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Abstract In the actual soil environment, due to the unpredictable characteristics of metal pitting

corrosion. Therefore, in this study, soil composed of different concentrations of corrosion medium

was used for the mental corrosion test, and the experimental results of single ion and multiple ions

were compared. At the same time, the corrosion behavior of metals is introduced in combination

with the mathematical model of unsteady diffusion. In addition, the cellular automata model ver-

ification method is used to study the comparison and verification of the diffusion growth model of

the model corrosion pit in different iteration steps under the discrete mathematical model. The

results show that the growth and diffusion trend of corrosion pits controlled by the concentration

of SO4
2-, HCO3

–, and Cl- is consistent basically with the law reflected by cellular automata.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to the complex, changeable, and uncertain composition of soil

(Hirata et al., 2021), in recent years, soil corrosion on buried pipelines

has attracted wide attention from researchers, which has seriously

affected the safety of underground pipelines. Corrosion includes pit-

ting corrosion, galvanic corrosion, uniform corrosion, intergranular

corrosion, etc. (Pidaparti and Rao, 2008). However, among various

corrosion types, pitting corrosion causes particularly prominent safety

problems and great harm (Ezuber et al., 2020). Pitting corrosion is one

of the corrosion failure modes that can cause fatigue stability of metal

structures (Qi et al., 2022), and it is the root cause of corrosion failure

of most bodies (Jahns et al., 2014). Pitting pits develop randomly, and

most of them occur at any position on the free surface (Wang, 2021).
Pitting corrosion is difficult to be recognized by the naked eye due to

its micro-scope and limitation. To further understand pitting, confocal

laser scanning microscopy (CLSM) (Wei et al., 2020) and scanning

electron microscopy (SEM) (Chen et al., 2021) were used to obtain

more information about the pitting pits. However, the growth of pits

is an extremely complex process, which is affected by the differences

of metal material composition (Chen et al., 2008), physical and chem-

ical inhomogeneity (Rybalka et al., 2010), physical and chemical prop-

erties of corrosive media (Stezpień and Stafiej, 2018) (temperature, -PH,

water content, bicarbonate, chloride ions, electrical conductivity) and

other factors. Key features such as corrosion rate, pit size, and pit mor-

phology will also be different (Chung et al., 2021). Pitting corrosion is

a kind of chemical reaction with corrosion kinetics characteristics. At

the same time, there is a crystalline passivation film on the metal sur-

face (Xuefeng et al., 2021), but due to the different roughness of the

metal surface, the severity of pitting corrosion is also different

(Zenkri et al., 2022). When pitting occurs, a de-passivation reaction
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occurs on the metal surface (Saunier et al., 2006), and the protective

effect of a surface crystalline passivation film on the substrate

decreases (Wang et al., 2021), and the passivation film becomes active.

When the local acidity is changed, the passivated film reacts with the

acid ions and dissolves, and the anodic reaction with autocatalysis

occurs in the local location, which accelerates the corrosion rate

(Apostolopoulos et al., 2013). The cathode reaction that alkalizes the

environment occurs outside the corrosion pit (Pérez-Brokate et al.,

2017), leading to the formation of micro-galvanic corrosion cells,

which are accompanied by the characteristics of a large cathode and

small anode (Long et al., 2020).

Theoretical models of mathematical probability are widely used to

describe the growth and evolution process of corrosion pits, including

the lognormal distribution method, simple statistical method, time ser-

ies method of random corrosion events, uniform (non-uniform) Pois-

son distribution, and Fick’s law. Researchers generally focus on

three aspects corrosion rate, depth of corrosion pits, number of corro-

sion pits, and the connection between mathematical theoretical models

(Apostolopoulos et al., 2013). Liu et al. (Liu et al., 2020) obtained that

the corrosion rate of pipeline steel in the soil of different thicknesses

was no more than 0.05 mm/y by using the weightlessness test and elec-

trochemical measurement.

Feng et al. (Feng, 2020) found that the corrosion pit depth of steel

is linear with the ultimate strength of the material. Cui, Ma et al. (Cui

et al., 2019) established a mathematical model to describe the growth

of pits and found that the growth follows non-uniform Poisson distri-

bution and logarithmic Gaussian distribution. Xu et al. (Xu et al.,

2022) concluded from the experimental results that the initial perva-

sion of the pit was majorly centralized in the depth direction, and it

was very likely to form a through the pit. The evolution of corrosion

is a beyond-measure complex corrosion kinetic process (Valor et al.,

2007). Pérez-Brokate et al. (Pérez-Brokate et al., 2016) found that

the corrosion rate is directly controlled by the probability of an anode

or cathode reaction. Acidity has an autocatalytic effect on metal cor-

rosion. The corrosion rate in the acidic region is high, meanwhile,

the metal is smooth. However, in addition to the research contents

and technique methods proposed by the above researchers, the influ-

ence of the diffusion of corrosive ions in the external soil on the corro-

sion of metal pipelines is also of great significance for the study of

structural stability. Therefore, this paper will propose a mathematical

model of corrosion diffusion.

Numerical simulation has gradually become one of the most signif-

icant methods for model reproduction (Chang et al., 2022). As early as

1940, von Neumann proposed the concept of cellular automata. Cellu-

lar automata (CA) are used on a microscopic or mesoscopic scale

(Saunier et al., 2006) to model the corrosion growth process of the

metal matrix into a discrete mathematical model (Wang and Han,

2015), which is transformed into a model with complex function prop-

erties through simple transition function rules (di Caprio et al., 2016).

