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behaviour of corroded structural steel based on random rough surface theory. The finite element was consistent with
experimental tests, which indicates the feasibility and accuracy of the proposed simulation method.
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1. Introduction

Steel structures, which are designed to be permanently exposed to
corrosive environments such as industry and the marine atmosphere, always
have difficulties avoiding corrosion. Corrosion changes the surface appearance
of the steel and deteriorates its mechanical properties, which affects the safety
and durability of the steel structure. The mechanical behaviour of corroded
structural steel has been studied by many scholars through different accelerated
corrosion methods such as salt spray tests, cyclic immersion corrosion, and
electrolytic corrosion [1-6]. Xu [7] investigated the mechanical behaviour of
rusted steel plates using the neutral salt spray method, as shown in Fig. 1(a).
Chen [8] studied the degradation of the mechanical properties of corroded
cables by a copper accelerated acetic acid salt spray test (Fig. 1(b)). Ma [9]
investigated the effect of pitting corrosion by using galvanic accelerated
corrosion on the seismic performance of NV-D36 steel, as shown in Fig. 1(c).

(c) Electrolytic corrosion

Fig. 1 Experimental Research on Corroded Steel

In addition to electrolytic accelerated corrosion, it may take 60-120 days
to achieve a 10% mass loss of steel using other accelerated corrosion methods.
A long time is required to obtain corroded steel specimens, which is not
conducive to the study of corroded steel. Existing studies have shown that the
stress concentration due to the uneven corrosion morphology of corroded steel
surfaces is a major factor in the degradation of the mechanical properties of
steel materials [10]. Compared with salt spray corrosion and cyclic immersion
corrosion, the electrolytic accelerated corrosion method can greatly reduce the
corrosion time, but the corroded surface of the specimen is relatively uniform,
which cannot reflect the true corrosion morphology [11] and limits the
application of electrolytic accelerated corrosion methods.

From 2D to 3D FE model
(a) Reverse modelling method

(c) Single pit

Scanning rusted surfaces

(b) Regular pits

(d) Random pits

Fig. 2 FE model of corroded steel

Concerning the numerical modelling of corroded steel, the existing
simulation methods can be divided into two main categories [12-14]: the
reverse modelling method based on the actual measurement and the method of
simplifying the three-dimensional shape of pits into regular shapes. Xu [16]
obtained corroded surface data by scanning a corroded steel surface with a 3D
noncontact topographic scanner, importing the data into Goemagic Studio
software to generate the corroded surface, building a model corresponding to
the scanned area, and utilizing the finite element software ANSYS for
calculation and analysis, as shown in Fig. 2(a). Xiao [17] studied the
mechanical properties of corroded Q460D steel specimens based on 3D
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scanning. Wang [18] simulated and analysed the ductile degradation of steel
plates after corrosion damage, assuming a uniform distribution of pits, as
shown in Fig. 2(b). Song [19] studied the effect of corrosion on the low-cycle
fatigue performance of steel by simulating specimens with a single pit in the
finite element software (Fig. 2(c)). Wang [20] performed a nonlinear analysis
of 200 models by constructing a numerical model of a steel plate with random
pitting damage to investigate the degradation pattern of the ultimate strength of
the steel plate under random pitting damage, as shown in Fig. 2(d). Sharifi [21]
studied the ultimate capacity of steel beams with pitting corrosion by artificial
neural networks and analysed the safety of corroded steel box girder bridges
[22]. The reverse modelling method can reflect the actual morphology of the
corroded steel surface, but it heavily depends on the data obtained through
scanning and is only suitable for simulating the object or area being scanned.
The method of simplifying the three-dimensional shape of pits often simplifies
a single pit into a regular circular or elliptical shape, and the FE model
established by this method has difficulty considering the overall corrosion
morphology of the corroded structure.

In this paper, an electrolytic accelerated corrosion test of steel using a
suitable solution that can reflect real atmospheric corrosion was performed to
obtain specimens with different corrosion degrees. Then, a 3D noncontact
scanner was used to scan the surface morphology of corroded specimens to
obtain the relationship between the corrosion morphology and the mass loss. A
deterioration model of the mechanical properties of corroded steel was
established by monotonic tensile tests. Finally, a new simulation method for
corroded steel based on random rough surfaces was proposed, which was
verified by comparing it with the test results.

