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In this study, corrosion of the horizontal linear carbon steel grounding electrode buried in soil of the 

transmission system at various direct current (DC) densities was investigated by the electrode 

potential, pH, anode iron dissolution and corrosion rate. A simulation model of DC corrosion behavior 

was established. The corrosion micro-mechanism of grounding electrode under DC interference was 

analyzed. This study found that the stray current density has a positive correlation with electrode 

potential, anode iron dissolution and corrosion rate. The DC current will significantly accelerate the 

dissolution rate and corrosion rate of the steel. The DC density has a different influence on the soil pH 

around the grounding electrode.  
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1. INTRODUCTION 

Grounding electrode is the main component of a grounding device and is used for current 

diffusion of power system towers and electrical devices to ensure the safe operation of power grid and 

power equipment. Q235 carbon steel is commonly used in terrestrial grounding electrode given the 

extensive and inexpensive source of carbon steel [1, 2]. Carbon steel grounding electrode buried in the 

soil will cause electrochemical corrosion [3-7]. The strong DC in transmission grounding electrode 

flows out the electrode into the soil, which directly impacts the service life of grounding electrode [4]. 

The risk of electric accident increases when corrosion is serious.  

The influence of DC on the corrosion process of carbon steel has been reported extensively 

[816]. Several studies were conducted on the corrosion behavior of buried pipeline under DC 

interference [912]. The influence of stray DC on buried pipelines in soil is closely related to the 
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interference time and density of stray current; thus, the effect of stray current on corrosion rate 

increases over time [9]. The corrosion behavior of carbon steel in soil can be tested and experimental 

data can be obtained by weightless measurement, electrochemical test, electron microscopy, and XRD 

[12, 14]. Existing experimental data can be compared with the numerical simulation of the present 

study. Qian et al. [12] studied the corrosion characteristics of X52 steel pipeline in simulated soil 

solution at different DC densities. They found that DC accelerates the process of anode iron 

dissolution and considerably influences the integrity of the pipeline. DC can increase the pH level of a 

cathode, which may lead to the loss of surface coating of the pipeline. Similarly, Dai et al. [14] and 

Wen et al. [11] found that the corrosion rate of steel in the presence of DC is larger than that without 

DC; high amplitude of current density increases the rate of corrosion of steel. These studies show that 

the interference corrosion behavior of DC is closely related to current density. However, given the 

limitations of simulation technology, existing studies mainly focus on experimental measurement. 

Moreover, only a few studies examined the micro-mechanism and numerical simulation of the 

characteristics of DC corrosion of carbon steel in soil. Micro-mechanism research and numerical 

simulation play important roles in the prediction and evaluation of corrosion behavior.  

This study simulated and analyzed the corrosion process of carbon steel grounding electrode at 

various DC current densities to investigate the corrosion characteristic of horizontal linear DC 

transmission grounding electrode. This study can provide theoretical guidance for the prediction, 

protection, and diagnosis of corrosion of DC transmission grounding electrode of carbon steel. 

 

2. DC CORROSION PROCESS OF GROUNDING ELECTRODE 

2.1 Natural corrosion process 

Q235 carbon steel is commonly used in terrestrial grounding electrode to study of the 

grounding electrode of DC transmission. Table 1 shows the chemical composition of Q235. Carbon 

steel grounding electrode in soil environment occurs electrochemical reaction as shown in Formulas 

(1) and (2). 

Anodic reaction (iron corrosion dissolution process):  
2+

Fe Fe +2e                                                                 (1) 

Cathodic reaction (oxygen reduction reaction):  
-

2 24O +2H O+4e 4OH                                                      (2)  

 

Table 1. Chemical compositions of the carbon steel studied (wt. %) 

 

Steel C Si Mn S P Cu Fe 

Q235 0.176 0.233 0.057 0.023 0.019 0.033 Balance 

 

The Fe
2+

 produced in the anode and the OH
-
 produced in the cathode are diffused in the soil 

and combined to produce primary corrosion product Fe(OH)2 as shown in Formula (3); Fe(OH)2 in the 

case of sufficient oxygen will cause reaction as shown in Formula (4) [12]. Fe
2+

 prone to hydrolysis 

will also generate Fe(OH)2, as shown in Formula (5). 
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2+ -
2Fe +2OH Fe(OH)                                                                        (3) 

2 2 2 3 24Fe(OH) +O 2Fe O +4H O                                                                   (4) 
2+ +

2 2Fe +2H O Fe(OH) +2H                                                                   (5) 

 

2.2 Material diffusion and electrochemical reactions 

13 kinds of particles are considered in the corroding system, namely, OH
-
, H

+
, Na

+
, Cl

-
, 

2
4so 

, 

Fe
2+

, Fe(OH)
+
, Fe(OH)2, FeCl

+
, FeCl2, 

2-

4FeCl , O2, and H2. The equilibrium formula of an ion i in soil 

solution is described in Formula (6). 