Cellular automata have been widely used in many scientific fields to

solve different problems (Zhang et al., 2012). Zhang et al. (Bartosik

et al., 2014) compared the numerical results with the model results

to establish a three-dimensional CA model for the dendrite growth

of multi-component alloys. Bartosik, L et al. (Wang et al., 2019) found

through research that the anode and cathode on the spatial separation

effect were related to the pH of the electrolyte on the growth and form-

ing time of corrosion pits. Wang et al. (Rusyn, 2015) adopted a simple

three-dimensional CA model and obtained the rule of corrosion layer

growth and chromium element migration through the correlation

between simulation results and experimental results. B.p.royn et al.

(Bhandari et al., 2015) developed a new transition rule for conversion

to verify the consistency of the actual situation with the pitting of

alloys in CA -simulated acidic or alkaline solutions. Some researchers

have taken the initiation and development of pits into consideration in

the establishment of CA models (Fatoba Olusegun,and Akid Robert,

2022). However, the location and size of the pits on the metal matrix

play an important role in the subsequent study of structural stability

(Zhou, , prepublish(2022).).
In this study, a mathematical model of the influence of corrosive

ion diffusion on the size of the pitting was proposed in connection with

the theoretical model of diffusion, and the change of surface corrosion

process of Q235 steel under a real soil environment was studied. The

corresponding transformation rules were set according to the sample

concentrations of chloride ions, sulfate ions, and bicarbonate in differ-

ent soil environments, and the appropriate three-dimensional CA

model was established to observe the corrosion evolution process of

the metal matrix surface, and finally, the correlation between the

three-dimensional CA simulation and the test results was verified.

2. Experiment

2.1. Soil

The corrosion behavior of buried steel pipelines in the soil is

affected by the environment and various physical and chemical
factors of soil (Wang Xuankai, et al., 2022), including sulfate
ions, bicarbonate ions, chloride ions, water content, -pH, con-

ductivity, etc. Considering the difference between actual soil
and simulated soil solution on the growth of pipeline corrosion
pit (Liu Menglei, et al., 2022). In order to better explore the

pipeline corrosion, the experiment adopts actual soil to simu-
late the external environment of metal, and appropriately
changes the concentration of corrosive ions in natural soil,

so as to form a better external environment for the pipeline.
The soil was taken from Guiyang, Guizhou Province, and its
surrounding areas, and the main soil composition was Guiz-
hou’s special red clay. The preparation process of the experi-

ment is divided into three steps:

(1) The soil is fully dried, then ground into smaller particles,

and then sifted with a 2 mm sieve.
(2) Take the soil after screening and extract the soil extract,

and determine the content of ions in the soil according

to the Experimental Method of Soil Chemistry.
(3) According to the requirements of the experimental

scheme, combined with the final results of the determi-
nation of the soil ratio.

By changing the concentration of typical ions, it is known
that different soil components will have a great influence on

the corrosion behavior of metal pipes. n this study, three soil
matching methods are used to compare the metal corrosion
under the action of high concentration Cl- alone ([40]), the

action of Cl- with SO4
2-, and the synergic action of Cl-, HCO3

–

with SO4
2- (Li Xiaohan, et al, 2021). The ratio scheme of soil

ion concentration is shown in Table 1. And soil blending

map is shown in Fig. 1.

2.2. Materials

Because Q235 steel is homogeneous low-carbon steel, the com-

prehensive performance is better. It is often used as building
steel, usually as the main material for structural buildings,
cars, machines, and bridges. The characteristics of carbon steel

determine that it has stronger corrosion resistance under harsh
external conditions. Especially in red soil, various acid and
alkali ions contained in red soil will play a role in the infiltra-

tion and erosion of Q235 steel (Safira Fitri, et al., 2018), dam-
age the surface of steel and seriously affect its structural
stability (Cai Shuo, 2022).



Table 1 Soil physicochemical factors composition ratio scheme table.

Matching ratio scheme Cl-(mol/kg) HCO3
–(mol/kg） SO4

2-(mol/kg) Content of water% -pH

1 2.54 0 3.16 25 3.0

2 4.24 0.192 0.08 25 9.0

3 4.83 0 0 25 4.9

Fig. 1 Soil treatment and allocation.

Table 2 Tempering chemical composition of Q235 (%).

composition C Si Mn P S

Percentage �0.22 �0.35 �1.40 �0.045 �0.05

Fig. 2 Sample size measurement diagram.
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In addition, considering that the ultimate goal of this study
is to study the leakage and diffusion law of natural gas-buried

steel pipes, Q235 steel is currently used in large-scale medium-
pressure and above-pressure pipe networks in Guizhou. in the
interest of corroding the actual working conditions, the sake of

providing more valuable experimental data for subsequent
research, and better combining the experiment with the actual
project, the experimental material to be used in this study is

Q235 steel, and its chemical composition is shown in Table 2.
The length, diameter, and thickness of the steel tube sample are
5 cm * 1 cm * 1 mm, as shown in Fig. 2. After that, the sample
was placed in ethylene glycol, ultrasonically cleaned for 30 min

to remove the surface grease, and then the residual impurities
were cleared with distilled water, placed in a drying oven to dry
the water and put into a sealed bag for use.

Take three lengths, widths, and height specifications for a
33 cm*33 cm*5cm laboratory special corrosion prevention
tray. According to the above ratio scheme, the experimental

soil and Q235 steel are put into the tray and numbered, as
shown in Fig. 3. Because the temperature change range of
the soil in the real external environment is not large
(Changxu Huang, et al., 2021), the temperature is an impor-

tant environmental invariant that needs to be strictly con-
trolled. Therefore, the equipment used in the experiment is
an electrothermal constant temperature test chamber to culti-

vate the soil. The experimental temperature is set to 30 �C
(Qi Gang, et al., 2022). During the test, the selected Q235
metal material is subjected to metal electrochemical measure-

ment (Bianli, 2021); including open circuit potential measure-
ment, potentiodynamic measurement, and electrochemical
impedance measurement. The measurement period is 7d,
14d, 21d, and 30d to study the change in metal corrosion rate.

