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Abstract: The durability and safety of steel structures during their life cycle are affected by steel corro-
sion. Limited test conditions and time hinder the reproduction of actual atmospheric steel corrosion.
Most test studies have focused on the effect of pitting or uniform corrosion of steel structures, leading
to the development of vague engineering methods that make it difficult to design steel structures with
excellent corrosion resistance. In this study, a method involving three-dimensional cellular automata
and a genetic algorithm was developed for predicting the corrosion behavior of structural steel. The
calculation efficiency of three-dimensional cellular automata was improved by small iterative steps
and adaptive activation for potential corrosion. Furthermore, the proposed method was tested with
published tests, and the results showed that the method can simulate atmospheric corrosion with
excellent accuracy and efficiency. The simulation results were used to calculate the structural steel
cross-sectional performance with greater accuracy than that of the method of assuming uniform
corrosion. Meanwhile, with accurate material parameters, the proposed method can also simulate
the atmospheric corrosion of high-performance steel of different strengths and properties.

Keywords: cellular automata; atmospheric corrosion; genetic algorithm; section property calculation

1. Introduction

When the surface protective material of structural steel is damaged, the steel becomes
corroded by water ions in the atmosphere, as shown in Figure 1 [1]. Corrosion is a common
structural defect that reduces the bearing capacity of structures [2,3]. The corrosion of struc-
tural steel is stochastic and non-uniform, unlike the generalized external force. Currently,
the lack of experimental conditions and steel morphology corrosion data makes it difficult
to simulate the actual corrosion process of steel. Most studies have only investigated and
simulated the uniform corrosion [4–6] and spot corrosion [7–9] of structural steel.

The uniform corrosion of structural steel can be simulated locally or comprehen-
sively by uniformly weakening the cross-sectional area of the steel structure, but the
method ignores the impact of non-uniform corrosion, such as pitting corrosion, on the
steel strength [10–13]. The manual drilling test or finite element software can also be used
to analyze the relationship between the strength of the steel components’ and stochastic
pitting corrosion [14–18]. However, the test and software ignore the pitting shape ran-
domness and the real atmospheric environment cannot be simulated accurately, and there
is still a gap between the state under atmospheric corrosion conditions. Meanwhile, the
accuracy of steel corrosion simulations performed through artificial accelerated corrosion
tests need to be verified [19–24], and further investigations are required for the relationship
between the test results and corrosion under natural atmospheric conditions. Thus, the
simulated accelerated corrosion test cannot replace the atmospheric corrosion test under
current conditions [25]. Most existing natural atmospheric corrosion tests are old, and
advanced instruments cannot be used to determine the corrosion surface characteristics.
The load-bearing method is commonly used here to obtain the average corrosion depth
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for characterizing corrosion, but performing repeated tests to study the corrosion surface
characteristics is time-consuming and incurs high equipment costs.
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Figure 1. Publish test comparison results of corroded and uncorroded beams. (a) corroded beam;
(b) load-deformation curves comparison results of different specimens [1].

Cellular automata (CA) have been used for corrosion simulation [26] in many studies,
such as [27,28], and high-temperature corrosion and intergranular corrosion have been
predicted by CA. The use of two-dimensional CA for simulating steel corrosion [29–31]
is inadequate for the three-dimensional world. Although three-dimensional CA without
mathematical constraints can be used to simulate steel corrosion, it is difficult to calculate
the optimal independent variable parameters because of simulation error [32–34].

In addition, current research on the degradation resistance model is mainly focused
on concrete members; little attention has been directed toward the degradation resistance
of steel members to corrosion under atmospheric conditions. Owing to the difficulty of
obtaining the surface morphology of corroded steel, only a few studies [35,36] have investi-
gated the degradation resistance law of steel components by assuming uniform corrosion;
however, these studies did not sufficiently consider the randomness and irregularity of
corrosion [37].

With the recent rise of artificial intelligence algorithms such as machine learning, AI
technology has also been applied to steel corrosion analysis and other technical fields.
Studies such as [38,39] examined the effectiveness of AI algorithms for the prediction of
the internal corrosion rate for oil and gas pipelines in complex environments and the
corrosion rate in main cables of suspension bridges were described respectively. The results
showed that AI algorithms can effectively predict steel corrosion in complex environments.
However, the prediction of structural steel corrosion with an AI-based framework needs a
huge database, which is difficult to obtain. Limited by the steel corrosion stochastic, most
measured and tested data are highly discrete, and it is difficult for AI to judge the validity of
this data. As a result, if the database is too small, AI simulation results are easily unfaithful.