,
N

i

i i tot

c
R

t


   


                                                                 (6) 

Where Ni is the flux of ion i [SI: mol/(m
2  s)]. The flux of ion i in the electrolyte can be 

expressed using the Nernst-Planck formula (7). 

Ν u
i i i i m ,i i l i

ConvectionMobilitDi yffusion

D c z u Fc c                                                         (7) 

The right side of the formula corresponds to the flux of charged ions by free diffusion, action of 

the electric field, and convection of the solution. In Formula (7), ci is the concentration of ion i (unit: 

mol/m
3
), zi is the valence or charge number of the ion, Di is the diffusion coefficient (unit: m

3
/s), ,m iu  is 

the mobility (unit: s mol/kg), F is Faraday constant (unit: C/mol, its value is generally considered to 

be 96485.3383±0.0083 C/mol), l  is the electrolyte potential, u is convection speed (unit: m/s), and 

,m iu  can be expressed as Nernst-Einstein relationship in Formula (8).  

,
/

m i i
u D RT                                                                 (8) 

Where Di is the diffusion coefficient, the value of which can be obtained from Heppner [17] 

and Chang [18]. 

The equilibrium reactions involved in the corroding system and the equilibrium constant are 

shown in Table 2. Table 3 describes the electrochemical reactions. 

 

Table 2. Equilibrium reactions and their equilibrium constants 

 

Reaction lgKeq References 

 
+2+ +

2
Fe + H O Fe OH + H  

1
8.3K    [19,20] 

   
+ +

2 2
Fe OH +H O Fe OH + H  

2
11.1K    [19,20] 

2+ - +
Fe +Cl FeCl  

3
0.161K    

[19,20] 

2+ -

2
Fe +2Cl FeCl  

4
2.45K    [19,20] 

2+ - 2-

4
Fe +4Cl FeCl  

5
1.90K    [19,20] 

- +

2
H O OH + H  

6
14K    [19,20] 
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Table 3. Electrochemical reactions occurring at the corroding system 

 

Description of reactions Reaction Current density (A/m2) References 

Reduction of water 2 2H O 2e 2OH H    2
2

2

0 H O
H O H O10bi i



   [21] 

 22H 2e H    2
2

2

0 H
H H 10bi i



   [22] 

Reduction of oxygen 2 2O H O 4e 4OH    
2

2
2

2

2

0 O
O O

,

10
O

O ref

bc

c
i i



   [22] 

Oxidation of Fe 2Fe Fe 2e   0 Fe
Fe Fe10bi i



  [22,23] 

 

2.3 Micro-mechanism of DC corrosion of grounding electrode 

When grounding current
in

I flows to the grounding electrode, current I flows in the metal phase of 

the electrode caused by the internal movement of electrons or holes. The substance can obtain or lose 

electrons at the junction with the soil solution phase through electrochemical reactions to enable the 

current to flow out of the grounding electrode. The current flows through directional migration or 

diffusion of dissolved ions or charged particles in the soil solution. The conduction current I generated 

inside the grounding metal phase flows into the axial direction along the electrode, and the current 

flows out of the electrode to form stray current oI  . When the grounding current flows out of the 

grounding electrode, the lost electrons of anode iron atoms transform into ferrous ions and form anode 

current ai . Similarly, hydroxide ions in the cathode were generated by the reaction of oxygen and 

hydrogen reduction to form cathode current ci . 

Kirchhoff law indicates that the grounding current that flows into the grounding electrode is 

equal to the sum of stray current flowing out of the grounding electrode surface. Stray current
o

I  is 

formed by the conversion of iron metal into iron ions. Therefore, the grounding current
in

I is equal to 

the sum of the dissolved current, and the absolute value of the cathode current ci is equal to the 

difference between the dissolution current ai  and the stray current
o

I  . The micro-mechanism of the DC 

corrosion process of grounding electrode is shown in Fig. 1.  

