song, Y.; Jiang, G.; Chen, Y.; Zhao, P; Tian, Y. Effects of Chloride Ions on Corrosion of Ductile Iron and Carbon Steel in Soil
Environments. Sci. Rep. 2017, 7, 6865. [CrossRef] [PubMed]

Voloshyn, V.A.; Zvirko, O.1; Sydor, P.Y. Influence of the Compositions of Neutral Soil Media on the Corrosion Cracking of Pipe
Steel. Mater. Sci. 2015, 50, 671-675. [CrossRef]

Li, K.; Zheng, B.; Chen, B.; Liu, H.F. Effect of Magnetic Field on Microbiologically-Influenced Corrosion Behavior of Q235 Steel. J.
Chin. Soc. Corros. Prot. 2013, 33, 463-469.

Xie, F; Wang, Z.; Wang, D.; Yin, S. A Synergistic Effect of Dissolved Oxygen, HCO3~, and Cl~ on the Electrochemical Corrosion
Behavior of X70 Pipeline Steel in the Oilfield Soil Environment. Appl. Phys. A 2020, 126, 868. [CrossRef]

Rossi, S.; Pinamonti, M.; Calovi, M. Influence of Soil Chemical Characteristics on Corrosion Behaviour of Galvanized Steel. Case
Stud. Constr. Mater. 2022, 17, €01257. [CrossRef]

Padilla, V.; Ghods, P.; Alfantazi, A. Effect of De-Icing Salts on the Corrosion Performance of Galvanized Steel in Sulphate
Contaminated Soil. Constr. Build. Mater. 2013, 40, 908-918. [CrossRef]

Xu, L. Corrosion Behavior of Q235 Steel, Zinc and Galvanized Steel in Wuhan Soil Environment. Master’s Thesis, CMA, Beijing,
China, 2021.

McNeill, L.; Edwards, M. The Importance of Temperature in Assessing Iron Pipe Corrosion in Water Distribution Systems.
Environ. Monit. Assess. 2002, 77,229-242. [CrossRef]

Gurrappa, I.; Reddy, D.V. Characterisation of Titanium Alloy, IMI-834 for Corrosion Resistance under Different Environmental
Conditions. J. Alloys Compd. 2005, 390, 270-274. [CrossRef]

Wu, Y,; Luo, S.; Mou, Q. Influence of Temperature on the Corrosion Behavior of X80 Steel in an Acidic Soil Environment. Int. J.
Electrochem. 2020, 15, 576-586. [CrossRef]

Nie, X,; Li, X,; Du, C.; Cheng, Y. Temperature Dependence of the Electrochemical Corrosion Characteristics of Carbon Steel in a
Salty Soil. J. Appl. Electrochem. 2009, 39, 277-282. [CrossRef]

Mabuchi, K.; Horll, Y.; Takhashi, H.; Nagayama, M. Effect of Trmperature and Dissolved Oxygen on the Corrosion Behavior of
Carbon Steel in High Tempeature Water. Corrosion 1991, 47, 500-508. [CrossRef]

Wang, S; Liu, D.; Du, N.; Zhao, Q.; Xiao, J. Cathodic Reactions Involved in the Corrosion of X80 Steel in Acidic Soil Simulated
Solution. Int. J. Electrochem. 2016, 11, 8797-8809. [CrossRef]

He, B.; Han, PJ.; Lu, C.H.; Bai, X.H. Effect of the Size of Soil Particles on the Electrochemical Corrosion Behavior of Pipeline Steel
in Saline Solutions. Mater. Sci. 2016, 51, 890-902. [CrossRef]

Wang, S.; Yin, X.; Zhang, H.; Liu, D.; Du, N. Coupling Effects of pH and Dissolved Oxygen on the Corrosion Behavior and
Mechanism of X80 Steel in Acidic Soil Simulated Solution. Materials 2019, 12, 3175. [CrossRef]

Spark, A.; Wang, K.; Cole, I.; Law, D.; Ward, L. Microbiologically Influenced Corrosion: A Review of the Studies Conducted on
Buried Pipelines. Corros. Rev. 2020, 38, 231-262. [CrossRef]

Raman, R.; Javaherdashti, R.; Panter, C.; Pereloma, E. Hydrogen Embrittlement of a Low Carbon Steel during Slow Strain Testing
in Chloride Solutions Containing Sulphate Reducing Bacteria. Mater. Sci. Technol. 2005, 21, 1094-1098. [CrossRef]