2.3. Electrochemical analysis

Corrosion between metals is a common natural phenomenon,
which not only causes serious waste of resources in all walks of

life, hinders economic growth, but also easily leads to greater



Fig. 3 Soil buried pipe setting.

Fig. 4 Polarization curves obtained by electrochemical mea-

surement of three ratio schemes in actual soil.
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safety hazards in the industrial production process (Lan Yujie,

et al., 2021). The main methods of corrosion research include
surface analysis techniques based on X-ray diffraction, metal-
lographic microscope, and scanning electron microscope anal-
ysis. The weight loss method, salt spray test method, and

electrochemical analysis technology of corrosion rate were
studied (Puspalata, 2022). Electrochemical testing technology
is widely used in the study of corrosion science because of its

simple operation (Miao, 1334), short measurement time, small
damage to materials, accurate measurement results, and com-
prehensive information on electrode corrosion kinetics (Li,

1985). The electrochemical measurement methods used in this
study include:

1. Open circuit potential measurement: In this study, the
metal was buried in a tray with soil as the corrosive med-
ium, and the electrochemical measurement circuit was con-
nected. Corrosion and passivation of metals or alloys can

be studied by measuring the open circuit potential, which
does not cause polarization and is also beneficial to protect
materials.

2. Potentiodynamic measurement method: through the polar-
ization curve analysis of metal and alloy corrosion resis-
tance, metal dissolution and passivation process is a

widely used electrochemical test method, mainly including
polarization curve method and cyclic voltammetry method,
by the steady-state polarization curve position and shape
characteristics can analyze the electrochemical behavior

characteristics of the corrosion process, can calculate some
important corrosion behavior parameters, analyze the cor-
rosion process, judge the corrosion resistance.

3. Electrochemical impedance method: Electrochemical impe-
dance technology has developed rapidly in recent years, and
its application range has also expanded from the traditional

electrochemical field to many fields such as chemical power
supply, biofilm performance, conductive materials, and
material surface modification. Electrochemical impedance

technology also has important applications in the field of
corrosion. It can be used to study the changes in electrode
surface during corrosion and the damage of corrosive sub-
stances to coatings and coatings, as well as metals.
In this study, the metal was electrochemically measured in
the electrochemical workstation of the three-electrode system.
The metal platinum sheet was used as the auxiliary electrode,

the sample in the soil was used as the working electrode, and
the saturated copper sulfate electrode was used as the reference
electrode. Before measuring the AC impedance, the potential

polarization range of the open circuit potential is set to
�2.5 V to + 2.5 V, the current range is 2 mA, the power fre-
quency is 50 Hz, and the open circuit potential measurement
time is set to 1800 s, until the current is stable, the AC impe-

dance frequency is 1.0 � (105 � 10-2) Hz.

2.3.1. Curve of polarization

Fig. 4 shows the polarization curves of Q235 steel under actual
experimental soil at different concentrations of Cl-, HCO3

– and
SO4

2- as well as different -pH. it can be seen that under the con-
dition of slightly changing the concentration of Cl-, SO4

2- and

-pH value, and controlling the water content unchanged, the
cathodic polarization curve in scheme 1 has reached the limit-
ing current density value of O2 reduction at-0.27 V, and the

cathodic polarization curve in scheme 3 has reached the limit-
ing current density value of O2 reduction at-0.75 V. It can be
seen from this that the polarization curves of scheme 1 and

scheme 3 have obvious deviation, the corrosion current density
increases, the polarization curve has small fluctuation, the
changing trend has changed, but there is no obvious
activation-passivation zone in both schemes. It can be clearly

seen that the self-corrosion potential Ecorr of scheme 1 is
greater than that of scheme 3, indicating that the former
may have a lower corrosion tendency than the latter. However,

according to the soil ratio scheme, the -pH of scheme 1 is 3.0,
while the -pH of scheme 3 is 4.9. Under strongly acidic condi-
tions, the corrosion of metal has an autocatalytic effect, which

may lead to the corrosion rate of scheme 1 being slightly larger
than that of scheme 3. For scheme 2, HCO3

–, which will passi-
vate the metal, is added, and the -pH is set to an alkaline con-

dition. It can be seen from the polarization curve that the Ecorr

of scheme 2 is larger than that of scheme 3. The reason may be
that the added HCO3

– forms a passivation film on the metal
surface during the corrosion reaction, thus reducing the rate

of corrosion reaction.
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Combined with the Tafel formula, the polarization curves
of the three schemes are fitted. The fitted data results and cor-
rosion rates are shown in Table 3. In scheme 1, bc > ba, indi-
cating that the corrosion reaction rate is controlled by the
cathodic reduction reaction. In schemes 2 and 3, bc < ba, indi-
cating that the corrosion rate in these two schemes is con-

trolled by the activation dissolution reaction of the anode.
According to the corrosion rate of Q235 steel in three different
soil environments, it can be seen that schemes 1 and 2 conform

to the basic law. However, the soil of scheme 3 contains neither
SO4

2- nor HCO3
–, which promotes the corrosion of metals. The

reason why the slowest rate may be that only a single variable
Cl- is added. In the presence of only one factor, the effect on

metal corrosion rate is lower than that of multiple corrosion.