Total current ai produced by all anodic reactions on the surface of grounding electrode and the 

total current ci produced by all cathodic reactions are related to stray current
o

I  as shown in Formula 

(9). The relationship between grounding current
in

I and stray current
o

I  is shown in Formula (10).  

1 1 1

n n n

o a c
I i i                                                                   (9) 

1

n

in o
I I                                                                    (10) 
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Where the stray current 
o

I  is generated by the grounding current that flowing out the grounding 

electrode surface. For the grounding electrode, it is an external current; 
in

I is the grounding current 

flowing into the grounding electrode by the ground lead; ai  is the anode current generated by 

electrochemical corrosion of iron metal. It is generated by localized corrosion reactions; and ci is the 

cathode current generated by the cathodic reaction of electrochemical corrosion. It is generated by 

localized corrosion reactions.  

Therefore, Formulas (9) and (10) for the corrosion of carbon steel grounding electrode in soil 

solution can be expressed as Formula (11). 

2Oin FeI i i                                                                 (11) 

Formula (11) shows the relationship between the grounding current and the total current 

generated by cathodic and anodic reactions; Fei and
2Oi are the total currents of anode and cathode, 

respectively.  

 

Conduction current  I 

along the electrode

Positive holee-

e-

Free electron 

of metal iron

Iron atoms are oxidizedCathodic reduction reaction 

Obtain 

electrons e-
Lose 

electrons  e-

Metal 

phase  

Contact 

surface 

of metal 

and soil 

Electrolyte 

phase

Forming corrosion 

product 

Fe(OH)2，Fe2O3  et al.

Hydroxide 

ion

Divalent 

iron ion

Grounding 

current Iin

Iin

Ion 

diffusion 

layer

Simulate 

soil 

solution

Io  the stray current flow 

out the electrode surface 

Ioiaic

-
2 24O +2H O+4e 4OH 2+Fe Fe +2e

Cations migrationAnions migration

I

2+ -
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o cFei I i 

 
 

Figure 1. Micro-mechanism of DC corrosion process of the grounding electrode 

 

2.4 Corrosion dissolution  

The dissolution rate of the iron is related to the anodic reaction when the grounding electrode is 

in the natural corrosion state. According to Faraday's law, the relationship between the local current 

and the flux density produced by electrochemistry is given by Formula (12). 

, ,

,

j m loc m

j m

m

v i
R

n F


                                                                 (12) 

Where j is the dissolved substance, m is the reaction involved in the dissolved substance, 

and ,j mv  is the number of substances involved in the reaction of the dissolved substance, which can be 

an integer or a fraction. The symbol is positive to indicate that the substance is dissolved. ,loc mi is the 

local current generated by the electrochemical reaction, and nm is the number of electrons involved in 

the reaction that is constantly positive. 
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In natural corrosion, local current ,loc mi , cathode current ci , and anode current ai  satisfy Formula 

(13). 

,loc m Fe ci i i                                                                (13) 

When the grounding current flows through the grounding electrode, the conduction current 

flows out of the grounding electrode surface to the soil, which changes the value of ,loc mi . For a 

particular point on the grounding electrode surface, the local current ,loc mi can be expressed as Formula 

(14). 

,loc m Fe o cIi i i                                          (14) 

The flux of divalent iron ions is determined by the dissolution rate of iron. The dissolution rate 

can be expressed as Formula (15). 

, ,
( )

c

j m j loc Fe Fe Fe
o

j m j m Fe m Fe

R M i M M

n F n F
I i

  
      n v                                         (15) 

Where
j

M is the molar mass of the dissolved substance (the molar mass of Fe is 0.056 kg/mol), 

and  j is the density of the dissolved metal (the density of Fe is 7800 kg/m
3
). 

 

3. RESULTS AND DISCUSSION 

In this paper, simulation calculations are implemented using finite element software COMSOL 

Mutiphysics. In COMSOL Multiphysics there is a special electrochemical corrosion module called 

Tertiary Current Distribution Nernst-Planck. The electrochemical corrosion process can be simulated 

and calculated by this module. Time Dependent with Initialization is selected in the study section. In 

the Tertiary Current Distribution Nernst-Planck window, locate the Electrode Surface section to set the 

anode and cathode parameters of the electrochemical reactions. For natural corrosion, the sum of the 

total current at the Electrode Surface boundary is 0. When an external current such as grounding 

current is injected to the electrode, the corresponding Electrode Surface boundary current value should 

be reset. 