In this study, with the assumption that the structural steel’s average corrosion depth
is the same within the region, steel surface morphology obtained by combining CA and a
genetic algorithm (GA) was used to develop a method for determining the properties of
the steel sections. The data used were obtained from a published atmospheric corrosion
database, and steel corrosion under atmospheric conditions was simulated. Optimal corro-
sion parameters were obtained by optimizing the simulation error. The major contributions
of this study are as follows:

(1) The results provide a basis for calculating stiffness and for precise finite element
analysis, considering the randomness of corrosion.

(2) Our method can be used for calculating structural time-based reliability and optimiz-
ing the service life of steel structures.

(3) The study provides a method for the experimental study of corrosion mechanisms.
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2. Corrosion Simulation Analysis Based on CA-GA
2.1. Simulation Error Evaluation Method

Two classic tests have been proposed in previous research on the atmospheric corrosion
of steel:

Liang [40] conducted 16-year atmospheric corrosion tests of steel in several representa-
tive regions of China and converted the weight loss into the average corrosion depth. The
author assumed uniform corrosion in the study and found that the relationship between
corrosion depth and time is as expressed in Equation (1),

D = A · tn, (1)

where D is the average corrosion depth (mm), t is the duration of the steel exposure to the
atmosphere (y), and A and n are constants. For A3 structural steel with a nominal yield
strength of 235 MPa, the statistical test results of A and n in some representative regions of
China are expressed in Table 1.

Table 1. Statistical values of A and n in representative regions of China.

City Beijing Guangzhou Qingdao Chongqing Wuhan

A 0.030 0.056 0.057 0.074 0.049
n 0.420 0.41 0.61 0.41 0.24

Type of atmosphere Normal Normal Offshore Normal Normal

Xiao [41] conducted natural exposure and indoor accelerated tests under general atmo-
spheric and offshore atmospheric conditions for steel plate with a nominal yield strength
of 235 MPa. The average non-uniform corrosion depth was proposed as an evaluation
parameter of surface morphology to represent the distance between the comprehensive
corrosion plane and the non-uniform corrosion. According to the test results, the average
non-uniform corrosion depth under general atmospheric conditions was expressed as
∆tave = 3.0∆te

0.67; the average non-uniform corrosion depth under offshore atmospheric
conditions was ∆tave = 3.48∆te

0.64. ∆te represents the equivalent corrosion thickness, which
has the same meaning as the average corrosion depth D in tests [40]. A combination of
the average corrosion depth and non-uniform corrosion depth enables the assessment of
the degree of general corrosion and the degree of non-uniform corrosion. Therefore, we
created the CA-GA algorithm in this study. The CA algorithm was first used to simulate
the atmospheric corrosion of steel with different input parameters, and the calculation
results of the average corrosion depth and average non-uniform corrosion depth under
different input parameters were obtained. The relative error of the simulation results was
then calculated using Equation (2):

Dm =
1

NM

N

∑
i = 1

M

∑
j = 1

d(xi, yj), (2)

Er(D) =
Dm − D

D
, (3)

∆tmave =
1

NM

N

∑
i = 1

M

∑
j = 1

d(xi, yj)− Dmp, (4)

Er(∆tave) =
∆tmave − ∆tave

∆tave
, (5)

where d (xi, yi) indicates the atmospheric corrosion depth corresponding to the coordinates
in the CA model; Dm refers to the average simulated corrosion depth; D is the average test
corrosion depth; N and M refer to the number of cells of the CA model in the x and y axes,
respectively; and Er(D) refers to the relative error of the average corrosion depth simulation
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results. Furthermore, ∆tmave indicates the atmospheric corrosion depth corresponding to
the coordinates in the CA model; Dmp refers to the simulated average corrosion depth;
∆tave is the average test corrosion depth; a and b refer to the number of cells of the CA
model in the x and y axes, respectively. Er (∆tave) refers to the relative error of the simulated
average non-uniform corrosion depth.

The GA algorithm was then used to obtain the average value of the simulation errors
of the two indicators as a basis for calculating the fitness value. The input parameters were
optimized to minimize the simulation errors of the two indicators. The calculation method
of the fitness value was expressed as follows:

f in =
1

Er
=

1
W
∑

i = 1
Eri

=
1

W
∑

i = 1

(
|Er(Di)|+|Er(∆tave,i)|

2

) , (6)

where fin represents the fitness value; W represents the number of repeated CA simulations;
Eri, Er(Di), and Er (∆tave, i) represent the comprehensive error of the i-th CA simulation,
the relative error of the average corrosion depth, and the relative error of the average
non-uniform corrosion depth, respectively. Er represents the average value of the com-
prehensive error of W repeated CA simulations; W = 10 in this study. Using optimized
input parameters for the CA algorithm yielded a reasonable simulation of the atmospheric
corrosion of steel.