2.3.2. Electrochemical impedance spectroscopy

The soil of the three experimental schemes was electrochemi-
cally measured on the 7th, 14th, 21st, and 30th days, respec-
tively, as shown in Fig. 5. According to the Nyquist diagram
obtained from the electrochemical measurement on the 7th

day, it can be observed that soil scheme 3 represents the addi-
tion of high concentration Cl- alone in the soil corrosive med-
ium. Its Nyquist diagram is composed of an incomplete

capacitive arc. The reason may be that there is a very small
amount or no SO4

2- and HCO3
– in the soil environment with

high Cl- content and as the main influencing variable. In the

early stage of the corrosion reaction, the high concentration
of Cl- in the soil reacts with Fe on the surface of Q235 steel
to produce Fe2 +, and Fe2 + further hydrolyzes under the

action of electrode polarization to form a dense oxide film con-
taining Fe3O4. This oxide film protects the metal and prevents
the corrosion reaction, resulting in an incomplete capacitive
arc curve.

However, in the data measured on the next 14d, 21d, and
30d, the capacitive reactance arc radius on the Nyquist dia-
gram of the soil ratio scheme 3 shows a gradual increase from

the low-frequency region to the high-frequency region at three
times. The result may be due to the hydrolysis reaction of Cl--
and Fe in the early stage, resulting in a layer of passivation film

attached to the surface, and the size of the capacitive reactance
arc is proportional to the corrosion resistance of the metal.
With the increase of the capacitive reactance arc, the corrosion
resistance of metal increases gradually, and the corrosion reac-

tion rate becomes slower and slower.
For the soil ratio scheme 1, it is controlled by Cl- and SO4

2-

with higher concentrations. From the Nyquist diagram, it is

observed that there is a less obvious Weber impedance phe-
nomenon on the 7th day, and the Weber impedance phe-
nomenon disappears on the 14th day. At the same time, the

radius of the capacitive arc gradually increases, and the radius
does not appear to continue to increase until the 21st day. Dur-
ing this period, the corrosion rate of the metal showed a
Table 3 Results of the polarization curve fitting data of Taffel slop

Soil Scheme ba(mv) bc(mv) Jcorr(A

1 196.53 269.23 7.280

2 558.14 197.32 7.660

3 572.12 386.53 4.569
decreasing trend. However, on the 30th day, the radius of
the capacitive arc on the Nyquist diagram suddenly decreases,
which indicates that the corrosion rate of the metal shows an

accelerated trend. The reason for this situation may be due
to the high concentration of SO4

2- in the soil ratio scheme. In
the later stage of the corrosion reaction, due to the high ion

concentration, the oxide film formed on the metal surface is
destroyed, resulting in the accelerated corrosion rate of the
metal.

In the SO4
2-, HCO3

–, and Cl- three are high concentrations of
soil ratio scheme 2, the corrosion rate of the metal is affected
by the combined effect of three ions. On the Nyquist diagram,
it can be observed that there is a clear Weber impedance line

segment phenomenon on the 7th and 14th days, which indi-
cates that there is a large difference between the concentration
of corrosive ions on the electrode surface and the concentra-

tion of soil reactants in the soil. Due to the concentration dif-
ference, there will be a process of reactant diffusion from the
soil body to the electrode surface in the soil. This diffusion

process is usually shown on the electrochemical impedance
spectroscopy (EIS). Similarly, if the electrode reaction rate is
too high, the electrode reactant will also diffuse from the solu-

tion layer close to the electrode surface to the soil body. The
reason may be that the concentration of corrosive ions in the
soil is much higher than that of the electrode and the metal sur-
face, which leads to the diffusion of corrosive ions from the

soil to the electrode and the metal surface. At the same time,
from the data observation results of the 7d, 14d, 21d until
the 30d, the radius of the capacitive arc of the ratio 2 shows

an increasing trend in the three measurement times until the
disappearance of the Weber impedance line segment phe-
nomenon, and the line segment on the graph cannot become

a complete capacitive arc. This phenomenon shows that the
corrosion rate of the metal in this kind of soil ratio is getting
slower and slower.

According to the three schemes of soil ratio, through the
results of this experimental study, it can be observed that
under the same conditions, in the case of scheme 3, only Cl-

as a single variable to control soil corrosion behavior, the cor-

rosion rate of metal will be due to Cl- concentration is too high
and generate oxide film to inhibit the corrosion rate of the
metal. For the soil ratio scheme 1, which is controlled by the

high concentration of Cl- and SO4
2- as the influencing factors,

the high concentration of SO4
2- exists in the soil and reacts with

the passivation film on the metal surface, which destroys the

surface structure formed by the reaction with Cl- in the early
stage of metal corrosion, resulting in the corrosion rate of
the metal decreasing first and then increasing. At the same
time, for the soil ratio scheme 2 controlled by high concentra-

tions of SO4
2-, HCO3

–, and Cl-, the Nyquist diagram shows a
more obvious Weber impedance phenomenon, and the metal
corrosion rate under the combined action of these three ions

also shows a gradually decreasing trend.
e.

�cm2) Ecorr(V/m) Corrosion rate(mm/a)

5 � 10-5 �0.29433 0.85087

6 � 10-5 �0.56230 0.89531

3 � 10-5 �0.76346 0.53403



Fig. 5 Nyquist plots of electrochemical measurements of Q235 steel in three soil ratio schemes.
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2.4. Theoretical model verification

Most researchers focus on the results of ion corrosion of metal
pipes. At the same time, the buried environment of metal plays
an important role in the corrosion process of metal. Starting

from the soil particle size, water content, total salt content
and -pH, etc., due to the inhomogeneity between various phys-
ical and chemical components in the soil, as well as the electri-

fication of the soil system itself and the different distribution
concentrations of ions in the soil, the diffusion of corrosive
ions in the soil is affected by the concentration and soil poten-
tial gradient. Therefore, in this case, Fick’s law cannot be

directly used to describe the diffusion process of ions in the soil
system. However, based on the thermodynamic point of view
and the basic kinetic principle of the material diffusion pro-

cess, and then based on Fick’s first and second laws as the
basic theory of formula extension, a hypothesis is made on
the influence of corrosive ions in soil on the corrosion of metal

pipeline surface.

