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This study simplifies the uniaxial tensile stress-strain curve of weathering
steel and establishes degradation expressions for key mechanical properties,
including elastic modulus, yield strength, ultimate tensile strength, fracture
strength, and their corresponding strains, under single-side and double-sided
corrosion, using mass loss rate and average corrosion depth as variables.
Based on prior research, mathematical fitting was applied to the hardening and
necking segments of the curve. Two constitutive models for SPA-H weathering
steel under coupled corrosion were proposed, incorporating mass loss rate
or average corrosion depth as the damage parameter. The models were
validated against experimental data from this study, existing literature, and
finite element simulations. Error analysis showed that the model based on
average corrosion depth achieved higher accuracy than that based on mass
loss rate. Reliability analysis further confirmed that both models are applicable
when the design partial safety factor is >1.0. Moreover, a novel finite element
method was developed by integrating the uniform corrosion approach with the
equivalent material property method. Implemented in ABAQUS, this method
effectively reproduced the uniaxial tensile behavior of all corroded specimens,
demonstrating its feasibility and potential for engineering applications.

weathering steel, corrosion, mechanical properties, constitutive models, finite element
analysis

1 Introduction

Corrosion is a global issue that has been continuously addressed but remains unresolved
and is a significant challenge that humanity must overcome on the path to a sustainable
society (Bender et al., 2022). Corrosion causes an annual direct economic loss of up to
US$276 billion in the United States, accounting for 3.1% of its gross domestic product
(GDP) (Bender et al., 2022). Similar studies conducted in countries such as China,
Japan, the United Kingdom, and Venezuela have reported comparable or even higher cost
estimates, leading to a projected global direct economic loss from corrosion exceeding
US$1.8 trillion annually (Bender et al., 2022). Corrosion poses a significant challenge
to the sustainable development of steel structures. In China, protective coatings are the
primary but costly method of corrosion control. A 2002 survey reported that coatings
accounted for 75.63% (151.84 billion RMB) of the total direct corrosion cost, with an
estimated 75 billion RMB spent in the construction sector alone (Hou et al., 2017). By
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2014, the cost had risen sharply to 703.78 billion RMB (Ma et al.,
2021), highlighting the heavy financial burden. In contrast,
weathering steel offers a more sustainable alternative, with
advantages such as durability, low maintenance, cost-efficiency,
aesthetic appeal, and design flexibility (https://luxunique.
co.uk/benefits-of-cortensteel/?srsltid=AfmBOorrBTGesA22ITFiV
gewNm5paXiRPHKPktfgO8riEmIrIfUKKvVt).

Weathering steel, also known as Corten steel in America
(Raja et al,, 2021), Q355NH steel in China (GB50017, 2017),
and SPA-H steel in Japan (JIS, 2010), is widely used in bridges
(Krivy et al, 2016), buildings (Hopkin et al, 2018), towers
(Kfivy et al., 2022), and other outdoor infrastructure, such as
outdoor sculptures (Mabry, 2016) and other landscapes (Shi, 2019).
The mechanical strength of these three typical structural weathering
steels is very similar, but there are still certain differences in
their chemical compositions, which affect their corrosion resistance
(Wang et al., 2013; Xin-liang et al., 2012). The steel’s ability to form
a protective rust layer in response to atmospheric conditions is key
to its longevity and minimal maintenance requirements. However,
this protective mechanism is influenced by various environmental
factors, including the coupling of process-induced and atmospheric
corrosion (Morcillo et al., 2013; Morcillo et al., 2019). Unfortunately,
current research focused on the corrosion of weathering steel under
a single atmospheric or specific chemical environment (Han et al.,
2024; Guo et al., 2020; Guo et al., 2019).

Developing constitutive models for structural steels, considering
the material behavior after corrosion, is crucial for accurately
predicting their mechanical behavior under different environments,
optimizing structural design, and ensuring structural safety.
Research on the constitutive model of ordinary carbon or
alloy steel has been relatively thorough (Kim et al, 2013;
Kweon et al., 2018; Zhang et al., 2022), but there is limited study
on weathering steel after corrosion (Han et al., 2024). Existing
studies focused on constitutive models under a single corrosion
environment (Han et al., 2024; Guo et al., 2019; Guo et al., 2024;
Jiang et al., 2024; Nie et al., 2019) without addressing dual or multiple
corrosion coupling. As a result, current models fail to fully account
for the cumulative effects of numerous corrosion factors, leading to
inaccuracies in predicting the mechanical properties of materials in
complex corrosive environments and thus failing to meet the needs
of practical engineering applications.

As mentioned, weathering steel is widely used in outdoor
sculptures and landscape structures, with SPA-H being the primary
material in China. Initially imported from Japan, domestic
production now fully complies with JIS G 3125 (JIS, 2010).
Studies confirmed its excellent corrosion resistance (Wang et al.,
2013). For aesthetic and artistic purposes, to enhance texture
and creative effects and achieve the desired surface color effect
of weathering steel, weathering steel typically undergoes chemical
solution corrosion (CSC) in the shortest possible time after rust
removal. According to the construction process, the anti-corrosion
layer formed on the weathering steel surface must be removed
before CSC, followed by short-term chemical corrosion and long-
term atmospheric corrosion (AC). This makes the study of the
mechanical performance degradation and constitutive model of
SPA-H weathering steel under the continuous effects of CSC and
subsequent AC highly valuable. Developing a constitutive model
for SPA-H weathering steel subjected to coupled corrosion is
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necessary to analyze complexly shaped weathering steel structures
using numerical methods and better assess their load-bearing
capacity. The author investigated the corrosion behavior and
mechanical performance degradation of SPA-H weathering steel
under the coupled effects of CSC and AC simulated by copper-
accelerated acetic acid-salt spray testing (CASS) (Lu et al,
2024) but did not address its constitutive model. Based on the
previous research (Lu et al., 2024), this paper develops a novel
constitutive model for weathering steel under the coupled effects of
CSC and CASS using mathematical regression methods. It validates
the model’s reliability through tests and an innovative finite element
analysis method.