Queiroz, G.A.D.; Andrade, ].S.; Malta, T.B.S.; Vinhas, G.; Lima, M.A.G.D.A. Biofilm Formation and Corrosion on Carbon Steel
API 5LX60 in Clayey Soil. Mat. Res. 2018, 21, e20170338. [CrossRef]

Liu, H.; Frank Cheng, Y. Mechanism of Microbiologically Influenced Corrosion of X52 Pipeline Steel in a Wet Soil Containing
Sulfate-Reduced Bacteria. Electrochim. Acta 2017, 253, 368-378. [CrossRef]

Tkachuk, N.; Zelena, L.; Mazur, P,; Lukash, O. Genotypic, Physiological and Biochemical Features of Desulfovibrio Strains in a
Sulfidogenic Microbial Community Isolated from the Soil of Ferrosphere. Ecol. Quest. 2020, 31, 79-88. [CrossRef]

Beese, P; Venzlaff, H.; Srinivasan, J.; Garrelfs, J.; Stratmann, M.; Mayrhofer, K. Monitoring of Anaerobic Microbially Influenced
Corrosion via Electrochemical Frequency Modulation. Electrochim. Acta 2013, 105, 239-247. [CrossRef]

Lee, W.; Lewandowsk, Z.; Nielsen, P.; Hamilton, W. Role of Sulfate-Reducing Bacteria in Corrosion of Mild-Steel—A Review.
Biofouling 1995, 8, 165-194. [CrossRef]

Sun, C; Xu, J.; Wang, E; Yu, C. Effect of Sulfate Reducing Bacteria on Corrosion of Stainless Steel 1Cr18Ni9Ti in Soils Containing
Chloride Ions. Mater. Chem. Phys. 2011, 126, 330-336. [CrossRef]


https://doi.org/10.1002/maco.200503964
https://doi.org/10.3390/ma14216596
https://doi.org/10.20964/2018.09.64
https://doi.org/10.1080/1478422X.2018.1511325
https://doi.org/10.4028/www.scientific.net/AMR.446-449.3462
https://doi.org/10.1038/s41598-017-07245-1
https://www.ncbi.nlm.nih.gov/pubmed/28761066
https://doi.org/10.1007/s11003-015-9770-7
https://doi.org/10.1007/s00339-020-03792-z
https://doi.org/10.1016/j.cscm.2022.e01257
https://doi.org/10.1016/j.conbuildmat.2012.09.077
https://doi.org/10.1023/A:1016021815596
https://doi.org/10.1016/j.jallcom.2004.08.040
https://doi.org/10.20964/2020.01.03
https://doi.org/10.1007/s10800-008-9669-1
https://doi.org/10.5006/1.3585285
https://doi.org/10.20964/2016.10.08
https://doi.org/10.1007/s11003-016-9918-0
https://doi.org/10.3390/ma12193175
https://doi.org/10.1515/corrrev-2019-0108
https://doi.org/10.1179/174328405X51811
https://doi.org/10.1590/1980-5373-mr-2017-0338
https://doi.org/10.1016/j.electacta.2017.09.089
https://doi.org/10.12775/EQ.2020.016
https://doi.org/10.1016/j.electacta.2013.04.144
https://doi.org/10.1080/08927019509378271
https://doi.org/10.1016/j.matchemphys.2010.11.017

Materials 2024, 17, 507 26 of 27

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Javaherdashti, R.; Raman, R.; Panter, C.; Pereloma, E. Microbiologically Assisted Stress Corrosion Cracking of Carbon Steel in
Mixed and Pure Cultures of Sulfate Reducing Bacteria. Int. Biodeterior. Biodegrad. 2006, 58, 27-35. [CrossRef]

Li, S.;; Kim, Y,; Jeon, K.; Kho, Y.; Kang, T. Microbiologically Influenced Corrosion of Carbon Steel Exposed to Anaerobic Soil.
Corrosion 2001, 57, 815-828. [CrossRef]

Videla, H.; Herrera, L. Understanding Microbial Inhibition of Corrosion. A Comprehensive Overview. Int. Biodeterior. Biodegrad.
2009, 63, 896-900. [CrossRef]