2.4.1. Diffusion equation (11)

To Fick’s second law as the foundation, the diffusion of ions in

the soil is considered as an unsteady state diffusion process of
change over time, the ion concentration in the soil is expressed
as a function of time c (x, t), at the same time, the free energy
of the ion is expressed as time function ս (x, t), at the same
time, concentration and free energy between the closely linked,
The relationship between them can be expressed as follows

(Law, 1985):

cðx; tÞ ¼ e
u x;tð Þ�u0

RT ð1Þ
Substituting (1) into Fick’s first law gives a representation

of the free energy of ions:

j ¼ �Dr e
u x;tð Þ�u0

RT

h i
ð2Þ

Where j is the number of ions passing through a unit vol-

ume within a unit of time, referred to as flux; D is the diffusion
coefficient of corrosive ions. In addition, because the soil is an
uneven system; when the free energy of ions in the soil is rep-

resented at time points, it is not only affected by the concentra-
tion of ions; but also by the action of the excess electric
potential h(x,t) generated by the external electric field in the
soil system. Therefore, Fick’s law was connected to the

Nernst-plank equation, and in the presence of both ion con-
centration gradient and electric field gradient, the free energy
of corrosive ions was expressed as (Hang and Jiahua, 1998):

Uðx; tÞ ¼ xðx; tÞ þ hðx; tÞ ð3Þ
Therefore, the relationship between concentration and free

energy in the soil external electric field can be expressed as:
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Wðx; tÞ ¼ e
/ x;tð Þ�u0

RT ð4Þ
Among them, theW (x, t) represent the ion concentration of

coordinates �, t represents the time, ս 0 means ion standard

free energy, R for the gas constant, and it is the absolute tem-
perature. Based on the above derivation, the model of corro-
sive ion diffusion in the soil can be expressed by formula
(5)–(21) (Lei et al., 2009). By substituting (2) into Fick’s first

law and second law, the unsteady diffusion equation of ions
in the soil can be written as:

J ¼ �r w x; tð Þ ð5Þ

@Wðx; tÞ
@t

¼ r � ½DrW x; tð Þ� ð6Þ

Considering the shape of the metal material selected in this
experiment, the soil at the distance h from the circular metal

pipe is taken as the origin of coordinates (the interface of
x = 0), and the diffusion type is assumed to be unsteady dif-
fusion. Within the thickness of h (the thickness of h is very

small) is an ideal state where corrosive ions do not exist and
the shape is a ring cylinder. And the electric potential at the
origin of that coordinate is close to zero. Suppose ion within
unit time within the thickness of the metal pipe migration an

average speed of ѵ, in unit time through the loop number of
ions on the surface of the cylinder as follows:

dN

dt
¼ S � ~Nl � cðx; tÞ ð7Þ

N is the number of ions and S is the surface area of the ring
cylinder.

Then (2) can be written as:

dN

Vdt
¼ � D

RT
cðx; tÞruðx; tÞ ð8Þ

According to (3), (7), and (8), the motion velocity of corro-
sive ions in the soil is:

~Nl ¼ � D
RT

rUðx; tÞ (9)

According to (4), the expression of flux j can be divided
into:

j ¼ �De�
hðx;tÞ
RT � rWðx; tÞ ð10Þ

However, corrosive ion concentration in the soil at different
positions is different, so in the application of ion concentration
shall adopt the average concentration in the space system, so

the W (x, t) and e
�hðx;tÞ
RT should is the average per unit time, in

the assumption of ideal annular space, research by annular
surface to the number of ions, Therefore, the flux equation
of diffusion can be expressed as:

j ¼ �D

V

Z V

0

e
�hðx;tÞ
RT dV � rWðx; tÞ ð11Þ
2.4.2. Diffusion model

Considering that temperature plays an important role in the

diffusion coefficient D, the higher the temperature, the faster
the ion diffusion, and the greater the diffusion coefficient D.
Therefore, when studying the diffusion model of ions in the

soil, the temperature is used as a constant invariant, combined
with the material length of 5 cm and diameter of 1 mm selected
in the experiment, the surface area of the ideal ring cylinder is
100p (1 + h), and the concentration of corrosive ions is c0.
Since chloride ion is a single important variable and plays a

major role in corrosion in the corrosive environment of soil
ratio 3, the chloride ion concentration of scheme 3 of soil ratio
is taken as an example, and c0 = 4.83 mol / kg. At the same

time, the electric field is assumed to be independent of the time
at the soil interface of the coordinate origin. The number of
ions passing through the ring cylinder in unit time is:

dN

dt
¼ 100pð1þ hÞ � v � cðx; tÞ ð12Þ

From (7) and (11), the flux equation at x = 0 is.

dN

Vdt
¼ j ¼ �D

h

Z h

0

e
�h x;tð Þ
RT dx � @W x; tð Þ

@x
j x ¼ 0 ð13Þ

According to (6) and the assumed conditions, four definite
solution conditions for the boundary of unsteady diffusion are
determined:

@Wðx; tÞ
@t

¼ D
@2Wðx; tÞ

@x2
ð14Þ

W 0; tð Þ ¼ W0 ¼ c0 ¼ 4:83mol=kg ð15Þ

Wðh; tÞ ¼ 0 ð16Þ

Wðh; tÞ ¼ fðtÞ–0 ð17Þ
W in the definite condition is zero in W value of � = 0

interface W (h, t) = f (t) refers to the soil and metal distance
as h, diffusion equation and the basic relationship between

the change of time. Here, four particular solution conditions
are used to obtain:

Wðx; tÞ ¼ 4:83 1�
X1
n¼0

4

ð2nþ 1Þp e
�Dp2

4h2
ð2nþ1Þ2t

h i
� sin x

h
ð2nþ 1Þp

2

h i( )

ð18Þ
Where n = 0,1, 2, . . ..
Substitute (4) into (18):

cðx; tÞ ¼ 4:83e
�h x;tð Þ
RT 1�

X1
n¼0

8

ð2nþ 1Þp e
�Dp2

4h2
ð2nþ1Þ2t

h i
� sin x

h
ð2nþ 1Þp

2

h i( )

ð19Þ
In summary, the dynamic distribution equation of chloride

ions in soil can be obtained by connecting (18) and (13):

N ¼ 4:83� 100pð1þ hÞ

�
Z h

0

e
�h x;tð Þ
RT dx 1�

X1
n¼0

8

ð2nþ 1Þp2
e

�Dp2

4h2
ð2nþ1Þ2t

h i" #
ð20Þ

Thus, the total amount of ions diffused into the soil at equi-
librium is:

N1 ¼ 4:83� 100pð1þ hÞ
Z h

0

e
�h x;tð Þ
RT dx ð21Þ

Do to (20) and (21) ln (1-N=N1) of time t composing chart

shown in Fig. 6.
Taking t = 300 as an example, from equation (20), we can

observe the changes of ions with time by referring to the terms
of the equation when n = 0. It is concluded that (1-N=N1) in

the convergence speed when t > 0. This is consistent with the
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results obtained by electrochemical measurement in soil
proportion-scheme 3.

3. Corrosion three-dimensional cellular modeling

The results of the experimental data have a crucial impact on
the construction of our model. According to the test results,

for the three soil ratio schemes, the corrosion rate of the metal
is very different under different ion concentrations and the
number of ions. A series of research problems such as the cor-

rosion behavior of soil to metal is considered as the diffusion
of ions in the soil. In addition, in the early stage of corrosion
behavior, considering that the metal will undergo local pitting

corrosion due to the influence of the soil environment, this
study considers that pitting corrosion occurs on the surface
of metal materials within 30 days, forming corresponding pit-

ting pits. Therefore, this study uses a three-dimensional cellu-
lar machine combined with the content of each ion in the
soil to model the growth and diffusion of pitting pits in the ini-
tial stage; and observe and restore their characteristics.

In addition, according to our experimental soil ratio, the
concentration range is mainly selected based on the existing
research results of pitting corrosion. The main purpose is to

speed up the pitting corrosion rate and produce pitting perfo-
ration as soon as possible. Therefore, our experiment is the
same as the three-dimensional cell machine simulation pitting

corrosion.

3.1. Cellular automata

By considering the behavior of imitating the human brain and

processing in the framework of complete discretization, and
each cell has its own internal state and is composed of a limited
amount of information, von Neumann proposed the concept

that cellular automata (CA) is a discrete dynamic model in
time, space and state (Wang and Han, 2016). Cellular auto-
mata (CA) is composed of cellular, cellular space, cellular

neighbors, evolution rules (transition function), cellular state,
and time. At the same time, in the case of a series of simple
rules, the CA model is also a general term for a class of models

or a framework of methods (Guiso et al., 2022).
Cells are the most basic components and units (also known

as primitives) existing in cellular automata, which are dis-
tributed on the lattice points constructed by one-
Fig. 6 Fixed temperature ln (1-N=N1)-t curve of diffusion

theory.
dimensional, two-dimensional, or multi-dimensional Eucli-
dean space, and can constantly update the states at different
time points according to the transformation rules (Fatoba

et al., 2018). The set of points distributed in space is called cel-
lular space, and two-dimensional cellular space is widely used
in research. Theoretical research shows that cellular space can

be infinitely extended in all dimensions (Chen et al., 2015), but
this ideal condition cannot be achieved in practical research
simulation. In order to find the closest method to infinite

space, researchers have proposed the concept of periodic
boundaries. The so-called periodic boundary refers to the
topological torus formed by the upper and lower left and right
respectively. The simple top-level periodic boundary condi-

tions are connected as shown in Fig. 7.
Cellular and cellular space only belong to the static compo-

nents of the cellular automata (CA) system. In order to repre-

sent the model in a dynamic way, it is necessary to define a
neighbor cell that can complete the transformation rules within
the spatial range: that is, the cellular state at the next moment

determines the state of the cell itself and its neighbor cells (Al-
samawi, 2020). Therefore, before defining the transition rule
function, it is necessary to define the cellular neighbor rule
[60]. The widely used neighbor types are von Neumann type,
Moore type, and extended Moore type, as shown in Fig. 8.
The dynamic function that determines the state of the cell at
the next moment through the neighbor state and the current

state is called the state evolution rule (transition function),
denoted by f: si

t + 1 = f(si
t,sN

t ),sN
t is the combination of neigh-

bor states at time t, and f is the local mapping or local rule of

cellular automata. Then the dynamic evolution local function
determined by the local evolution rule f of each cell is denoted
by: F(Si

t+1) = f (sti-r, . . ., s
t
i, . . .s

t
i+r).