The numerical simulation in this study is compared with the experimental results of Qian [12]; 

their experimental model is described in the following statements. A long straight steel electrode is 

placed in simulated soil solution. A 10 mm × 10 mm steel sample is located above the steel electrode 

with cathodic protection. The current densities in the soil solution along the axial direction of the steel 

electrode were 0.1 A/m
2
, 0.5 A/m

2
, 1 A/m

2
, 2 A/m

2
, 5 A/m

2
, and 10A/m

2
. External DC flows into the 

solution to form a stray DC. The authors measured parameters, such as electrode potential, pH, and 

corrosion rate of the steel electrode at time 1200s, under natural condition and at various current 

densities, respectively. 
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Figure 2. Geometric model for calculation (a) Two-dimensional graphic; (b) Mesh subdivision; (c) 

Calculation points and boundary 

 

The numerical simulation model in this study is described as follows. Fig. 2(a) shows the 

hemispherical simulated soil solution with radius of 5 dm. The horizontal grounding electrode length is 

3 dm, radius of electrode is 0.02 dm, buried depth is 0.6 dm, ground lead length is 0.5 dm, and the 

corresponding radius is 0.02 dm. The space position of the grounding electrode is symmetrical. Thus, 

the three-dimensional space calculation can be simplified to two-dimensional. The calculated mesh 

pattern is shown in Fig. 2(b). Points A and B of the grounding electrode shown in Fig. 2(c) are selected 

as objects of study. The electrode potential, iron dissolution, electrode thickness change and corrosion 

rate at various DC stray current densities (0.1 A/m
2
, 0.5 A/m

2
, 1 A/m

2
, 2 A/m

2
, and 5 A/m

2
) were 

calculated. Corrosion time was 1200 s. 

 

3.1 Potential of the electrode in soil solution at various stray current densities 

Point A in Fig. 2(c) was selected as analysis object. The electrode potential of point A at 

various DC densities are shown in Fig. 3(a).  

Electrode potential increases as the DC stray current density increases. The anode potential of 

the experimental model of S. Qian is compared with the numerical simulation in Fig. 3(b). The 

potential variation tendency is similar, the simulation result is slightly larger than the experimental 

result. The reason for this error is that due to the presence of stray current in the soil solution of 

experimental model, the actual current density flowing out the surface of steel material is slightly 

reduced. In the simulation model, this phenomenon is negligible due to the presence of the ground 

lead. Fig. 3(c) and (d) Figure 2 shows the change in electrode potential over time when the stray 

current density is 0A/m
2
 and 1A/m

2
, respectively. The change in electrode potential over time is very 
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small, so the electrode potential distribution shown in Fig. 3(a) exhibits an approximately constant 

value.   

 

 

(a) (b)

 

(c) (d)

 
Figure 3. Electrode potential at various DC densities (a) Electrode potential; (b) comparison; (c) 

0A/m
2
; (c) 1A/m

2
 

 

3.2 Solution pH near the grounding electrode surface 

 

(a)
(b)

 
Figure 4. The pH (a) The pH distribution at various DC densities; (b) comparison 
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The pH distribution of the soil at a distance of 0.03 dm from the top surface of the grounding 

electrode is shown in Fig. 4(a) when the corrosion proceeds to 1200 s. The comparison of the pH 

values near the points A and B at various DC densities with experimental measurement data is shown 

in Fig. 4(b). It can be seen from the figure that the simulation results and the experimental results are 

basically close, and the simulation results can also better describe the pH of the solution near the 

surface of the corrosion metal, and can provide a certain reference for the actual metal corrosion. 

 

3.3 Anode iron dissolution and electrode thickness change 

Dissolution rate is a variable that describes the electrochemical reaction rate of the anodic iron. 

The anode iron dissolution rate is an important variable to describe the steel corrosion because the 

dissolution rate and corrosion rate are directly proportional as shown in formula (12) and (15). 