Melchers, R.; Jeffrey, R. The Critical Involvement of Anaerobic Bacterial Activity in Modelling the Corrosion Behaviour of Mild
Steel in Marine Environments. Electrochim. Acta 2008, 54, 80-85. [CrossRef]

Kim, D.; Ha, T.; Ha, Y.; Bae, J.; Lee, H.; Gopi, D.; Scantlebury, J. Alternating Current Induced Corrosion. Corros. Eng. Sci. Technol.
2004, 39, 117-123. [CrossRef]

Dai, N.; Chen, Q.; Zhang, J.; Zhang, X,; Ni, Q.; Jiang, Y.; Li, J. The Corrosion Behavior of Steel Exposed to a DC Electric Field in the
Simulated Wet-Dry Cyclic Environment. Mater. Chem. Phys. 2017, 192, 190-197. [CrossRef]

Chen, Z.; Koleva, D.; van Breugel, K. A Review on Stray Current-Induced Steel Corrosion in Infrastructure. Corros. Rev. 2017, 35,
397-423. [CrossRef]

Goidanich, S.; Lazzari, L.; Ormellese, M. AC Corrosion—Part 1: Effects on Overpotentials of Anodic and Cathodic Processes.
Corros. Sci. 2010, 52, 491-497. [CrossRef]

Guo, Y.B;; Liu, C.; Wang, D.G.; Liu, S.H. Effects of Alternating Current Interference on Corrosion of X60 Pipeline Steel. Pet. Sci.
2015, 12, 316-324. [CrossRef]

Sjogren, L.; Camitz, G.; Peultier, J.; Jacques, S.; Baudu, V.; Barrau, F,; Chareyre, B.; Bergquist, A.; Pourbaix, A.; Carpentiers, P.
Corrosion Resistance of Stainless Steel Pipes in Soil. Mater. Corros. 2011, 62, 299-309. [CrossRef]

Wang, J.; Li, Z.; Cui, G.; Liu, J.; Kong, C.; Wang, L.; Gao, G.; Guo, ]J. Corrosion Behaviors of X70 Steel under Direct Current
Interference. Anti-Corros. Methods Mater. 2019, 66, 307-316. [CrossRef]

Ma, Z.; Wu, W.; Zhao, P.; Dan, Y. Effect of DC Currents and Strain on Corrosion of X80 Steel in a Near-Neutral Environment.
Metals 2021, 11, 1601. [CrossRef]

Tan, Z.; Zhu, Z.; Pei, F; Fu, ].; Zeng, B. Influence of DC Stray Current on Corrosion Behavior of Grounding Grid Materials in Soils
with Different Moisture Content. Corros. Sci. Prot. Technol. 2013, 25, 207-212.

Fu, A.; Cheng, Y. Effects of Alternating Current on Corrosion of a Coated Pipeline Steel in a Chloride-Containing Carbon-
ate/Bicarbonate Solution. Corros. Sci. 2010, 52, 612-619. [CrossRef]

Yang, Y.; Sun, M.; Luo, Y.; Zeng, W.; He, R. Effects of Alternating Current on Corrosion Behavior of X100 Pipeline Steel in
Simulated Soil Solution. Int. J. Electrochem. Sci. 2021, 16, 150927. [CrossRef]

Kim, D.-K.; Muralidharan, S.; Ha, T.-H.; Bae, J.-H.; Ha, Y.-C.; Lee, H.-G.; Scantlebury, ]J.D. Electrochemical Studies on the
Alternating Current Corrosion of Mild Steel under Cathodic Protection Condition in Marine Environments. Electrochim. Acta
2006, 51, 5259-5267. [CrossRef]

Ormellese, M.; Beretta, S.; Brugnetti, F.; Brenna, A. Effects of Non-Stationary Stray Current on Carbon Steel Buried Pipelines
under Cathodic Protection. Constr. Build. Mater. 2021, 281, 122645. [CrossRef]

Erdogan, C.; Swain, G. The Effect of Macro-Galvanic Cells on Corrosion and Impressed Current Cathodic Protection for Offshore
Monopile Steel Structures. Ocean Eng. 2022, 265, 112575. [CrossRef]