2.2. Definition and Evolution Rules of Cellular Automata (CA)
2.2.1. Definition of CA

CA selects several cellular units to form a cellular space. In each iteration step, each
cellular unit is influenced by the state of the neighboring cells and updates its own state
according to certain evolution rules. Here, we selected the Moore neighborhood [42]:
the state of each cell unit is affected by the surrounding six cell units, as illustrated in
Figure 2a. Owing to the limited size of the cell space, boundary conditions should be set
outside the cell space to effectively simulate the infinite space with the finite space. Periodic
boundary conditions were selected in this study, as illustrated in Figure 2b: the blue cell
unit represents the unit outside the boundary and the green cell unit is the unit within the
boundary. The periodic boundary connects the edge units of the CA, which is the most
suitable boundary form for infinite space.
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We selected 104 × 104 × 104 cell units as the initial research object; the outermost
two layers of cells were the periodic boundaries, and the initial side length of the cell unit
was d0 = 0.01 mm. An unspecified time was used as the iterative step, and an iterative
mechanism combining large and small iterative steps was developed. One year was used
as the time unit of a large iterative step and each large iterative step comprised smaller
iterative steps. When the average corrosion depth simulation value corresponding to
the large iteration step was fitted to the test results of the average corrosion depth of the
year, the iteration stopped, and the average non-uniform corrosion depth was calculated
accordingly. To fully consider the randomness of the CA simulation, 10 CA simulations
were performed simultaneously for each year (large iteration). The cell matrix with the
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smallest simulation error was used as the cell matrix at the beginning of the next large
iteration. According to the definition of evolution rules [32,33], we defined the evolution
rules of cell units as ct+1 = ct(M1,2, W, CM, P), where c represents a cell unit, t represents a
small iterative step, M1,2 represents a metal unit, W represents a water unit, CM represents
medium units, W and CM are collectively referred to as non-metallic state cell units, and
the corrosion medium concentration wc represents the ratio of the number of corrosion
medium units to the number of non-metallic units:

wc =
∑i CM

∑i W + ∑i CM
, (7)

At the beginning of each small iterative step, each M0 randomly becomes either W or
CM according to the value of wc. Metal cells exist in two states: unpassivation state M1 and
passivation state M2.

P represents probability. Following [29,32,33], corrosion probability and passivation
probability, the simulated corrosion and passivation processes were considered, and the
passivation product was assumed as never damaged, which was inconsistent with the
actual situation. Therefore, the passivation film rupture probability was added as the input
parameter of the CA to consider the actual situation of the passivation film damage due
to factors such as rain erosion. Probability P = Pc + Pp + Pn + Pb = 1, where Pc represents
corrosion probability, Pp represents passivation probability, Pb represents passivation film
rupture probability, Pn represents the probability of no event, and the four events are
mutually exclusive. In each small iteration step, the probability P has four likely situations:

(1) If a corrosive medium is in the neighboring unit of an unpassivation metal cell unit M1,
the corresponding Pb of the cell unit is 0 and Pc, Pp, Pn 6= 0. The essence is that when
a corrosive medium is around the metal without passivation, corrosion, passivation,
or no chemical reaction occurs, but a passivation film rupture does not occur.

(2) If no corrosive medium is in the neighboring unit of an unpassivation metal cell unit
M1, the corresponding probability of the cell unit is Pb = Pc = Pp = 0. The essence is
that when no corrosive medium is around the metal without passivation, corrosion,
passivation, and passivation film rupture do not occur; at this time, P = Pn = 1.

(3) The probability corresponding to the passivation state cell unit M2 is Pc = Pp = 0 and
Pb, Pn 6= 0. The essence is that the metal in the passivation state does not undergo
corrosion and repeated passivation, but passivation film rupture may occur. It is also
possible that no chemical reaction occurs.

(4) The probability corresponding to the non-metallic cell unit M0 is Pb = Pp = Pc = 0. The
essence is that the non-metallic cell unit does not undergo a chemical reaction; at this
time, P = Pn = 1.

2.2.2. Definition of Evolution Rules

The iterative state of the cell state M is as follows:
Mt+1

2 = Mt
1

∣∣Pp , where Mt
1 represents the unpassivation metal state cell in the t-th

small iterative step, Mt
1

∣∣Pp represents passivation occurring in the cell, and Mt+1
2 represents

the passivation metal state cell in the (t + 1)-th small iterative step. The whole process
represents the passivation of unpassivation metal state cells to passivation metal state cells.

Mt+1
1 = Mt

2|Pb , where Mt
2 represents the passivation metal state cell in the t-th small

iterative step, Mt
2|Pb represents the passivation film rupture event in this cell, and Mt+1

1
represents the unpassivation metal state cell in the (t + 1)-th small iterative step. The whole
process indicates that the passivation film of the passivation metal state cell is broken, and
the cell unit is transformed into an unpassivation metal state cell unit.