2. Accelerated corrosion test
2.1. Test Details

Q355B is the most common and widely used steel material in steel
construction in China. In this paper, Q355B structural steel was selected as the
specimen material. The chemical composition of the Q355B structural steel is
shown in Table 1. Tensile specimens were designed according to GB/T
228.1-2010 [23], and the geometric profile of the coupons is shown in Fig. 3.

Table 1
Q355B steel chemical composition (wt.%)

Material C Si Mn P S Alt Fe

Q355B 0.19 0.107 0.42 0.009 0.002 0.023 Balance

R30 7

| —®14 mm

Effective length

80 L 30, 60 | 30, 80
I I T e

280 mm

Fig. 3 Dimensional diagram of the specimen

Before the accelerated corrosion test, the specimens should be well
prepared. The surface of the specimens was polished by 800#-1200#
water-resistant sandpaper and subsequently cleaned with acetone. Electric
wires were connected at the clamping end of the specimen and sealed with
waterproof tape. In the electrolytic accelerated corrosion test, the negative
electrode was made of graphite material. The two electrodes were placed 50
mm apart and symmetrically in the test container. The test container was made
of acrylic, and the direct current (DC) was delivered by the SS-3010 DC
power supply, as shown in Fig. 4(a). During the test, the room was kept well
ventilated, and the average temperature was approximately 28 <C. The
specimens and graphite were placed in the test container, as shown in Fig.
4(b).

Four groups of specimens, labelled A-D, were designed for electrolytic
accelerated corrosion testing, and the durations of electrolytic accelerated
corrosion were 2.5, 5.0, 7.5, and 10.0 hours, respectively. The electrolytic
corrosion solution was a mixture of 0.2% NaCl and 5% CH;COONa, which
could make the steel after electrolytic accelerated corrosion form a corrosion
morphology corresponding to actual atmospheric corrosion [24]. The current
density of the accelerated corrosion was controlled at 400 A/m?.
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Fig. 4 Electrolytic accelerated corrosion test
2.2. Results of accelerated corrosion

After electrolytic accelerated corrosion, the mass loss was used to express
the degree of corrosion of the specimens. The mass loss of the specimens was
recorded as w and calculated with Eq. (1). For all corroded specimens, the
derusting process was performed before the loading test with 500 ml HCI
(p=1.19 g/ml), 3.5 g CsH12N4, and 500 ml distilled water following GB/T
16545-2015 [25]. A precise electronic balance with an accuracy of 0.001 g was
employed to measure and record the initial weight of the specimens and the
weight of the specimens after the electrolytic accelerated corrosion test.

w=2".100% @

1

where my is the initial mass, m, is the mass of the specimen after rust
removal, and Am is the changing mass of the specimen, Am=m;-m,.

The mass loss of the four specimen groups is listed in Table 2. The results
show that the corrosion degree (w) of electrolytic corrosion is linearly related to
the duration of the test. The uncorroded specimen is recorded as N, and the
macroscopic corrosion morphologies of specimens Al, B1, C1, and D1 are
shown in Fig. 5. When the mass loss reaches 6.88%, small corrosion pits
appear on the surface of the specimen, and there is no obvious change in
geometric size of the specimen. When the mass loss increases, the range of
corrosion gradually expands, and circular pits begin to combine to form long
strips and large round pits. When the mass loss reaches 23.97%, corrosion pits
continue to develop and expand, and the entire corrosion state is developed.
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Fig. 5 Macro corrosion morphology of the specimens

Table 2
Mass loss of electrolytic accelerated corrosion
Duration (h)  Groups  Specimen Am (9) w (%) AAvnira%e Av\v/e(zzt_;je
Al 3.065 6.87
25 A A2 3.072 6.89 3.068 6.88
A3 3.067 6.88
B1 6.235 13.98
5.0 B B2 6.158 13.81 6.168 13.83
B3 6.11 13.70
C1 9.168 20.56
75 c c2 9.193 20,62 9.177 20.58
C3 9.17 20.56
D1 10.802 24.22
10.0 D D2 10.65 23.88 10.687 23.97