3.2. Local evolution rules

CA model can be summarized as a mathematical function,

expressed as L=（La,S,N,u）, where.
S represents the cellular state;
La stands for cellular space;
a is the dimension of space;

N stands for cellular combination;
Fig. 7 Schematic diagram of top periodic boundary evolution.



Fig. 8 Cellular neighbor types.
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u represents the evolution rule of cellular state (transition
function);

In this study, the three-dimensional CA model was used to

simulate the corrosion pits of steel and metal in the soil
corrosion environment. The metal and soil corrosion medium
system was defined as a cellular grid, and Ni � Nj � Nk =

100*100*100. In order to simulate the infinity of cellular space,
the von Neumann type is considered as the neighbor type, with
fixed boundary conditions for upper and lower sides and peri-

odic boundary conditions for front and back. Suppose the cell
has four states, expressed as S= (M, C, N, F), Among them,
M represents the metal cell that will be corroded, C represents

the corrosive cell that is corrosive and can move up and down
in six directions. Combined with the soil ratio scheme used in
the experimental part, the corrosive cell C that can react with
the metal cell M in this study includes the following ions: chlo-

ride ion, sulfate ion, bicarbonate ion, N represents the solution
water molecule (the position will be occupied by the cell C at
any time), F represents the passivation cell (formed by the con-

tact of M and C). Once the passivation cell F is formed in the
corrosion reaction, the state of the passivation cell will not
change in the next simulation. At the same time, the cell state

in the CA model can only be any of the above four. Therefore,
the state of the cell at the next moment is determined by the
neighbor primitives in the six directions of the cell. In addition,
it is assumed that the concentration of the solution is con-

trolled by the numerical results of C / N.
By controlling the time step of the number of iterations and

the concentration of the electrolyte solution, the cell C repre-

senting the corrosive medium moves randomly in six direc-
tions: up, down, left, right, front and back. The corrosive
cell C and the metal cell M react with the corrosion probability

Pcor. The corrosion reaction between the cells is expressed by
the following formula:

Mþ CþN!Pcor CþN ð22Þ
the following situations may occur in the corrosion reaction

of metal cellular:
① When the dissolution reaction occurs in the contact

between metal cellular M and corrosive cellular C, M dissolves
with probability Pd, and the position of the original metal cel-

lular M becomes vacant or passivated. If it is vacant, it may be
occupied by water molecular cell N in the next time range. If it
is a passivation state, the cell position state of the passivation

cell F will not change.
② If the neighbor cell of metal cell M is corrosive cell C,
and the corrosive cell C does not move in the direction of this
cell M, the state of metal cell M remains unchanged.

③If the neighbor cell of metal cell M is passivation cell F or
the same type of metal cell M and water molecule N, the cell
state remains unchanged.

The bicarbonate ions contained in the corrosive medium in
the environment will bring passivation to the metal matrix,
resulting in a passivation reaction between metal cells with pas-

sivation probability Pp, expressed as:

Mþ C!Pp Fþ C ð23Þ
① If the corrosive cell C moves towards the metal cell M,

the metal cell M will be dissolved by the corrosive cell C with
a certain dissolution probability of Pd. In the next time step,

the position of the cell M will be occupied by cell C, and the
original vacancy position of the corrosive cell C will be auto-
matically filled by the water molecule cell N, which is expressed

as:

Mþ C!Pd C ð24Þ
② If the movement direction of the corrosive cell C is

toward the same type of corrosive cell C, the original position
of the corrosive cell C remains unchanged, and then a target

neighbor position is randomly selected in the next time step.
If the moving position in the time step of corrosive cell C is
a vacant grid position, the cell may abandon the existing grid

position and jump to the target position.

3.3. Analysis of effect

Considering the actual situation, and in order to have higher
coincidence and consistency with the experimental results.
The theoretical model sets the corrosion probability

Pcor = 0.89, dissolution probability Pd = 0.8, and passivation
probability Pp = 0.02. The single corrosive ion is taken as an
important parameter in the CA model to optimize the model
with the interaction of HCO3–, SO42- and SO42-, and the

influence of the three ions on metals is taken as an important
factor to set the evolution rules of the CA model. According to
the soil matching scheme of the experiment, Scheme 2, in

which the three ions act together, is selected as the main simu-
lation research object of the CA model. Where, C(HCO3

–) = 0.
192 mol/kg, C(SO4

2-) = 0.08 mol/kg, C(Cl-) = 4.24 mol/kg,



Fig. 9 Growth simulation results of initial single pit with different iteration steps.
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and set the concentration of corrosion solution c = 0.2. The
above ion concentration and corrosive medium concentration

were substituted into the CA model for simulation. With the
continuous diffusion of ions in soil towards the metal surface,
the influence of chloride ions on the metal surface gradually

expands with the increase of time step. At the same time, cor-
rosion pits can randomly form on the surface of the metal that
is not smooth.

Due to the unique properties of the metal itself and the
influence of the corrosive medium, when the corrosion reaction
occurs to produce pitting pits, the pitting pits are rarely cor-
roded in a single pit, and most of them are accompanied by

multi-pit corrosion as a common phenomenon. In this study,
the formation process and results of pitting pits were idealized
to some extent. The growth process of pitting pits in a certain

period of time was selected as the research object, the condi-
tions of pitting pits were limited to some extent, and it was
assumed that single-pit corrosion was the main corrosion.

For the case of single pit corrosion, the simulation iteration
steps of the CA model were set as T = 50, T = 300,
T = 500, and T = 700, respectively. According to the simula-
tion results, it can be observed that the morphology of the cor-

rosion pit randomly generated on the metal is an unfixed
shape. As shown in Fig. 9, with the larger the time step, the
corrosion pits.