Mt+1
2 = Mt

2

∣∣Pb , where Mt
2 represents the passivation metal state cell in the t-th small

iterative step, Mt
2

∣∣Pb indicates that the passivation film rupture event does not occur in
this cell, and Mt+1

2 represents the passivation metal state cell in the (t + 1)-th small iterative
step. The whole process means that if the passivation metal state cell lacks a passivation
film rupture event, the existing state is maintained.
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Mt+1
0 = Mt

1|Pc , where Mt
1 represents the unpassivation metal state cell in the t-th

small iteration step, Mt
1|Pc represents the corrosion event in the cell, and Mt+1

0 represents
the non-metallic state cell in the (t + 1)-th small iterative step. The whole process indicates
that the unpassivation metal state cell undergoes corrosion and transforms into a non-
metallic state cell.

Mt+1
1 = Mt

1

∣∣Pc , where Mt
1 represents the unpassivation metal state cell in the t-th

small iterative step, Mt
1

∣∣Pc indicates that no corrosion event occurs in the cell, and Mt+1
1

represents the unpassivation metal state cell in the (t + 1)-th small iterative step. The whole
process indicates that the unpassivation metal state cell lacks a corrosion event and remains
in its existing state.

If a metal state cell unit is surrounded by non-metal state cells, the cell unit becomes a
non-metal state cell unit in the next iteration, thereby simulating the shedding phenomenon.

The cell matrix is obtained by the above method, and the coordinates of the cell unit
and the corrosion depth are converted:

s(xi, yj) = min(z
∣∣c(xi, yj) = 1, 2 )− 1, (8)

d(xi, yj) = l · s(xi, yj), (9)

where s(xi, yi) represents the depth corresponding to coordinate (xi, yi), z|c(xi, yj)=1,2 repre-
sents the z-coordinate value of the metal state or passivation state cell unit (the cell unit
state value is 1 or 2), min (z|c(xi, yj)=1,2) is the depth unit value of the shallowest metal
or passivation state cell corresponding to the coordinate (xi, yi), l indicates the cell unit
side length. Following Equations (2)–(5), the GA algorithm was used to optimize the
input parameters.

2.2.3. Parameter Interval Setting

(1) CA input parameter setting:

Different methods for setting parameter intervals have been proposed for similar CA
models. In Ref. [29], the passivation probability and corrosion probability interval were set
as (0, 1), and the passivation probability was set to be less than the corrosion probability. In
Ref. [32], the corrosion probability was set as [0.2, 0.8] and the passivation probability as
[0.005, 0.01]. In Ref. [43], the corrosion probability was set as (0, 1); rather than setting the
passivation probability, the corrosion probability was adjusted to 0 at a certain number of
corrosion pits to achieve the effect of passivation. Assuming that the concentration of the
corrosive medium is a constant (as in Refs. [29,32,43]) does not represent the reality of the
dynamic nature of the concentration of the corrosive medium under atmospheric corrosion
conditions; it also does not consider the phenomenon of passivation film cracking. Because
the GA algorithm was used in this study to find the optimal solution of the CA input
parameters, the value ranges of the passivation probability Pp, passivation film rupture
probability Pb, corrosion probability Pc, and corrosion medium concentration wc were
selected as the largest interval (0, 1). This selection ensured that the optimal value was
included in the interval. Meanwhile, the passivation probability was set to be less than the
corrosion probability to ensure that the corrosion phenomenon continued.

(2) GA control parameter setting:

Using the binary coding method, the chromosome structure was as follows:

A = a1, a2, . . . , a9|b1, b2, . . . , b9|c1, c2, . . . , c9|d1, d2, . . . , d9.

Chromosomal locations a1-a9 were used to code the corrosion medium concentration
wc, b1 to b9 coded the passivation probability Pp, c1 to c9 coded the corrosion probability
Pc, and d1to d9 coded the passivation film rupture probability Pb. In the initial population
stage, 10 individuals with a length of 36 were randomly generated; in the selection stage, the
roulette method was used, and the generation gap was G = 0.8. The method of single-point



Buildings 2023, 13, 253 7 of 17

crossover was used, and the crossover probability was Px = 0.7. The method of single-point
mutation was used, and the probability of mutation was Pm = 0.7. We set the maximum
number of generations to 200.

2.3. Algorithm Iterative Control Mechanism
2.3.1. Cell Fission Mechanism

The function of the average corrosion depth to be fitted in this study was a power
function with decreasing increments. As the size of the cell unit of the traditional CA
is fixed, in the later stage of the corrosion simulation, the increment of the simulation
value of the average corrosion depth in each iteration step is higher than the increment of
the average test corrosion depth value in each year [44,45]. Hence, the simulation errors
become larger as the erosion time increases. If the size of the cell unit is adjusted to a
smaller value, the problem of the later simulation errors can be solved. However, each CA
model needs numerous iterations in the early stage of the corrosion simulation; typically,
hundreds of small iteration steps are required for a one-year simulation. In addition, the
three-dimensional CA model is relatively complex, and after the GA is superimposed, the
number of iterations needs to be multiplied by the number of iterations of the GA, which is
time-consuming. Hence, we propose a cellular fission mechanism.