D3 10.608 23.79
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3. Corrosion morphology
3.1. Corrosion morphology scanning

A three-dimensional noncontact surface profiler ST-400 was adopted to
scan the surface morphology of each specimen after removing the rust, as
shown in Fig. 6(a). Round specimens were adopted, and any position in the
gauge length had equal probability of being affected by corrosion, so each test
piece was scanned twice along the axis of the specimen to characterize the
roughness of the corroded specimen. The scanning lines are shown in Fig. 6(b).
For simplicity, only the scanning results of specimens Al, B1, C1, and D1 are
shown in Fig. 7.
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H — Linel
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-

(a) 3D scanner (b) Scanned area

Fig. 6 Morphological scanning of specimens
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Fig. 7 Scanning results of some specimens
3.2. Roughness variation patterns
The surface of the corroded steel was characterized by the arithmetic
average height (R.), root mean square height (R), and maximum height (R,) in

the roughness theory [26]. The specific calculation formulas for each parameter
are shown in Egs. (2)-(4).

R = 12001 )

R =t [ 'Z2(x)dx ©)

0

R, =R, +R, O

where Z(x) is the scanning surface of the specimen; R, is the maximum
peak height; R, is the maximum valley depth; | is the side length of the
sampling area. Based on the scanning results, R, Rq, and R, were calculated and
recorded in Table 3.
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Table 3
Values of R, R, and R, of the specimens
Specimens Ra (mm) Rq (mm) Rz (mm)

0.075 0.09 0.371
Al

0.060 0.074 0.399

0.078 0.09 0.447
A2

0.075 0.085 0.371

0.074 0.089 0.421
A3

0.071 0.081 0.385

0.105 0.122 0.49
B1

0.084 0.106 0.606

0.097 0.117 0.582
B2

0.085 0.098 0.631

0.098 0.119 0.553
B3

0.083 0.103 0.622

0.145 0.193 1.173
c1

0.144 0.186 0.965

0.154 0.187 0.859
c2

0.161 0.208 1.232

0.157 0.191 0.925
c3

0.163 0.211 1.383

0.229 0.269 1.04
D1

0.187 0.249 1.859

0.192 0.253 1.706
D2

0.174 0.201 1.245

0.181 0.225 1.556
D3

0.232 0.27 1.704

The average mass loss and surface parameters of each group are shown in
Table 4. The results of the average mass loss and surface parameters were fitted,
as shown in Fig. 8.

Table 4
Average mass loss and average surface parameters
Groups w (%) Ra (mm) Rg(mm) R, (mm)
6.88 0.072 0.085 0.399
B 13.83 0.092 0.111 0.581
c 20.58 0.154 0.196 1.090
D 23.97 0.199 0.245 1518
0% R, =0.0077w+0.0031 1 02 R, =0.0096w+0.0015 b
0.20 - 0.20
E 015 | E 015
& 0.10 - € 0.10
005 0.05
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Fig. 8 Relationship between surface parameters and mass loss
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Fig. 8 shows that the arithmetic average height (R,), root mean square
height (Rg), and maximum height (R,) of the one-dimensional roughness
parameters of the corroded steel surface are linearly related to the mass loss and
satisfied in Egs. (5)-(7).

R, =0.0077w+0.0031 ©)
R, =0.0096w +0.0015 ©6)
R, =0.0592w—0.0544 @)

4. Mechanical behaviour tests under monotonic tensile loading
4.1. Mechanical behaviour tests

A monotonic tensile loading test was performed on all corroded steel
specimens, as shown in Fig. 9. The tensile test was controlled by the strain. The
strain loading rate was 0.00025/s according to GB/T228.1-2010, which was
0.75 mm/min.