Eslami, A.; Fang, B.; Kania, R.; Worthingham, B.; Been, J.; Eadie, R.; Chen, W. Stress Corrosion Cracking Initiation under the
Disbonded Coating of Pipeline Steel in Near-Neutral pH Environment. Corros. Sci. 2010, 52, 3750-3756. [CrossRef]
Ainakulova, D.T.; Muradova, S.R.; Khaldun, M.A.A.; Bekbayeva, L.K.; Megat-Yusoff, P.S.M.; Mukatayeva, Z.S.; Ganjian, E.;
El-Sayed, N. Analytical Review of Conductive Coatings, Cathodic Protection, and Concrete. Kompleks. Ispol. Miner. Syra 2024, 329,
92-102. [CrossRef]

Quej-Aké, L.; Nava, N.; Espinosa-Medina, M. A ; Liu, H.B.; Alamilla, J.L.; Sosa, E. Characterisation of Soil/Pipe Interface at a
Pipeline Failure after 36 Years of Service under Impressed Current Cathodic Protection. Corros. Eng. Sci. Technol. 2015, 50, 311-319.
[CrossRef]

Zhang, W.; Li, H.; Sui, X. Research Progress on Corrosion of Steel in Earth Resistance-Reducing Agents for Grounding Electrode.
Corros. Sci. Prot. Technol. 2017, 29, 80-84.

Lv, WY,; Liu, S.N.; Su, W.; Wei, Z.F. Research Progresses in the Corrosion and Protection of Grounding Grid at Substation. Total
Corros. Cntl. 2013, 27, 26-30.

Peng, Z.B.; Huang, Z.F. The Methods of Reducing Grounding Resistance. Mod. Electron. Technol. 2011, 34, 208-210.

Khan, Y;; Malik, N.H.; Al-Arainy, A.A.; Qureshi, M.L,; Pazheri, FR. Efficient Use of Low Resistivity Material for Grounding
Resistance Reduction in High Soil Resistivity Areas. In Proceedings of the TENCON 2010—2010 IEEE Region 10 Conference,
Fukuoka, Japan, 21-24 November 2010; pp. 620-624.

Li, T.P; Gao, X.B. Research on the Application of Chemical Agent for Reducing Resistance in the Mountainous Environment.
Equip. Environ. Eng 2007, 4, 62-65.

Yi, Q.; Xu, S.; Li, X.Z.; Feng, B.; Hu, B.T. Corrosion Characteristics of Grounding Grid in Resistance-Reducing Agents. Adv. Mater.
Res. 2014, 887-888, 947-950. [CrossRef]

Zhou, Y.; Wang, L.P; Lu, J. The High Efficiency Bentonite Resistance Reducing Agent’s Preparation and Performance Study. J.
Changsha Univ. Sci. Technol. Nat. Sci. 2016, 13, 95-101.


https://doi.org/10.1016/j.ibiod.2006.04.004
https://doi.org/10.5006/1.3280616
https://doi.org/10.1016/j.ibiod.2009.02.002
https://doi.org/10.1016/j.electacta.2008.02.107
https://doi.org/10.1179/147842204225016930
https://doi.org/10.1016/j.matchemphys.2017.01.057
https://doi.org/10.1515/corrrev-2017-0009
https://doi.org/10.1016/j.corsci.2009.10.005
https://doi.org/10.1007/s12182-015-0022-0
https://doi.org/10.1002/maco.200905552
https://doi.org/10.1108/ACMM-08-2018-1992
https://doi.org/10.3390/met11101601
https://doi.org/10.1016/j.corsci.2009.10.022
https://doi.org/10.20964/2021.01.63
https://doi.org/10.1016/j.electacta.2006.01.054
https://doi.org/10.1016/j.conbuildmat.2021.122645
https://doi.org/10.1016/j.oceaneng.2022.112575
https://doi.org/10.1016/j.corsci.2010.07.025
https://doi.org/10.31643/2024/6445.20
https://doi.org/10.1179/1743278214Y.0000000226
https://doi.org/10.4028/www.scientific.net/AMR.887-888.947

Materials 2024, 17, 507 27 of 27

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

Al-Dulaijan, S.U. A Laboratory and Field Assessment of the Performance of Rebar Coatings. Materials 2023, 16, 4270. [CrossRef]
[PubMed]