 

(a)

 

(b)

 
 

(c) (d)

 
Figure 5. Iron dissolution rate and electrode thickness change of point A(a) The relationship between 

iron dissolution rate and time (b) The relationship between dissolution rate and current density; 

(c) 0A/m
2
; (d) 1A/m

2
 

 

The anode iron dissolution rate and electrode thickness change at point A are analyzed. Fig. 5 

and Fig. 6 show the change of the iron dissolution rate and electrode thickness of point A with time, 

respectively, at various DC densities. The anode iron dissolution rate and electrode thickness change at 

various current densities with time is shown in Fig. 5(a) and Fig. 6(a). Fig. 5(b) and Fig. 6(b) show the 
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relationship of iron dissolution rate and electrode thickness change of point A at various DC densities, 

when the corrosion proceeds to 1200 s. The anode iron dissolution rate gradually increased with the 

increase of DC density, and the DC substantially influenced the anode process by accelerating iron 

dissolution. As shown in Fig. 6, the change in the electrode thickness at point A increased and the 

dissolution of the anode iron resulted in a decrease in the volume of the grounding electrode and 

damaged structural integrity. The actual metal surface area is reduced, which limits the current 

diffusion of grounding electrode.  

In addition, the relationship between iron dissolution rate and time is shown in Fig. 5(c) and 

(d). As can be seen from the Figures, the change in dissolution rate over time is very small, so the 

dissolution rate distribution shown in Fig. 5(a) exhibits an approximately constant value. The thickness 

change of the electrode is caused by the corrosion dissolution of iron, and the greater the DC density, 

the greater the dissolution rate. 

 

(a)

(b)

 
Figure 6. Electrode thickness change (a) The relationship between electrode thickness change and 

time; (b) the relationship between electrode thickness change and DC current density 

 

3.4 Corrosion rate at various DC current densities 

Corrosion rate is a variable that can directly describe the speed of metal corrosion. Formula 

(15) describes the relationship between the DC current and the corrosion rate. Corrosion rate refers to 

the average corrosion degree of per unit time. The corrosion rate unit in this paper adopts mm/year. 

Current research shows that DC can significantly accelerate the corrosion rate of steel materials, 

thereby accelerating the damage to the steel structure [9,11,12,14,26]. After injecting 0.2A~1.6A 

current into two carbon steel materials Q235 and Q345 respectively, He et al. [26] found that with the 

increase of the injected current amplitude, the corrosion rate of the carbon steel material gradually 

increases, and the corrosion rate shows a positive correlation with the direct current. Qian [12] also 

obtained the same conclusion. The relationship between the DC current and the corrosion rate is shown 

in Fig. 7(b). The results of this study on the effect of DC current on the corrosion rate of steel materials 

are shown in Figure 7. The numerical simulation results and the experimental results of the reference 

[12] are basically similar and the error is very small, which shows that the simulation research in this 

paper has a high accuracy. Figs. 7(a) shows the relationship of corrosion rate at point A at different DC 

current densities with time. The corrosion rate in the current model and measured in the experiment of 
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S. Qian when the corrosion proceeds to 1200s is shown in Fig. 7(b). Combining Figs. 5(a) and 7(a) 

shows that the dissolution rate of the anode iron was positively correlated with the corrosion rate. The 

corrosion rate gradually increases as the DC grounding current density increases. Fig. 7(b) also shows 

that the corrosion rate increases as the grounding current density increases, and the variation tendency 

is consistent with the experiment data of [12]. 

 

 

(a) (b)

 
 

Figure 7. Corrosion rate (a) Relationship between corrosion and time (b) Corrosion rate compared 

with experiment 

 

4. CONCLUSION 

This study established a corrosion model of carbon steel grounding electrode at various DC 

densities by studying the microscopic mechanism. The corrosion model is simulated by COMSOL 

Multiphysics. The influence of DC stray current on the electrode potential, pH, iron dissolution and 

corrosion rate were analyzed. The numerical simulation results was compared with the experimental 

results of S. Qian, the results prove that the simulation results have a very high degree of accuracy, and 

it is of great significance to study the DC corrosion characteristics of steel materials. Specific findings 

are listed below. 

1. DC stray current affects electrode potential, that is, the greater the DC density, the higher the 

electrode potential. Electrode potential is shifted positively. 

2. The soil pH around the grounding electrode is affected by the direct current, and the 

injection of external DC leads to an increase in the concentration of hydrogen ions. 

3. DC stray current can accelerate the dissolution rate of the anode iron and the change rate of 

the electrode thickness. Higher stray current density will result in faster anode dissolution rate, larger 

change in electrode thickness, and faster corrosion rate of grounding electrode. 
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