Fig. 9 Tensile test
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Fig. 10 Stress—strain curves of corroded steel

In this study, nominal stresses were adopted, and the ratio of the magnitude
of the actual load to the initial cross-sectional area of the specimen was adopted
to obtain the stress value. The stress—strain curves of specimens with different
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corrosion degrees were obtained by tensile tests, as shown in Fig. 10. The
mechanical behaviour parameters of the individual specimens obtained from
the tests were sorted out, and the results are shown in Table 5, where Fy is the
yield capacity of the specimen, Fy is the ultimate capacity, f, is the yield stress,
fu is the tensile stress, &, is the fracture strain, and E is the elastic modulus.

The influence of different corrosion degrees on the mechanical properties
of Q355B steel was compared and analysed. From Table. 5, the mechanical
properties of corroded specimens declined to varying degrees compared to
those of uncorroded specimens, with a maximum reduction of 38.6% in yield
strength, 44.0% in ultimate strength, and 52.4% in fracture strain when the
degree of corrosion reaches 23.97%, which indicates that corrosion
significantly affects the mechanical properties of Q355B structural steel.
Interestingly, the nominal stress—strain curves of Groups A and B presented a
similar behaviour to the uncorroded specimens, which contained an evident
yield plateau. However, with the increase in corrosion damage, the yield
plateau continued fading away, and no yield plateau was found in the stress—
strain curves of the specimens in Groups C and D.

Table 5
Mechanical properties of corroded steel
Specimens  Fy (kN) Fu (kN) fy (MPa) fu (MPa) &y E (10°MPa)

N 14.67 21.46 381.2 557.7 0.21 2.12
Al 12.79 19.04 332.3 494.7 0.19 1.94
A2 13.10 19.71 340.3 512.2 0.18 2.03
A3 12.94 19.17 336.2 498.1 0.19 1.97
B1 12.07 15.87 313.6 412.3 0.16 2.00
B2 12.51 17.43 325.0 452.8 0.15 1.85
B3 12.37 16.33 3213 424.2 0.16 1.88
C1 10.92 14.64 283.8 380.5 0.15 1.76
Cc2 10.82 15.38 281.2 399.7 0.14 1.75
C3 11.07 15.26 287.6 396.4 0.14 1.77
D1 9.00 12.47 233.9 3239 0.13 1.44
D2 9.29 12.03 2415 3125 0.11 1.49
D3 9.92 12.08 257.8 313.8 0.10 1.50

4.2. Fracture analysis

The strain at break of the uncorroded specimens is nearly 20%, the
section shrinkage is high, and the ductility is good. The tensile process of the
corroded steel specimen is approximately identical to that of the uncorroded
specimen, which follows a tensile-necking-fracture process. Due to the
reduced cross-sectional area of the corroded specimen, necking and fracture
occur at the pitting, and the fracture shows a fibrous shape. The specimen has
no obvious sound at fracture, and the strain is large, so the corroded specimen
was still determined to be a ductile fracture.

According to the metal inspection method of microstructure,
metallographic specimens were cut out of the fractured specimens with a line
cutting machine and polished. The specimens were subjected to microscopic
observation of the metallographic organization using a Leica metallographic
microscope, which magnified the specimens 1000 times, and the
metallographic organization of the fractured specimens is shown in Fig. 11.

(d)C1
Fig. 11 Metallographic organization diagram
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From Fig. 11, both uncorroded and corroded specimens are composed of
white pre-eutectic ferrite and grey - black pearlite. The tissue distribution of
uncorroded and corroded specimens reflects that ferrite and pearlite have
identical distribution characteristics: ferrite and pearlite are distributed in
strips, and the interface between pearlite and ferrite is obvious, which
indicates that corrosion does not affect the tissue structure of steel, and the
decrease in mechanical properties of corroded steel is mainly due to the stress
concentration caused by the uneven corrosion. The existence of corrosion pits
makes the specimens discontinuous. Under the action of axial tensile force,
the stress concentrations occurred near corrosion pits, which caused unequal
tensile stresses and increased the local strain rate in the corrosion pits. The
presence of corrosion pits can easily cause the steel to be in a more brittle
state, which causes the formation and progressive development of microcracks
around the pits and ultimately deteriorates the mechanical properties of the
steel.