The cell fission mechanism causes cell fission when the comprehensive error of the
simulation result exceeds a certain limit value according to the simulation situation of the
comprehensive error. Each cell unit is divided into two parts along the x, y, and z axes, so
that each cell unit becomes eight identical cell units. Meanwhile, the number of iterations
of the GA is reset to zero, and the calculation is restarted, thereby improving the simulation
accuracy. This approach adaptively adjusts the size of the iteration step and increases the
number of iterations when the operation does not converge; consequently, the increment of
each iteration step is reduced. The process is as follows:

(1) Select the side length of the starting cell unit as d0.
(2) Start the CA simulation and calculate the errors of the corrosion rate and the average

non-uniform corrosion depth.
(3) When the GA reaches the specified number of operations, if the average error of the

two indicators of corrosion rate and average non-uniform corrosion depth meets the
requirements, the operation ends; otherwise, each initial cell of the large iteration step
is split into eight cells of equal size, and Step (2) is repeated.

2.3.2. Activation Mechanism of Potential Corrosion Area

Owing to the large scale of the CA matrix and the combination of the GA, the number
of iterations was large. Taking the corrosion simulation of the first year in Guangzhou as
an example, it took more than 8.8 × 106 iterations to perform the corrosion simulation for
one year, which was extremely time-consuming. It took more than six days to complete
the calculation using a computer with an Intel (R) Core (TM) i5-10210U CPU @ 1.60 GHz,
2.11 GHz, and 16.0 GB of RAM. Therefore, we proposed an activation mechanism for
potential corrosion regions.

Naturally, the internal part of steel does not undergo chemical reactions because it
is not in contact with the corrosive medium. Current corrosion research using the three-
dimensional CA model includes the internal part of the cell units in the iterative calculation.
This consideration results in a large number of useless iterations, increasing the time cost.
Our proposed activation mechanism for the potential corrosion region activates the region
that may undergo chemical action to make it iterative, whereas other parts do not undergo
iterative calculation. The process is detailed as follows.

At the beginning of each large iteration, the maximum corrosion depth t (the unit is
the side length of one cell unit) is searched for, and the area below the maximum corrosion
depth is closed. Because each small iterative step increases the maximum corrosion depth
by at most one unit, let t = t + 1 at the beginning of the next small iterative step. The regions
with depths greater than t are turned off, and the potential corrosion regions with depths
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less than or equal to t are activated. Consequently, the computing efficiency is considerably
improved. In the first year of the corrosion simulation in Guangzhou, the computing time
was shortened from 6 days to 7 h under the same computing environment, which is a
20-fold increase in efficiency.

2.4. CA-GA Algorithm Running Steps

According to the above rule and process definitions of the CA-GA algorithm, combined
with the improvement mechanism proposed above, the running steps of the CA-GA
algorithm for atmospheric corrosion simulation were as follows:

(1) Select specific CA parameters such as concentration of corrosive medium, corro-
sion probability, passivation probability, and passivation film rupture probability to
initialize the population.

(2) According to the CA parameters, each individual activates the potential corrosion
area following the CA model simulating atmospheric corrosion in the previous year,
and iterates until the average corrosion depth exceeds the target average corrosion
depth for the first time.

(3) Calculate the fitness function value of each individual in the population.
(4) Select several individuals for crossover and mutation operations, perform Steps (2) and (3)

on the chromosome again, and use the roulette method to select a specific number of
optimal individuals to replace the worst individual of the parent generation.

(5) Repeat Steps (2) to (4); if the Er of the optimal individual within the maximum gener-
ational number is less than the set value (3% in this study), the iteration is terminated,
and the optimal solution of the input parameters and the corresponding CA sim-
ulation results are output. If the Er of the optimal individual with the maximum
generational number is greater than the set value, the CA matrix of the previous year
undergoes fission, the generational number is cleared, and Steps (1) to (4) are repeated.

The block diagram of the algorithm is shown in Figure 3.
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3. Analysis of Atmospheric Corrosion Simulation Results
3.1. Visualization of Simulation Results

To visualize the CA simulation results, we used the grid data function of Matlab to
smooth the CA data and the mesh function to create the plots. The corrosion simulation
results of the Guangzhou area for time t = 1, 4, 8, and 16 years are illustrated in Figure 4.
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Figure 4. A steel’s surface atmospheric corrosion simulation results at different times. (a) steel
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corrosion simulation results in 8 years; (d) steel corrosion simulation results in 16 years.