2 Brief overview of coupled corrosion
experiments and results

2.1 Coupled corrosion experiments

Ref. (Lu et al., 2024). described the entire coupled corrosion
experiment process and the surface morphology of the corroded
specimens. Therefore, this paper only briefly overviews the
corrosion experiment.

SPA-H weathering steel plate (3 mm thickness) was hot-rolled
from China Yanshan Iron and Steel Group Co., Ltd. The steel has
a minimum yield strength of 355 MPa, ultimate tensile strength of
490 MPa, and elongation of 22%. Copper-accelerated acetic acid-salt
spray testing (CASS) was used to simulate atmospheric corrosion.
A total of 24 specimens were tested, including non-corrosion,
single-side CSC, double-side CSC, single-side coupled corrosion
(CSC + CASS) specimens, and double-side coupled corrosion (CSC
+ CASS) specimens, as shown in Table 1. Specimens were wire-
cut along the rolling direction, with corroded and uncorroded
areas defined (Figure 1). The setups for single-side and double-side
corrosion consider the real conditions that structural plates may
encounter in practice.

Commercial rusting and rust-fixing agents were used for CSC
(Lu et al., 2024). Specimens were cleaned, sprayed with a rusting
agent, water-sprayed for 3 days, and finally coated with a rust-fixing
agent. The CSC lasted 96 h, changing the steel color from initial
dark gray to final reddish-brown (Lu et al., 2024). CASS followed
ISO 9227:2022 (ISO 9227, 2022) and used a salt solution (50 g/L
NaCl) with added CuCl,-2H,0 (0.26 g/L). Specimens were exposed
to alternating dry/wet cycles at 50°C, with sampling intervals at 120,
360, 720, and 1,200 h.

According to Ref. 26, The corrosion initially transitions from
reddish-brown to black-brown, creating an uneven surface with
protrusions and hollows. A clearly defined boundary with a step-
like morphology between the corroded and uncorroded regions
is readily visible to the naked eye. White light interferometry
(WLI) analysis further confirms that the bottom surface of
double-side corroded specimens exhibits more pronounced pitting
characteristics, with fewer but deeper corrosion pits and higher
surface roughness than the top surface (Lu et al., 2024).

The experimental results (Lu et al., 2024) indicated that
SPA-H weathering steel underwent significant degradation under
coupled corrosion (CSC + CASS). Corrosion depth and pit
density increased over time, with the bottom surface experiencing
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TABLE 1 Specimens and corrosion conditions.

10.3389/fmats.2025.1612013

Types of corrosion | Corrosion mode  Specimen group | Cycle/times | Corrosion time/h Number of
specimens
Non-corrosion W-0-X 0 0 2
csC $-0-X 0 0 3
$-120-X 5 120 2
Single-side corrosion
$-360-X 15 360 2
CSC + CASS
$-720-X 30 720 2
S-1200-X 50 1,200 2
csC D-0-X 0 0 3
D-120-X 5 120 2
Double-side corrosion D-360-X 15 360 2
CSC + CASS
D-720-X 30 720 2
D-1200-X 50 1,200 2

"Note: X is the specimen number in a specimen group. X is 1, 2, or 1, 2, and 3.

g0 sl e s e

Corrosion area

| 95 L 80 L 95 |

270

(a) Detailed dimensions of a specimen

FIGURE 1

Dimensions of a specimen (Unit: mm). (a) Detailed dimensions of a specimen (b) Corrosion area of a specimen.

(b) Corrosion area of a specimen

more severe damage, characterized by larger and deeper pits and
extensive black-brown corrosion spots covering over 50% of the
area after 1,200 h. This degradation leads to noticeable thickness
reduction.

2.2 Corrosion model

The corrosion model is generally established in two forms of
corrosion rate: mass loss rate (1) and average corrosion depth
(d). The study presents two corrosion models, using mass loss
rate (1) and average corrosion depth (d) as variables, respectively,
and names them Corrosion Model 1 and Corrosion Model 2 to
support the development of corresponding constitutive models.
The model function is obtained by fitting experimental data using
Origin software. The first term of these corrosion models represents
the corrosion rate (mass loss rate or average corrosion depth)
during the CSC stage, while the second term corresponds to the
corrosion rate during the CASS stage. The binomial expression
effectively captures the effects of different corrosion test methods
(CSC or CSC + CASS) and corrosion time.

Frontiers in Materials 03

2.2.1 Corrosion model 1

Based on Ref. (Lu et al., 2024), Corrosion Model 1 is proposed
using power functions to fit the experimental data. As shown in
Equations 1, 2.