Heyn, A.; Mueller, T.; Balzer, M.; Kappl, H.; Fenker, M. Corrosion Protection Mechanisms of TiMgN Hard Coatings on Steel. IOP
Conf. Ser. Mater. Sci. Eng. 2018, 373, 012009. [CrossRef]

Al-Dulaijan, S.U. Corrosion-Resistance Evaluation of Coated and Specialty Bars. Eur. J. Environ. Civ. Eng. 2022, 26, 5821-5842.
[CrossRef]

Datta, A.J.; Taylor, R.; Will, G.; Ledwich, G. An Investigation of Earth Grid Performance Using Graphene-Coated Copper. IEEE
Access 2015, 3, 1042-1050. [CrossRef]

Wei, W.; Wu, X; Ke, W.; Xu, S.; Feng, B.; Hu, B. Electrochemical Corrosion Behavior of Thermal-Sprayed Stainless Steel-Coated
Q235 Steel in Simulated Soil Solutions. J. Mater. Eng. Perform. 2016, 25, 518-529. [CrossRef]

Wu, X,; Xu, J.; Ke, W.; Xu, S.; Feng, B.; Hu, B. Effects of pH Value on Corrosion Behavior of Thermal-Sprayed Al-Si Coated Q235
Steel in Simulated Soil Solutions. ]. Mater. Eng. Perform. 2014, 23, 2265-2273. [CrossRef]

Zou, ].; Zhao, Z.; Zhang, ].; Zhou, Z.; Xu, S.; Ye, B.; Zhang, J. Study on Corrosion Protection of Q235 Steel in Simulated Soil Pore
Solution by Different Electrodeposited Coatings. Int. J. Electrochem. Sci. 2022, 17,2212112. [CrossRef]

Li, G.Z.; Feng, L].; Tong, PR.; Zhai, Z. The Properties of MWCNT /Polyurethane Conductive Composite Coating Prepared by
Electrostatic Spraying. Prog. Org. Coat. 2016, 90, 284-290. [CrossRef]

Ren, Z; Yang, D.; Liu, J.; Ma, Y.,; Huo, Z.; Zheng, S. The Protection of 500kV Substation Grounding Grids with Combined
Conductive Coating and Cathodic Protection. Anti-Corros. Methods Mater. 2015, 62, 83-87. [CrossRef]

Lv, K,; Yang, X.; Wu, T,; Xu, S.; Liu, L.; Sun, L.; Wang, X. Study on the Corrosion Behaviors of High-Silicon Chromium Iron in
Acidic and Alkaline Soil Solutions. Anti-Corros. Methods Mater. 2021, 68, 182-191. [CrossRef]

Li, J.; Su, H,; Chai, F; Xue, D.; Li, L.; Li, X.; Meng, H. Corrosion Behavior of Low-Carbon Cr Micro-Alloyed Steel for Grounding
Grids in Simulated Acidic Soil. J. Iron Steel Res. Int. 2018, 25, 755-766. [CrossRef]

Wang, R.; Yang, H.C.; Lv, Y.; Xu, Z.Y,; Gao, Y. A Research and the Application of a New Graphite Grounding. Adv. Mater. Res.
2012, 614-615, 1348-1351. [CrossRef]

Huang, T.; Hu, Y,; Xie, H.; Du, C.; An, Y.; Shen, W,; Liu, Z.; Cheng, M. A New Flexible Graphite Composite Electrical Grounding
Material. Front. Mater. 2022, 9, 825694. [CrossRef]

Zhao, J.; Durham, N.; Abdel-Hadji, K.; McKenzie, C.A.; Thomson, D.J. Acoustic Guided Wave Techniques for Detecting Corrosion
Damage of Electrical Grounding Rods. Measurement 2019, 147, 106858. [CrossRef]

Qamar, A.; Igbal, S.; Ahmad, S.; Kouzani, A.Z.; Mahmud, M.A.P. Configuration Detection of Grounding Grid: Static Electric Field
Based Nondestructive Technique. IEEE Access 2021, 9, 132888-132896. [CrossRef]

Qamar, A.; Uddin, Z.; Yang, F. Inverse Features Extraction for Substation Grounding Grid: Derivative and ICA Combinatorial
Approach. IET Gener. Transm. Distrib. 2019, 13, 5457-5466. [CrossRef]

Gomes, L.V,; De Macedo, E.C.T.; Albuquerque, T.C.; Guedes, E.C.; Junior, G.V.A.; De Castro, M.S.; Freire, R.C.S. Embedded
System to Grounding Grid Diagnosis of Energized Substations. In Proceedings of the 2012 IEEE International Instrumentation
and Measurement Technology Conference Proceedings, Graz, Austria, 13-16 May 2012; pp. 796-800.