In Figure 4, the initial uncorroded plane is the origin of the z direction, while the
downward corrosion is the negative part, representing the surface morphology of the
corroded steel. Similarly, the x- and y- axes correspond to the coordinates of the cell ma-
trix in the x-y plane. Each length unit is a cell side length. As the cell did not undergo
fission in t = 1–8 years, the x-y plane was a matrix with an area of 100 × 100 unit cell; when
t = 9–14 years, the first fission occurred, and the matrix area became a 200 × 200 unit
cell. The second fission occurred in t = 15~16 years, and the matrix area became a
400 × 400 unit cell.

3.2. Error Analysis of Simulation Results

For five representative cities, including Beijing, Guangzhou, Chongqing, Qingdao, and
Wuhan, atmospheric corrosion simulations were performed for 16 years. The simulation
errors of the average corrosion depth and the average non-uniform corrosion depth are
presented in Table 2.
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Table 2. Statistics of atmospheric corrosion simulation errors in representative areas.

Corrosion
Time

Beijing Guangzhou Chongqing Qingdao Wuhan

Er(D) Er(∆tave) Er(D) Er(∆tave) Er(D) Er(∆tave) Er(D) Er(∆tave) Er(D) Er(∆tave)

1 0.05% −0.10% 0.73% −0.15% 0.18% −0.09% 0.65% 0.65% 0.17% 0.06%
2 0.02% 0.39% 0.86% 1.03% 0.40% 0.54% 0.28% 0.27% 0.07% 0.98%
3 0.17% 0.47% 0.22% 0.25% 0.10% 0.63% 0.25% 0.26% 0.12% −0.01%
4 0.04% 0.29% 0.08% 0.24% 0.04% 0.05% 0.34% 0.15% 0.12% −0.07%
5 0.09% 0.02% 0.16% 0.00% 0.89% 0.37% 1.51% 1.47% 0.00% 0.96%
6 0.21% −0.14% 0.23% −0.02% 0.71% 1.08% 0.41% 1.29% 0.26% 0.06%
7 0.37% 0.38% 0.06% 0.16% 0.04% 0.22% 0.13% −0.09% 0.01% 0.08%
8 0.22% −0.33% 0.54% 1.07% 0.14% −0.07% 0.81% 0.60% 0.06% −0.06%
9 0.02% 0.22% 0.02% −0.19% 0.18% −0.15% 0.12% 0.03% 0.93% 0.43%

10 0.02% 0.59% 0.00% 0.69% 0.02% 0.14% 0.07% 0.25% 0.03% 0.26%
11 0.03% 0.20% 0.16% −0.02% 0.05% 0.11% 0.10% 1.42% 0.02% 0.88%
12 0.08% −0.19% 0.13% −0.02% 0.02% 0.64% 0.12% 1.68% 0.07% 1.44%
13 0.13% −0.02% 0.02% 0.03% 0.04% −0.03% 0.13% 1.17% 0.95% −1.75%
14 0.03% −0.55% 0.01% 0.39% 0.03% −0.03% 0.13% 2.49% 0.87% −1.19%
15 0.02% −0.54% 0.01% −0.45% 0.06% −0.16% 1.28% 2.25% 1.11% −1.57%
16 0.01% −0.03% 0.02% −0.05% 0.06% 0.00% 1.98% 2.58% 1.03% −0.66%

It can be seen from Table 2 that Er (D) and Er (∆tave) in all regions was less than 3%
within 16 years.

3.3. Accuracy Improvement of Fission Mechanism

To examine the effect of the proposed fission mechanism on accuracy improvement,
Guangzhou was taken as an example. The traditional CA was combined with a GA, with
and without a fission mechanism. The comprehensive errors (mean values of Er (D) and Er
(∆tave)) of the calculation results are illustrated in Figure 5.
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4. Generalized Resistance Degradation of Steel Members under Atmospheric
Corrosion Conditions
4.1. Calculation Method of Section Properties Based on Cell Matrix Slice Data

Equation (4) was used to calculate the atmospheric corrosion depth d (xi, yi) corre-
sponding to coordinates (xi, yi).
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In the x-direction of the cell matrix, slices were created according to the side length of
the initial cell unit such that each slice corresponded to the coordinates of the cell matrix.
The z-direction of the cell matrix was rotated by 180 degrees to obtain a new coordinate
axis, and the coordinates of the new direction of the cell units were calculated:

k′ = L− k, (10)

where k represents the original z-direction coordinate of the cell unit, k’ represents its
z’-direction coordinate, and L represents the side length of the cell matrix after removing
the boundary element. In this study, L = 1 mm. The coordinate transformation of the slice
is illustrated in Figure 6.
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The total area A of the unpassivation and passivation metal state cells of the slice cross
section was:

A = MWl2, (11)

where M represents the number of unpassivation and passivation metal state cell units in
the x-direction, W represents the number of unpassivation and passivation metal state cell
units in the x-direction, and l represents the side length of the cell unit.