Single-side corrosion,

1 = 0.475 +0.035561°7°%72 R? = 0.99 (1)
Double-side corrosion,
1= 0.832 +0.039941°7867> R* = 0.99 (2)

7 is the mass loss rate (%), and t is the corrosion time (h).

2.2.2 Corrosion model 2

The Corrosion Model 2 is given as follows, referring to the form
of Model 1, as shown in Equations 3, 4.

Single-side corrosion,

d=0.011+0.8117%7%27 R? = 0.99 (3)
Double-side corrosion,

d=0.011+0.49504t*7°°7 R? = 0.99 (4)
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FIGURE 2

Axial stress Vs. Axial strain (Lu et al., 2024). (a) Single-side specimens (b) Double-side specimens.

d is the average corrosion depth (mm), and ¢ is the
corrosion time (h).

2.3 Mechanical properties after corrosion

Figure 2 shows the stress-strain curves for uncorroded
and corroded specimens. Each curve features elastic stages,
a yielding plateau, stress hardening, and a downward phase.
Comparing Figures 2a,b, it is observed that corrosion reduced yield
strength, ultimate tensile strength, and final elongation. Double-
side corroded specimens exhibit significantly lower yield strength,
ultimate tensile strength, and elongation than single-side corroded
specimens because double-side corrosion more severely weakens
the specimen’s thickness (cross-sectional area).

3 Key parameters of a typical
stress-strain curve

3.1 Typical stress-strain curve

The typical stress-strain curve of weathering steel represents
the relationship between stress and strain during deformation,
consisting of several key stages. Initially, the curve is linear in the
elastic region, and the material returns to its original shape when
the stress is removed. As the material reaches the yield platform, it
begins to deform plastically, meaning it will not return to its original
shape. In the plastic region, the material undergoes permanent
deformation as stress increases. The ultimate tensile strength (UTS)
is the maximum stress the material can withstand before necking
begins. Finally, during the necking and fracture stages, the material’s
cross-sectional area decreases after reaching the UTS, leading to
fracture. Therefore, the true stress-strain curve of weathering steel
shown in Figure 2 can be simplified into Figure 3, which enables
the extraction of key mechanical properties, including yield strength
(fy), ultimate tensile strength (), fracture strength (fp), as well as
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FIGURE 3
Mechanical properties obtained in
stress-strain curve (Guo et al.,, 2024).

strains such as ultimate strain (¢, ), fracture strain (¢;), and hardening
point strain (g,), along with the elasticity modulus (E). These
properties are essential for comparing mechanical performance and
developing constitutive relationships. For the corroded steel, key
mechanical properties (shown in Figure 3) must be those with
degraded performance after corrosion (Lu et al., 2024).

The key parameter data for the uncorroded specimens obtained
from Figure 2 are shown in Table 2. The subscript “0” represents
the data for uncorroded specimens. These key data fully comply
with JIS G 3125 (JIS, 2010), which requires a minimal yield
strength of 355 MPa and a minimal UTS of 490 MPa. Its mechanical
performance indicators are also essentially consistent with the
Chinese standards GB/T4171-2008 ().

3.2 The degradation expressions of key
mechanical parameters based on corrosion
model 1

3.2.1 Single-side corrosion

f, = f,0(1-0.01271),R* = 0.953 (5)
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TABLE 2 The mechanical properties of uncorroded SPA-H weathering steel.

398.82 0.001927 0.01757 535.05 0.14419 418.13 0.20432 208,008
E = E;(1-0.009357),R? = 0.999 (6) fo = fio(1—0.59872d),R* = 0.978 (23)
fu= fuo(1-0.01387),R? = 0.917 7) fm fip(1-0.428864),d < 0.119,R* = 0.998 1)
=
f1(0.21864%65797), d > 0.119,R* = 0.988

fio(1—0.014857 +0.002424%%), 1 < 5.193,R* = 0.920
fe= (8) gy = £,0(1-0.05127d - 1.38564"), R* = 0.892 (25)
fro(2.88561706%598) 1y > 5.193,R* = 0.978

&y = £,0(1 - 0.00161% - 0.000687° ), R* = 0.889 ) &, = £no(1 - 0.66022d),R* = 0.965 (26)
&, = &0(1 = 0.022367),R? = 0.964 (10) &, = £,0(1 —0.801235d - 17.58721d%),R* = 0.976  (27)
| - 0.038567),R = 0.978 () eqp(1-0.3913d +10.091d% - 110.374d° ), d < 0.119,R* = 0.992 (28)
= -0. ,R*=0. & = _
.= €uol g T e (0.1084°1901%%),4 > 0.119,R? = 0.962
[ #r0(1-0.008377+0.0050977 - 0.00130717% ), 7 < 5.193,R* = 0.913
| en(4.6747709% ), 2 5.193,R? = 0.982
(12)  3.3.2 Double-side corrosion
f, = f,o(1-1.05756d),R* = 0.943 (29)
3.2.2 Double-side corrosion
E = Ey(1-2.25691d), R* = 0.999 (30)
fy= fo(l= 0.01353%),R* = 0.955 (13)
fu = foo(1—1.4869d + 3.2683d%),R* = 0.999 (31)
E = Ey(1-0.008547),R* = 0.999 (14)
fi= f(1-0.5672d - 0.9349564%),R* = 0.999 (32)
fu = fuo(1-0.01353%),R* = 0.941 (15)
&y = £,0(1-1.2216d - 2.8075d"), R* = 0.908 (33)
fi = f(1-0.0086747),R* = 0.927 (16)
&, = £no(1 - 1.18611d),R? = 0.985 (34)
&, = £,9(1-0.001777 - 0.000454°), R* = 0.906 (17)
&, = £40(1 — 1.68542d),R? = 0.972 (35)
&, = &1 —0.017467), R? = 0.986 (18)
{ eqp(1-0.32772d - 48.8473d% +396.3914° ), d < 0.105,R? = 0.999
&= -1.3882 2 _
e, = .0(1— 0.02137), R = 0.972 (19) £1(0.038763d13%2), d > 0.105,R? = 0.989