Considering the early stage of corrosion behavior, localized
corrosion behavior occurred on the metal surface. According
to the value of the fitted corrosion rate, it was combined with

the three-dimensional cellular automaton model to study the
results of the three-dimensional cellular automaton model
under three soil ratio schemes.

Firstly, in the soil ratio scheme 3, which is controlled by a
single ion as the main influencing factor, the ion concentration
of the soil ratio scheme 3 and the fitted corrosion rate value are
substituted into the theoretical model of the soil ratio scheme

1, and the corrosion probability Pcor = 0.53 and the dissolu-
tion probability Pd = 0.8 are set. Because there is no HCO3

–

ion in the soil that causes the passivation reaction of the metal,

the passivation probability Pp = 0 is considered. The individ-
ual corrosive ions are used as important parameters in the CA
model. Among them, C (Cl-) = 4.24 mol / kg, and the concen-

tration of the corrosion solution remains unchanged. As
shown in Fig. 10(a), when the iteration step size T = 700, in
the case of a single high concentration of Cl- ions used alone,
with the increase of time, the three-dimensional model of the

simulated metal matrix is only slightly corroded, and does



Fig. 10 Three-dimensional cellular machine simulation results of iterative 700-step metal corrosion under three soil ratio schemes.
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not show a perforation trend. At the same time, the corrosion
shown in the model is basically consistent with the law shown
in the electrochemical impedance measurement and polariza-

tion curve.
Secondly, for the soil ratio scheme 1 with SO4

2- and Cl- as
the influencing factors, according to the above modeling

method, the ion concentration configured in the test and the
approximate value of the fitted corrosion rate are substituted
into the theoretical model of the soil ratio scheme 1, where

the SO4
2- and Cl- concentrations are 3.16 mol / kg and

2.54 mol / kg, respectively, and the corrosion probability
Pcor = 0.85 and the dissolution probability Pd = 0.8 are set.
Similarly, there is no HCO3

- ion in the soil ratio scheme 1, so

the passivation probability Pp = 0 is set. As shown in
Fig. 10(b), when the iteration step size T = 700, with the
increase of time, the metal matrix model under the combined

action of the two influencing factors has been seriously cor-
roded and has shown a slight perforation trend. This is basi-
cally consistent with the results of experimental analysis.

Finally, Fig. 10(c) shows that in the soil ratio scheme 2,
when the iteration step T = 700, taking the presence of three
corrosive ions in the soil medium (where the concentrations of
HCO3

–, SO4
2-, and Cl-are 0.192 mol / kg, 0.08 mol/kg, and

4.24 mol/kg, respectively) as an example, under the combined

action of the three ions, the model representing the simulated
metal matrix has been able to exhibit severe corrosion by the
corrosive medium. According to the above-mentioned hypo-

thetical pitting single-pit corrosion phenomenon, it is assumed
that the pitting behavior occurs first in the center of the matrix,
and the corrosion phenomenon gradually expands from the

center of the matrix to the periphery as time increases. When
T = 700, according to the simulated model, it can be clearly
observed that the metal matrix has shown a trend of being pen-
etrated after being corroded by corrosive ions.

The results of the model study show that among the three
soil ratio schemes, the metal matrix in scheme 3 is least affected
by the corrosive medium, and the possible perforation trend on

the model is also the smallest. Scheme 1 is more affected by
corrosive ions than scheme 3, and has shown the possibility
of perforation on the simulated metal matrix model. Scheme 3

is most affected by corrosive ions in the soil, and it has shown a
penetration on the three-dimensional metal matrix model. In
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summary, the corrosion behavior of the metal in the three-
dimensional cellular machine is basically consistent with the
results obtained from the experimental analysis.

4. Conclusion

In this study, the effect of corrosive ion diffusion in soil on the corro-

sion behavior of Q235 steel was studied by using the actual soil environ-

ment. The ratio of a single ion, the ratio of two ions and the ratio of

three ions were considered. The metal polarization curve, open circuit

potential and chemical impedance were measured by the electrochemi-

cal workstation. The Tafel law was used to fit the potential and current

of the cathode and anode, and the main reasons for controlling the cor-

rosion rate of the metal were analyzed. At the same time, the corrosion

rate of the metal under the three different soil ratio schemes was com-

pared, and the reasons for this phenomenon were analyzed.

Based on Fick two laws, the influence of the diffusion of corrosive

ions in soil on the corrosion behavior of metals was studied by using

the unsteady diffusion process. The potential in soil was considered

in the diffusion equation, and a mathematical model for the diffusion

of corrosive ions in soil was established. At the same time, combined

with the three-dimensional CA model, the diffusion process of the size

change of the corrosion pit on different iterative time steps T is simu-

lated. The results show that the growth process of the corrosion pit

area is consistent with the mathematical theoretical model. Combined

with the fitted corrosion rate and the ion content in the soil, the three-

dimensional modeling of the corrosion behavior of the metal matrix

under the three soil schemes is carried out respectively. According to

the analysis of the three-dimensional model, it is proved that pitting

perforation may occur after the metal matrix is corroded, and the per-

foration behavior is directly related to the corrosion rate of the metal.

Based on the numerical and simulation results obtained from this

study, the growth and expansion of corrosion pits and the process of

metal corrosion damage can be further predicted, which provides a

lot of useful information for studying the life integrity analysis of metal

structures.

However, it is still a problem for researchers to further study the

pitting effect and understand the morphology of corrosion pits. The

corrosion pit caused by corrosion perforation is a cause of metal struc-

ture stability problems.
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