The net moment in the z’ direction was calculated for each section according to the
new coordinate values:

Sz′(i) =
M

∑
j = 1

W

∑
k′ = 1

[
k′|c(M1, M2)

]
l2, (12)

where A represents the total area of the unpassivation state metal cell unit and the passi-
vation state metal cell unit of the slice section; Sz’ (i) represents the net moment in the z’
direction of the i-th slice section in the y direction; k’|c (M1, M2) represents the coordinates
of the z’ direction of the unpassivation metal state cell unit M1 and the passivation metal
state cell unit M2; j and k’ represent the j-th cell unit in the x-direction and the k’-th cell unit
in the z’-direction, respectively.

The coordinate value of the centroid of the slice section in the z’-direction was
then calculated:

z′ =
Sz′(i)

A
=

Sz′(i)
MWl2 , (13)

where A represents the total area of the unpassivation state metal cell unit and the passiva-
tion state metal cell unit of the slice section.
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As shown in Figure 7, the centroid of the slice section of the cell matrix in the trans-
formed local coordinate system was calculated. The moment of inertia of the slice section
with z = z’ as the axis was calculated using Equation (14):

Iz(i) =
M

∑
j = 1

W

∑
k′ = 1

[
(k′ − z′)|c(M1, M2)

]2

l2 Iz(i). (14)
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Using the same method, the net moment in the x-direction was calculated for each section:

Sx(i) =
M

∑
j = 1

W

∑
k′ = 1

[j|c(M1, M2) ]l2, (15)

where Sx (i) represents the net moment in the x-direction of the i-th slice section in the
y-direction, and j’|c (M1, M2) represents the x-direction coordinate of the unpassivation
metal state cell unit or the passivation metal state cell unit.

Then the coordinate value in the x-direction of the centroid of the slice section
was calculated:

x =
Sx(i)

A
=

Sx(i)
MWl2 . (16)

The moment of inertia of the slice section with x = x as the axis was calculated using
Equation (17):

Ix(i) =
M

∑
j = 1

W

∑
k′ = 1

[(j− x)|c(M1, M2) ]
2l2. (17)

In the structural analysis and calculation of the properties of the section of the struc-
tural steel, the cell matrix section with the smallest area was selected as the weakest section,
and it was assumed that it was periodically attached to the surface of the structural steel.
Taking the H-beam as an example, the calculation steps are detailed as follows.

For H-beams, we assumed that the weakest cell matrix slice section was periodically
attached to all surfaces in direct contact with air, as illustrated in Figure 8. The thickness
of the simulated cell corrosion layer was the side length L of the cell matrix slice section
after removing boundary cell units. The area and moment of inertia of the non-cellular
simulated corrosion part of the H-beam are expressed as follows:

A′ = 2(tf − 2L)(b− 2L) + (h− 2tf + 2L)(tw − 2L), (18)

I′x =
(tw − 2L)(h− 2tf + 2L)3

12
+ 2(b− 2L)(tf − 2L)

(
h− tf

2

)2
. (19)
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The axis-shift theorem was applied to each cell matrix section, and the moments of 
inertia obtained after shifting each cell matrix section were summed to obtain the total 
moment of inertia in the corrosion simulation area. The areas of all cell matrix slices were 
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The axis-shift theorem was applied to each cell matrix section, and the moments of
inertia obtained after shifting each cell matrix section were summed to obtain the total
moment of inertia in the corrosion simulation area. The areas of all cell matrix slices were
also summed to obtain the total area. The corresponding schematic is shown in Figure 9,
where the local coordinates refer to the coordinates of the cell matrix slice in Figure 7, and
the overall coordinates refer to the coordinates of the H-beam.
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The area Ac and cross-section inertia Ixc of the CA simulated corrosion were then
calculated as follows:

Ac = 2 h
L Am + 2 (b−2L)

L Am + 4
(

b−tw−2L
2L

)
Am

= 2hAm+(4b−8L−2tw)Am
L

, (20)

Ixc =
b(h−2L)/2Lc

∑
i = 1

{
4
[

Ix + Am(xi)
2
]}

+
(

b
L

)[
Iz′ + Am

(
z′ + h

2 − L
)2
]

+
(

b−tw+2L
L

)[
Iz′ + Am

(
L− z′ + h

2 − tf

)2
] , (21)
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where Am is the sum of the area of the unpassivation metal units and the passivation metal
units in the cell matrix section with the smallest area z′ is the centroid of the z’-direction
under the local coordinates of the section, x is the centroid of the x-direction under the local
coordinates of the section, 2(h − 2L)/L is the number of cellmatrix slices in the y-direction
in the global coordinates, and b/L + (b − tw + 2L)/L is the number of cell matrix slices in
the x-direction in the global coordinates. The minimum cross-sectional area A and inertia
moment Ix of H-beam under atmospheric corrosion were calculated as follows:

A = A′ + Ac, (22)

I = I′x + Ixc. (23)

The minimum section resistance moment Wx in the x direction was calculated as follows:

Wx =
2Ix

h− 2(L− dm)
, (24)

where dm is the minimum corrosion depth of the cell matrix section. In the same way,
parameters such as the minimum section inertia moment Iy and the minimum section
resistance moment Wy in the y direction were calculated.