(36)

[ £(1-0.0045437 - 00078817 +0.0008197° ), 1 < 8.249,R* = 0.932

= . B . .
f { r0(17.06277240152), 1y > 8 249, R? = 0,972 Equations 5-36 are derived through data fitting and

(20 are commonly used in corrosion studies (Guo et al, 2024;
Jia et al., 2018; Xu et al., 2016). These expressions demonstrate the
degradation of weathering steel material performance parameters

33 The deg radation expressions of k ey as the corrosion rate increases, with clear physical significance.

mechanical parameters based on corrosion

model 2 4 Constitutive model development

3.3.1 Single-side corrosion and validation

4.1 Form of the constitutive model
£, = f,0(1-0.552652d), R* = 0.883 (21)

The challenge in establishing the constitutive model is accurately
E = E)(1-0.4083d),R* = 0.999 (22)  describing the third and fourth segments (Figure3), which
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correspond to the plastic hardening and necking stages. Guo et al.
(Guo etal., 2024) compared the constitutive model proposed in Ref.
(Nie et al., 2019). with the one based on Ref. (Esmaeily and Xiao,
2005). and concluded that the model proposed in Ref. (Nie et al.,
2019). better reflects the constitutive behavior of weathering steel
and low-alloy steel after corrosion. However, the constitutive models
presented in Refs. (Guo et al, 2024). and (Nie et al, 2019) do
not ensure the continuity of the piecewise strain function at
the boundaries, particularly at the critical strain points (e, and
&,) shown in Figure 3.
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Drawing on the form of the model proposed by Ref. (Nie et al.,
2019). and considering the boundary values of strain to ensure
the smooth continuity of the curve, the modified constitutive
relationship for weathering steel under coupled corrosion applicable
to this study is shown in Equation (37). The meanings of the
variables in Equation (37) are shown in Figure 3.

Parameters m,; and m, represent the hardening and necking
segments, respectively. A larger m, results in a greater stress
increase per unit strain, which enhances the residual strength after
yielding. A larger m, leads to a faster stress drop, reducing necking
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(i) D-1200

deformation capacity and accelerating fracture. The material stress
and strain parameters in Equation 37 are shown in Figure 3, which
can be calculated using Equations 5-36 with either the mass
loss rate (1) or the average corrosion depth (d) as the variable.
Therefore, parameters m,; and m, can also be expressed in terms
of the mass loss rate or the average corrosion depth based on

different Corrosion Models 1 or 2.
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4.2 Constitutive model 1— the constitutive
model expressed with mass loss rate (n)

A constitutive model incorporating the mass loss rate (1) as a
variable revealed that the parameters m; and m, apply to single-
sided and double-sided corrosion specimens, as shown in Equation
38. Accordingly, a unified constitutive model based on # is proposed,
where 7 is expressed as a percentage (%).

Ee (0 <e< ey)

fy (£y§£< sh)

Stress - g, — & \ 2999005508y
for (£ 2= (e <e<c,)
eu_ e ! 4.687¢"01171
fi- U =2) (s <<
' (38)

4.3 Constitutive model 2— the constitutive
model expressed with average corrosion
depth (d)

Using the same approach, the constitutive model expressed in
average corrosion depth (d) is formulated as shown in Equation 39.
The unit of average corrosion depth (d) is millimeters (mm).

Ee (0Se<ey)
fy (syS£<sh)

_ £, — & 29995508
Stress = fo+ (fy - fu)< p— ) (en<e<e,) (39)
- £u 4'68783.117d
fu_(fu_ff)<£f_€ > (suS8<sf)

4.4 Constitutive model validation using test
data

To validate the accuracy of the proposed Constitutive Models
1 and 2, stress-strain curves for SPA-H weathering steel were
generated and compared with experimental results, as shown in
Figures 4, 5. The models exhibit good agreement with the test curves
in the elastic stage and demonstrate even better consistency in
the plastic hardening stage (as highlighted in the magnified view).
Furthermore, the differences between single-sided and double-sided
corrosion were assessed by analyzing the stress values at the 1/4, 1/2,
and 3/4 points along the stress-strain curves under various corrosion
rates, as illustrated in Figure 6.

Figures 4-6 show that for single-sided corrosion specimens,
the difference between Constitutive Model 1 and Constitutive
Model 2 is very small, especially in the short-to-medium-term
corrosion stage (corrosion time <720 h). However, for specimens
with a corrosion time of 1,200 h, the absolute deviation (MPa)
of Constitutive Model 1 is more than twice that of Constitutive
Model 2. The difference between the two constitutive models is more
noticeable for double-sided corrosion specimens. Specifically, for
specimens with a corrosion time <720 h, the absolute difference
(MPa) of Constitutive Model 1 is about twice that of Constitutive
Model 2, and for specimens with a corrosion time of 1,200 h, the
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difference is approximately three times larger. Figure 6 shows that
the absolute deviation between most specimens’ constitutive model
and experimental values is mainly between the stress-strain curves’
1/4 point and 1/2 point, just past the yield plateau in Figures 4, 5.