4.3. Degradation law of mechanical properties
The mechanical behaviour of the corroded Q355B structural steel was

analysed. The average values for each group of specimens are shown in Table
6.

Table 6
Average mechanical properties of corroded steel
Groups fy (MPa) fu (MPa) &y E (10°MPa)

N 381.2 557.7 0.21 2.12
A 336.3 501.7 0.19 1.98
B 320.0 429.8 0.16 1.91
C 284.2 392.2 0.14 1.76
D 244.4 316.7 0.11 1.48

The yield strength of corroded steel is recorded as f,', the ultimate
strength is f,, the strain at fracture is &', and the modulus of elasticity is E".
The ratio of the mechanical properties of corroded Q355B structural steel to
the initial uncorroded state is shown in Table 7 and Fig. 12.

Table 7
Ratio of the mechanical properties of corroded steel to its initial state
Groups f,' 1y fu'lfy &u'/ey E'/E
A 0.88 0.90 0.89 0.93
B 0.84 0.77 0.75 0.90
c 0.75 0.70 0.68 0.83
D 0.64 0.57 0.54 0.70
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Fig. 12 Changes in the mechanical properties of corroded steel

Fig. 12 shows that the yield strength, ultimate strength, fracture strain,
and elastic modulus of the steel decrease when the mass loss increases, and
the following equations are fulfilled:
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f// f,=1-0.01350w ®)
f// f, =1-0.01646W ©)
& 1, =1-0.01765w (10)
E'/E=1-0.01015w 11

5. Modelling methods based on surface morphology
5.1. Modelling process based on surface morphology

The existing numerical modelling methods for corroded steel have two
problems: it is completely based on measured data, and the corrosion pit is
simplified to a circular or oval shape, which ignores the overall morphology
of the corroded surface.

In this study, the surface of corroded steel is considered a
two-dimensional random rough surface, as shown in Fig. 13, where the shaded
areas represent the corrosion part, and the blue region is the steel matrix. The
area between the highest and lowest points on the corroded surface is recorded
as S;, the distance from the lowest point on the corroded surface to the
centerline is recorded as b, and the area covered is recorded as S,. The radius
of the specimen in its uncorroded state is recorded as r, and the diameter is
recorded as d.

Fig. 13 Two-dimensional model of corroded steel

The Monte Carlo method was used to generate a one-dimensional
randomly rough surface corresponding to the mass loss. In this paper, the
length (L) of the generated one-dimensional curve is equal to the effective
length in Fig. 1, which is 60 mm. The interval of adjacent data points is 0.01
mm, i.e., each model contains 6000 data points. Next, the distance from the
lowest point of the corroded surface to the centreline was calculated. Finally,
the obtained one-dimensional rough surface was combined with other surfaces
to produce a corroded steel model, as shown in Fig. 14.

)
)

,—
w
M=
>
>
0N
=
=)

Mass loss w

=
[ Calculation parameter b

2D random surface

Fig. 14 Flowcharts of modelling methods

For a one-dimensional randomly rough surface, a one-dimensional rough
surface sample [27] with length L and data point N is generated by Eq. (12).
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1 N/2

f(xn)zf

L j-on

F(k;)e"" (12)

where x,=n. Ax is the nth sample point on the rough surface, and F(k;) and
f(xn) are called Fourier transform pairs and defined as:

F(kj)z[zm_s(kj)}vz‘{[N(0,1)+iN(0,1)]/\/§ j#0,N/2 12

N(0,1) j=0,N/2

S(k;) is the power spectral density of the rough surface; N(0,1) is the
random number of a normal distribution with mean 0 and variance 1; J is the
height of the root mean square; | is the correlation length.

The power spectrum [28] corresponding to the one-dimensional Gaussian
rough surface is:

S(k) = jJI; exp[_kﬂrI j (14)

When generating a one-dimensional randomly rough surface with the
Monte Carlo method, the root mean square height (6) and associated length (1)
were involved, Rq was calculated using Eq. (6), and R, was calculated using
Eq. (7) with 0=Rq and 1=0.5R,.