4.2. Analysis of Examples

An H-beam with a nominal yield strength of 235 MPa was used to analyze the effect
of corrosion on section properties under the atmospheric environment of Guangzhou. The
cross-sectional property, minimum cross-sectional area, and inertia moment were calculated
using the proposed method. The results were compared with those obtained under the
assumption of uniform corrosion.

The values of the sections without corrosion were as follows: h = 100 mm, b = 100 mm,
tw = 6 mm, and tf = 8 mm. The average corrosion depth D (mm) under the assumption of
uniform corrosion in Guangzhou was calculated using Equation (25):

D = 0.056t0.41. (25)

The H-beam section properties under the assumption of uniform corrosion were
calculated using the following equations [36]:

At = A0[1− 4b− 2tw + 2h
A0 D(t)], (26)

It = I0[1− 6bh2 + 2h3 + 6(b− tf)(h− 2tw)
2

12I0 D(t)], (27)

where At and It represent the area and moment of inertia of the H-beam section in the
t-th year of corrosion, respectively, and D(t) refers to the average corrosion depth in the
t-th year.

The area of the smallest area and the corresponding moment of inertia calculated by
the proposed method and the uniform corrosion assumption method are illustrated in
Figure 10.

The minimum area and minimum moment of inertia of the section calculated by the
proposed method were smaller than those of the uniform corrosion assumption.



Buildings 2023, 13, 253 15 of 17

Buildings 2023, 13, x FOR PEER REVIEW 15 of 18 
 

4.2. Analysis of Examples 
An H-beam with a nominal yield strength of 235 MPa was used to analyze the effect 

of corrosion on section properties under the atmospheric environment of Guangzhou. The 
cross-sectional property, minimum cross-sectional area, and inertia moment were 
calculated using the proposed method. The results were compared with those obtained 
under the assumption of uniform corrosion. 

The values of the sections without corrosion were as follows: h = 100 mm, b = 100 mm, 
tw = 6 mm, and tf = 8 mm. The average corrosion depth D (mm) under the assumption of 
uniform corrosion in Guangzhou was calculated using Equation (25): 

= 0.410.056D t . (25) 

The H-beam section properties under the assumption of uniform corrosion were 
calculated using the following equations [36]: 

−
= −0 w

0

4 2 +2
[1 ( )]t b t h

A A D t
A

, (26) 

+ + − −
= −

2 3 2
0 f w

0

6 2 6( )( 2 )
[1 ( )]

12
t bh h b t h t

I I D t
I

, (27) 

where At and It represent the area and moment of inertia of the H-beam section in the t-th 
year of corrosion, respectively, and D(t) refers to the average corrosion depth in the t-th 
year. 

The area of the smallest area and the corresponding moment of inertia calculated by 
the proposed method and the uniform corrosion assumption method are illustrated in 
Figure 10. 
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Figure 10. Comparison of simulation results with different calculation methods. (a) simulation results
of the minimum cross-sectional area; (b) a simulation result of the minimum section’s inertia moment.

5. Conclusions

This paper presents a method for predicting the atmospheric corrosion behavior
of structural steel using three-dimensional cellular automata and a genetic algorithm.
The method could simulate the surface topography of steel in different atmospheric
corrosion environments.

The following are the major conclusions drawn from the results.

(1) The proposed method could simulate the surface atmospheric corrosion of steel under
different atmospheric environments, and the published experimental results have
demonstrated its effectiveness. This should be useful in structural safety evaluation
and performance-based design.

(2) The accuracy of the proposed method could be improved by the cell fission mecha-
nism. The simulation results of the Guangzhou atmospheric environment show that
compared with the traditional CA method, the proposed method could reduce the
maximum error from 19.3% to 1%.

(3) The calculation method of the structure components’ cross-section inertia with non-
uniform corrosion was proposed. The calculation results of the Guangzhou atmo-
spheric environment show that the assumption of uniform corrosion will cause the
structure to be unsafe.

(4) With the accurate corrosion probability (Pc), passivation probability (Pp), passivation
film rupture probability (Pb), and no-event probability (Pn), the proposed method can
simulate the atmospheric corrosion of other high-performance steel structures with
different strengths, materials, and properties.

In order to verify the effectiveness and expand the applied range of the proposed
method, more structural steel corrosion data from different environments and of different
materials should be collected, and the corrosion mechanism of different structural steels
should be analyzed.
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