Nevertheless, when the absolute differences are expressed as a
percentage of the total strength, the maximum error for single-sided
corrosion specimens is only 2.76%, while for double-sided corrosion
specimens, it is 4.51%. Both values fall within the acceptable
error margin (5%) for engineering design. Furthermore, Figure 6
illustrates that, regardless of whether the specimen undergoes
single-sided or double-sided corrosion, the absolute deviation
of Constitutive Model 2 varies smoothly without significant
fluctuations.

In summary, both constitutive models accurately reflect the
material properties of SPA-H weathering steel after coupled
corrosion, with Constitutive Model 2, based on average corrosion
thickness, providing a better experimental fit.

4.5 Reliability analysis of constitutive
models

Using all test data and the calculation results of the fitted
formula and following the standard procedure outlined in (EN,
1990, 2005), this study assessed the reliability of the Constitutive
Models 1 and 2. The same methods and parameters specified by
Behzadi Sofiani et al. (Behzadi-Sofiani et al., 2021) were applied. The
reliability analysis results are summarized in Table 3, according to
the requirement of (V;/n [V ) /f,. As shown in Table 3, the fitted and
experimental values for yield strength (f,), ultimate tensile strength
(f,), and fracture strength ( f), under both single-side and double-
side corrosion conditions, were calculated using the Constitutive
Models 1 and Model 2 yield a (V;u /yMl)/ f, ratio (as defined in
the reliability assessment formulas) of less than 1.0. The reliability
analysis indicates that Constitutive Models 1 and 2 proposed in
this study are reliable and applicable when the design partial factor
Yamr = 1.0

4.6 The constitutive model 1 validation
using other experiments

Although Section 4.3 has demonstrated the reliability of the
constitutive model proposed in this study, the reliability and
applicability of the proposed constitutive models may require
further experimental validation due to the limited number
of experimental specimens. ISO 12944-2:2017 (ISO 12944,
2017) determines the classification of atmospheric corrosion
environments without considering the specific medium in the
corrosive environment. It only uses the mass loss and thickness loss
of low-carbon steel during the first year of exposure to determine the
corrosion grade of the environment. This approach led the authors to
hypothesize that although the corrosion products of weathering steel
may differ in different corrosive environments and the effects on its
microstructure may vary, the degradation patterns of macroscopic
mechanical strength based on the same corrosion rate variable may
be similar, or even the same.
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Difference analysis of Constitutive Model 1 and Constitutive Model 2. (a) Single-side corrosion (b) Double-side corrosion.
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TABLE 3 Reliability analysis results of the proposed Constitutive Models 1 and 2.

Types of corrosion

fy 3.33 0.9986 0.0001400 0.0001558 1.0025 1.0025 1.03 0.9733
Single-side fu 3.33 0.9981 0.0000946 0.0001037 1.0028 1.0028 1.03 0.9736
f 3.33 0.9881 0.0004020 0.0004016 0.9836 0.9836 1.03 0.9550
Model 1
fy 3.33 0.9942 0.0002180 0.0002352 1.0065 1.0065 1.03 0.9772
Double-side fu 3.33 0.9917 0.0002980 0.0003073 1.0079 1.0079 1.03 0.9785
fi 3.33 1.0013 0.0000655 0.0000795 1.0011 1.0011 1.03 0.9719
fy 3.33 0.9980 0.0001280 0.0001438 1.0027 1.0027 1.03 0.9735
Single-side fu 3.33 0.9972 0.0000847 0.0000937 1.0032 1.0032 1.03 0.9739
f 3.33 1.0019 0.0000065 0.0000154 0.9726 0.9726 1.03 0.9442
Model 2
fy 3.33 0.9941 0.0002080 0.0002255 1.0065 1.0065 1.03 0.9772
Double-side fu 3.33 0.9947 0.0001810 0.0001912 1.0162 1.0162 1.03 0.9866
f 3.33 1.0004 0.0000578 0.0000715 0.9989 0.9989 1.03 0.9698

Although the corrosion study of weathering steel has been a
hot topic, experimental data on the degradation of mechanical
properties after corrosion remains very limited. In order to explore
the feasibility of this hypothesis and to validate the reliability
of the constitutive model proposed in this study, corrosion test
data of Q355NH weathering steel (Guo et al, 2024), which
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has mechanical properties similar to those of SPA-H weathering
steel in this study, were selected for comparison. Since Ref.
(Guo et al,,
the constitutive model, the comparison was conducted using
Constitutive Model 1. Additionally, since Ref. (Guo et al., 2024).
only provided the yield strength (f,) and ultimate tensile strength

2024). only used the mass loss rate to construct
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TABLE 4 Comparison of Model 1 with the experimental stress results from Ref (Guo et al., 2024).