According to Fig. 13, in the simplified model of steel after corrosion, S,
and S; are calculated as follows:

s, :iAx f(x,) (15)
S,=L-b (16)

Based on Eq. (15) and Eq. (16), the mass loss (w) can be expressed as:

—1.5%% 4000 7)
r-L

The formula of b is:

r-L~(1—W)—iAx~ f(x,)
- Ll:l

b (18)

The calculation was performed in MATLAB software using the loop
command to generate the one-dimensional random curve, and the value of R,
calculated by Eq. (5) was used as a criterion for determination. When the
mean square height of the generated curve satisfies the condition, the
generated curve was output, and the loop stopped. The one-dimensional
roughness curve corresponding to the specimens in the accelerated corrosion
test obtained by the above method is shown in Fig. 15.

0,

02

W

E o

=
01
02

X (mm)
(a) Curves corresponding to group A
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Fig. 15 One-dimensional random rough curves
5.2. Calculation and analysis of the FE model

After obtaining the random curve of the corroded surface corresponding
to the mass loss, distance b from the lowest point in the corroded surface to
the centerline was calculated using the above algorithm. The FE model
corresponding to the specimen obtained from the accelerated corrosion test is
shown in Fig. 16. The FE models corresponding to the electrolytic corrosion
tests were denoted as FE-A, FE-B, FE-C, and FE-D. The model corresponding
to the uncorroded specimen was recorded as FE-N.

In the FE model, the boundary conditions were fixed on the left side, and
a reference point was established on the right side. This point was coupled
with the right side surface, and displacement was loaded at this point. Taking
the FE-A model as an example, its specific boundary conditions are shown in
Fig. 17.

¥

L

(a) FE-A

<

(b) FE-B

-

(c) FE-C

l

(d) FE-D

<

(e) FE-N
Fig. 16 Two-dimensional FE model of corroded steel

lﬂ

Fixed Coupling

Fig. 17 Schematic boundary conditions

The material constitutive adopted in each FE model was the stress - strain
relationship of steel without corrosion, and the static general analysis step was
used to solve the model. The strain corresponding to the stress was reduced to
85% of the ultimate stress as the fracture strain. The stress - strain curve of
each model is shown in Fig. 18.
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Fig. 18 Stress—Strain Curve of FE Models

5.3. Comparison and validation of results

The stress - strain curves obtained by the finite element models were

compared with the tensile test, as shown in Fig. 19. Fig. 20 shows the
comparison of various mechanical parameters calculated by finite element
with Egs. (8)-(11).
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Fig. 19 Comparison diagram of the stress - strain curve

The comparative diagram shows that the FE model has consistent results
with the experimental test, which indicates that the mechanical behaviour of
the steel calculated by the FE model is consistent with the tensile test and
confirms the feasibility and accuracy of the proposed method based on surface
morphology.
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6. Conclusion

Based on structural steel Q355B, the surface morphology, mechanical
behaviour, and simulation method of corroded structural steel were studied. A
model to calculate the surface morphological parameters of steel with mass
loss was developed. The degradation law of the mechanical behaviour of
corroded steel was obtained. A novel simulation method of corroded steel
based on random rough surface theory was proposed. The main conclusions
are as follows:

(1) As corrosion develops, an uneven corrosion morphology gradually
appears on the steel surface. The arithmetic average height (R,), root mean
square height (Rq), and maximum height (R.) of the corroded steel surface are
linearly related to the mass loss, which increases when the mass loss
increases.

(2) The uneven corrosion morphology may cause concentrated localized
stress, which results in a nonuniform distribution of stresses under axial
tension. When the corrosion degree increases, the yielding platform of the
steel gradually disappears, and the yield strength, ultimate strength, fracture
strain, and elastic modulus of the steel decrease.

(3) By simplifying the corroded steel into a two-dimensional random
rough surface and combining the surface morphology parameters of the
corroded surface, the method based on the random rough surface theory can
be used to establish the FE model corresponding to various corrosion degrees.
The validity of the simulation method was verified by comparing the
simulated results with experimental tests.
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