Gheitasi, A. Distributed Monitoring of Low Voltage Grids Using Signature Analysis. In Proceedings of the 2018 IEEE International
Conference on Applied System Invention (ICASI), Chiba, Japan, 13-17 April 2018; pp. 426-428.

Qamar, A.; Ul Hagq, I; Alhaisoni, M.; Qadri, N.N. Detecting Grounding Grid Orientation: Transient Electromagnetic Approach.
Appl. Sci. 2019, 9, 5270. [CrossRef]

Feng, N.Z,; Li, Z.Z; Li, H.T.; Li, Y.E; Dong, Z.H. Review on Research Progress of Technologies for Corrosion Protection and
Monitoring of Grounding Grid of High Voltage Transformer Substation. Corros. Sci. Prot. Technol. 2018, 30, 321-338.

Wang, X.; Fu, Z.; Wang, Y.; Liu, R.; Chen, L. A Non-Destructive Testing Method for Fault Detection of Substation Grounding
Grids. Sensors 2019, 19, 2046. [CrossRef]

Yang, F.; Wang, Y.; Dong, M.; Kou, X,; Yao, D.; Li, X.; Gao, B.; Ullah, I. A Cycle Voltage Measurement Method and Application in
Grounding Grids Fault Location. Energies 2017, 10, 1929. [CrossRef]

Zhang, S.; Liu, C.X,; Feng, C.J. A Hybrid Algorithm for Fault Diagnosis of Grounding Grids. Proc. CSEE 2019, 39, 6419-6428.
Huang, X.B.; Zhang, X.L.; Tian, Y.; Ji, L.Y. Detection Method for Corrosion of Grounding Body Based on Electro-Chemical Method.
Guangdong Electr. Power 2018, 31, 9-15.

Zhang, X.L.; Zhao, X.H.; Wang, Y.G.; Mo, N. Development of an Electrochemical In Situ Detection Sensor for Grounding Grid
Corrosion. Corrosion 2010, 66, 076001. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma16124270
https://www.ncbi.nlm.nih.gov/pubmed/37374455
https://doi.org/10.1088/1757-899X/373/1/012009
https://doi.org/10.1080/19648189.2021.1920470
https://doi.org/10.1109/ACCESS.2015.2454295
https://doi.org/10.1007/s11665-016-1891-0
https://doi.org/10.1007/s11665-014-0971-2
https://doi.org/10.20964/2022.12.107
https://doi.org/10.1016/j.porgcoat.2015.10.018
https://doi.org/10.1108/ACMM-10-2013-1311
https://doi.org/10.1108/ACMM-08-2020-2356
https://doi.org/10.1007/s42243-018-0108-1
https://doi.org/10.4028/www.scientific.net/AMR.614-615.1348
https://doi.org/10.3389/fmats.2022.825694
https://doi.org/10.1016/j.measurement.2019.106858
https://doi.org/10.1109/ACCESS.2021.3114442
https://doi.org/10.1049/iet-gtd.2018.6449
https://doi.org/10.3390/app9245270
https://doi.org/10.3390/s19092046
https://doi.org/10.3390/en10111929
https://doi.org/10.5006/1.3462913

	Introduction 
	Analysis of Research Hotspots and Frontiers in the Field of Soil Corrosion 
	Grounding Grid Materials 
	Factors Affecting Soil Corrosion of Grounding Materials 
	Moisture Content 
	Soil pH Value 
	Soil Resistivity 
	Soluble Salt 
	Temperature 
	Soil Oxygen Content 
	Microbial Corrosion 
	Stray Current 

	Corrosion Protection and Monitoring of Grounding Grid 
	Means of Protection against Corrosion of Grounding Grid 
	Cathodic-Protection Method 
	Resistance-Reducing Agent 
	Conductive Anticorrosive Coatings 
	New Grounding Materials 
	Other Methods 

	Corrosion Diagnosis and Detection Methods for Grounding Grid 

	Conclusions and Prospects 
	References