Corrosion days f,"/MPa f,/MPa fMIE,T f,'/MPa f,"/MPa e
5 2.96 461.97 462.49 1.00 531.47 535.76 1.01
10 3.81 460.06 456.95 0.99 533.79 529.34 0.99
20 8.45 429.07 426.71 0.99 496.60 494.30 1.00
30 9.20 417.89 421.82 1.01 480.48 488.64 1.02
40 11.35 406.78 407.80 1.00 462.98 472.40 1.02
50 11.28 411.51 408.26 0.99 477.39 472.93 0.99
60 14.42 407.61 387.79 0.95 479.32 449.22 0.94
70 13.78 397.33 391.96 0.99 467.01 454.05 0.97
80 16.28 378.78 375.67 0.99 437.57 435.18 0.99
90 13.81 395.83 391.77 0.99 460.48 453.83 0.99
100 18.54 325.10 360.93 L11 422.98 418.11 0.99
110 20.21 341.60 350.05 1.02 390.39 405.50 1.04
120 20.44 340.75 348.55 1.02 396.23 403.76 1.02
130 19.57 348.44 354.22 1.02 410.82 410.33 1.00
140 26.13 335.64 311.46 0.93 375.28 360.80 0.96
150 24.24 321.17 323.78 1.01 365.88 375.07 1.03
160 24.13 292.93 324.50 111 344.24 375.90 1.09
170 28.08 284.33 298.75 1.05 345.00 346.07 1.00
180 2531 308.20 316.80 1.03 361.32 366.99 1.02
Mean 1.01 1.00
Standard deviation 0.04 0.03
Ccov 0.04 0.03

According to Ref. [Guo et al., 2024], fy, = 481.79 MPa; f,, = 558.11 MPa. The superscript “M” represents the values from Constitutive Model 1, and “I” denotes the experimental values from
Ref. [Guo et al., 2024]. According to the experiments in Ref. [Guo et al., 2024], this study adopts a double-side corrosion model.

(f,) of uncorroded weathering steel, only these two indicators were
compared in Table 4.

The perfect comparison results in Table 4 provide preliminary
confirmation of the author’s hypothesis and the reliability of
Constitutive Model 1 in this study. Further validation of the author’s
assumption can be conducted through more published experimental
data in the future.

5 Finite element validation and
application of constitutive model 2

This study aims to apply the developed material constitutive
model in finite element (FE) analysis to simulate the mechanical
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behavior of corroded structural members numerically. Ideally,
the stochastic corrosion method—accounting for the weakening
effects of randomly distributed corrosion pits on the steel cross-
section—should be used (Gu et al, 2023; Wang et al,, 2024).
However, this method involves a complex computational process
and requires high-precision corrosion surface scanning data,
resulting in low efficiency for engineering design and limited
applicability in commercial FE software.

The most straightforward and widely used numerical analysis
method is the uniform corrosion approach, which assumes
a uniform reduction in the thickness of structural members
(Senevirathna et al, 2023; Shu et al, 2020). However, this
method does not account for the mechanical degradation of
corroded steel or the randomness in corrosion pit distribution.
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Moreover, modeling numerous corrosion pits at the structural
component level is nearly impossible. The equivalent material
property method (Zhang et al., 2024) was proposed to address
these limitations, which converts geometric loss due to corrosion
into equivalent degradation of material properties (Sun, 2015;
Yang, 2015; Zuo, 2017). Modifying parameters such as Young’s
modulus and yield strength enables predicting the mechanical
performance of corroded structures during the preprocessing stage
of finite element (FE) analysis. Due to its simplicity and ease of
implementation, it has become a mainstream approach in corrosion-
related structural research (Zhang et al., 2024). However, it still fails
to account for sectional weakening caused by corrosion.

In reality, corrosion in steel structures leads to both cross-
sectional loss and mechanical property degradation. The former
reduces the effective cross-section, thereby diminishing load-
bearing capacity, while the latter alters the material’s microstructure,
reducing strength and ductility. These two effects jointly
compromise structural safety. From this perspective, the present
study integrates geometric reduction, modeled using the uniform
corrosion method, with mechanical degradation, represented by the
equivalent material property method, in finite element (FE) analysis
to provide a more comprehensive assessment of corrosion effects on
structural performance.

In engineering practice, average corrosion depth is easier
to measure than mass loss, especially for in-service structures.
For practical structural assessments, multiple local de-rusting
points can be selected, and ultrasonic thickness gauges can be
used to measure the residual thickness at various locations,
allowing for calculating average corrosion depth. Therefore, this
study adopts Constitutive Model 2—based on average corrosion
thickness—as the material constitutive model while incorporating
the corresponding geometric reduction. The commercial FE
software ABAQUS 1is used to simulate the tensile behavior
of corroded specimens, thereby validating both the proposed
constitutive model and the integrated numerical method.

5.1 FE modeling

In FE analysis using ABAQUS, after establishing the solid
geometric model of the specimen, the cut function is used to “thin”
the thickness of the corroded area to simulate the reduction in the
specimen’s cross-sectional geometry caused by corrosion.

According to the method in Ref. (Xin and Veljkovic, 2021), the
nominal stress-strain data obtained from Constitutive Model 2 is
first converted into the true stress-strain data required for the finite
element model. Additionally, to simulate specimen fracture at the
necking region, material damage must be configured: select “Ductile
Damage” from the “Material Behaviors” dropdown menu and input
the corresponding “Fracture Strain” value.

In the finite element analysis, to accurately replicate the
monotonic tensile test of the specimen, the gripping sections at both
ends are coupled to reference points RP-1 and RP-2, respectively
(as shown in Figure 7). RP-1 is set as a fixed end with full constraints
(Ul =U2=U3=URI = UR2 = UR3 = 0) to simulate the stationary
grip in the physical test, while RP-2 is assigned as the loading end
(U2 = U3 = URI = UR2 = UR3 = 0), where all constraints are
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FIGURE 7
Boundary conditions, loading, and elements.

maintained except for displacement along the length direction (X-
axis). A displacement load of 20 mm is applied to RP-2 to replicate
the movement of the loading grip in the experiment.

5.2 Mesh sensitivity analysis

In this study, the finite element analysis in ABAQUS adopts the
solid element type C3D8R. Mesh size is a critical factor affecting
the accuracy of numerical analysis and computational cost. A
mesh sensitivity analysis was conducted to balance computational
efficiency and simulation accuracy.

The global mesh size was initially set to 4 mm. For the tensile
section (i.e., the corroded region), local mesh refinement was
performed with 3 mm, 2 mm, 1 mm, and 0.5 mm mesh sizes to
evaluate their influence on the simulation results. Specimen S-
120 was selected as a representative case for the sensitivity study,
and the analysis results are shown in Table 5. M;,. represents the
and e, denote the

size
mesh size in the corroded section, where e,
errors between the numerical and experimental results for yield and

ultimate strength, respectively. The variations in e, and e,, across

n
different mesh sizes are relatively small, with maz(imum errors of
-0.92% and —0.46%, respectively. Based on the results in Table 5, a
mesh size of 1 mm in the corroded region provides a good balance
between accuracy and efficiency.

Therefore, considering all factors, the final mesh strategy used
in this study sets the global mesh size to 4 mm, while the tensile
(corroded) section is locally refined to 1 mm, as shown in Figure 7.

The strain in the real test was calculated based on deformation
measured using extensometers with a 50 mm gauge length.
Reference points RP-3 and RP-4 were symmetrically arranged
to simulate the real test, as shown in Figure 7. The distance is
50 mm between them to obtain displacement for calculating the
deformation and strain.

5.3 FE analysis results and discussions

The stress-strain curve comparisons of selected representative
specimens are shown in Figure 8, where the simulated curves
generally match well with the experimental ones. A comparison of
key material properties obtained from ABAQUS simulations and
experimental results for all specimens is presented in Table 6. The
simulation results of all specimens show that the errors in key
material properties compared to experimental data are all within
+10%, indicating high accuracy and reliability of the proposed
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TABLE 5 The error of the numerical solution at different values of M

size iN the corroded section.

10.3389/fmats.2025.1612013

Mize (Mm) Uncorroded specimen Specimen with uniform corrosion
eyn (%) A ‘ eyp (%)
0.5 396.11 535.65 -0.68 0.11 387.32 518.54 -0.81 -0.43
1 395.96 535.25 -0.72 0.04 387.07 518.51 -0.88 ~0.44
2 395.73 535.30 -0.77 0.05 386.93 518.46 -0.91 ~0.45
3 395.67 535.31 -0.79 0.05 386.91 518.43 -0.92 ~0.46
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FIGURE 8
Comparison of stress-strain curves between ABAQUS and test. (a) S-120. (b) S-1200. (c) D-120. (d) D-1200.

Frontiers in Materials 12

frontiersin.org



https://doi.org/10.3389/fmats.2025.1612013
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org

Nie et al.

TABLE 6 The mechanical properties of ABAQUS and test.

10.3389/fmats.2025.1612013

Specimen Method f,/MPa ’ f,/MPa &

Test 390.54 0.001921 0.01746 520.8 0.14034 413.1 0.20352

$-120 ABAQUS 388.18 0.00207 0.01756 518.52 0.139576 442.25 0.209929
Error/% ~0.60 7.76 0.57 ~0.44 ~0.54 7.06 3.15

Test 382.5 0.001917 0.01649 5114 0.14023 398.01 0.19942

$-360 ABAQUS 380.96 0.002065 0.017687 507.38 0.146825 435.62 0.207911
Error/% ~0.40 7.72 7.26 -0.79 470 9.45 426

Test 365.51 0.001859 0.01622 490.41 0.13424 394.52 0.18603

$-720 ABAQUS 353.1 0.002022 0.016187 471.96 0.130082 411.96 0.187574
Error/% ~3.40 8.77 ~0.20 -3.76 -3.10 442 0.83

Test 362.34 0.001824 0.01363 479.68 0.10721 296.19 0.12046

$-1200 ABAQUS 361.2 0.001749 0.013954 478.85 0.108599 295.42 0.119041
Error/% -031 —4.11 238 -0.17 130 -0.26 ~1.18

Test 378.06 0.001927 0.01733 506.46 0.13938 409.24 0.19273

D-120 ABAQUS 381.01 0.002066 0.018262 509.02 0.147786 43629 0.204192
Error/% 0.78 7.21 5.38 0.51 6.03 6.61 5.95

Test 365.5 0.001872 0.01719 492.1 0.12898 398.71 0.18367

D-360 ABAQUS 363.28 0.001941 0.01781 483.33 0.130221 415.42 0.191963
Error/% ~0.61 3.69 3.61 -1.78 0.96 419 452

Test 359.32 0.001858 0.01574 479.77 0.11832 393.28 0.18097

D-720 ABAQUS 353.74 0.001917 0.016116 471.9 0.125475 405.58 0.190316
Error/% -1.55 3.18 239 ~1.64 6.05 3.13 5.16

Test 340.03 0.001776 0.01385 457.78 0.1092 374.25 0.11673

D-1200 ABAQUS 343.64 0.001854 0.01422 461.78 0.107857 359.73 0.118072
Error/% 1.06 439 2.67 0.87 -123 -3.88 115

constitutive model and finite element analysis method. For stress-
related parameters, the error ranges are —3.40%-1.06% for yield
strength (f;), —3.76%-0.87% for ultimate tensile strength (f,),
and -3.88%-9.45% for fracture strength (f;). For strain-related
parameters, the error ranges are —4.11%-8.77% for yield strain
(ey), —0.20%-7.26% for hardening point strain (e},), —3.10%-6.05%
for ultimate strain (e,), and —1.18%-5.95% for fracture strain ().
Taking the S-720 specimen shown in Figure 9 as an example,
the simulation results indicate that failure occurs when the
fracture strain is reached, with necking observed at the fracture
point, consistent with the experimental failure mode. Overall, the
simulation results show good agreement with the experimental
data, demonstrating high accuracy and stability in both stress and
strain and can accurately predict the mechanical behavior of the
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material from yield to failure. The comparison of stress-strain
curves, strength data, strain data, and failure modes validates the
effectiveness and engineering applicability of Constitutive Model 2
and its FE implementation.

6 Limitations and future perspectives
6.1 Limitations of the current study

Although this study proposes constitutive models and finite
element analysis methods and validates their effectiveness and

accuracy in predicting material mechanical behavior, several
limitations remain. First, the sample size of the test specimens in

13 frontiersin.org


https://doi.org/10.3389/fmats.2025.1612013
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org

Nie et al.

s, Mises |

(Avg: 75%) ‘
+4.948e+02
+4.536e+02
+4.123e+02 =
+3.711e+02
+3.299e+02
+2.886e+02
+2.474e+02
e “
+1.650e+02
+1.237e+02
+8.250e+01
+4.128e+01
+4.692e-02

[ Aeoze? |
X .& ge%:_ Ieza%lodb Abaqus/Explicit 2020 Sat Oct 12 18:35:04 GMT+08:00 2024
Increment  56362: Step Time = 0.6200
(a) ABAQUS simulation failure mode
(b) Tensile test failure modes
FIGURE 9

Failure modes of ABAQUS and test of specimen S-720. (a) ABAQUS
simulation failure mode. (b) Tensile test failure modes.

this study is insufficient, leading to inevitable fitting errors in the
constitutive models. Second, while the finite element model, based
on the combination of uniform corrosion and equivalent material
property methods, effectively simulates the impact of corrosion on
material mechanical performance, it does not fully account for the
random distribution of corrosion pits and their effects on structural
and mechanical properties. Lastly, the current models are primarily
based on simple unidirectional material constitutive relations and
numerical methods. Further research and improvement are required
to address more complex material behaviors, such as seismic and
dynamic loads.

6.2 Future perspectives

1. Future studies could explore more refined and complex
corrosion models, particularly considering the random
distribution of corrosion pits, different corrosive media, and
the impact of multi-factor coupling. Additionally, combining
more experimental data would further improve the accuracy
of the corrosion models and enhance the agreement between
simulation results and actual engineering situations.

2. With advancements in materials science, new constitutive
models should consider the effects of multi-factor coupling
on material properties. Future work could build upon existing
models, incorporating additional mechanical characteristics
and complexities to enhance model adaptability.

3. Future research could validate and optimize the constitutive
models and finite element analysis methods with more
corrosion test data from actual engineering applications.
Combining advanced detection technologies, such as 3D
scanning and ultrasonic testing, would provide more accurate
material performance data, increasing the practical application
value of the research.

. With the development of artificial intelligence and machine
learning technologies, their application could significantly
predict corrosion performance and optimize finite element
analysis models. Data-driven approaches can improve analysis
efficiency and accuracy.
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7 Conclusion

This study developed two constitutive models for SPA-H
weathering steel under the coupled effects of process chemical
solution corrosion and atmospheric corrosion based on coupling
corrosion test data and mathematical regression methods. The main
conclusions are as follows:

1. This study provides degradation expressions for the key
mechanical parameters of SPA-H weathering steel, using
mass loss rate and average corrosion depth as variables
applicable to both single-side and double-side corrosion.
These expressions demonstrate the degradation of material
performance parameters of weathering steel as the corrosion
rate increases, with clear physical significance.

2. Two constitutive models for coupled corrosion of SPA-
H weathering steel were proposed based on mass loss
rate and average corrosion depth, respectively. This study
validated two models through external experimental data
and finite element simulations, showing reliable results and
computational accuracy that meet engineering requirements.
Reliability analysis indicates that the proposed constitutive
models are dependable and applicable when the design partial
safety factor is 1.0 or higher. The constitutive model based
on average corrosion depth is more suitable for finite element
numerical analysis due to its simplicity in operation.

3. The finite element numerical method proposed in this study,
which integrates uniform corrosion (thickness reduction) and
equivalent material property methods (mechanical property
degradation), has been validated through experiments and
proven effective and reliable. It accurately simulates materials’
mechanical performance and failure behavior with promising
engineering applications. This innovative method combines
the simulation of corrosion degradation and mechanical
performance changes, providing a more efficient prediction
tool and offering new insights for the design optimization of
weathering steel with high engineering application potential.
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