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Abstract: Corrosion-induced damage significantly impairs the seismic performance of steel frame columns, leading to an increased vulnerability during earthquake events. To address this issue, a restoring force model was developed to accurately describe the seismic behaviour of corroded steel columns. Low-cycle repeated loading tests were conducted on corroded steel frame columns to evaluate the effects of corrosion and earthquake-induced damage on their seismic performance. The results revealed distinct degradation patterns, which were systematically analyzed. 

A cyclic degradation index was proposed to quantify the impact of corrosion on critical parameters, including yield strength, hardening stiffness, unloading stiffness, and reloading stiffness. This index was incorporated into a damage model, which facilitated the formulation of a comprehensive restoring force model for corroded steel frame columns. 

The developed model was validated through case studies, demonstrating its effectiveness in predicting the seismic response of corroded columns. The findings underscore the importance of considering corrosion damage in the assessment and design of steel frame columns subjected to seismic loading, providing a more accurate and reliable approach for seismic performance evaluation. 
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1 Introduction

Corrosion is one of the primary factors affecting the durability of steel structures. It degrades the mechanical properties of steel, reduces the cross-sectional area of components, and ultimately leads to a significant deterioration in the load-bearing capacity and seismic performance of steel structures [1–5]. Despite many anti-corrosion measures, the aging steel frames exposed in an aggressive corrosion environment still suffer serious corrosion, especially the exterior components [6]. Wang et al. [7] investigated the hysteretic behavior of corroded steel under cyclic loading and ultimately established a plastic constitutive model for corroded steel. The results showed that corrosion reduces the strength, ductility, and hysteretic energy of steel. Wang et al. [8] also studied the seismic performance of corroded steel columns. The results showed that corrosion causes the steel columns to enter various stages prematurely, worsening the buckling deformation range and reducing the load-carrying capacity and energy dissipation. Zhang et al. [9], Zheng et al. [10] and Zhang et al. [11] studied the seismic performance of corroded steel frame columns in marine atmospheric environments. The results showed that corrosion significantly reduces the bending capacity and ductility of the columns, leading to a more severe degradation of strength and stiffness. 

Xu et al. [12] conducted low-cycle fatigue loading tests to study the seismic performance of corroded steel columns. 

The results showed that as the degree of corrosion increases, the deformed area of the flange and web decreases, leading to a reduction in the ultimate bearing capacity and stiffness of the steel columns. 

A restoring force model refers to a model that simplifies the key properties of the restoring force curve obtained from experiments using mathematical methods. 

This model is an essential tool for performing elastic-plastic analysis and dynamic time-history analysis of structures or components [13]. Currently, the research on restoring force models for steel structures or components is well-established [14–18], but studies focusing on the restoring force characteristics of existing or corroded steel structures or components remain scarce. Several studies have examined the restoring force characteristics of corroded steel frame beams in acidic atmospheres and established a hysteresis skeleton curve model [15, 19]. Compared to beams, columns play a more crucial role in the seismic performance of
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steel frame structures. Therefore, it is urgent to establish a restoring force model for steel frame columns that can reflect damage due to corrosion. Zheng et al. [20] investigated the seismic behavior of steel frame columns with varying degrees of corrosion through cyclic loading tests. It was found that the seismic resistance of corroded steel frame columns decreases as the degree of corrosion increases. Moreover, the hysteretic curves and those curves of skeleton, strength degradation, stiffness degradation, and hysteretic energy dissipation of corroded frame columns differ significantly from those of the non-corroded frame. To more accurately describe the seismic behavior of corroded steel frame columns, there is an urgent need for a restoring force model that specifically addresses these structures. This model would help in understanding how corrosion affects the seismic performance of steel columns, including changes in their strength, stiffness, and energy dissipation capabilities. 

In light of this, based on the conclusions drawn from the low-cycle loading tests of steel frame columns with varying degrees of corrosion reported in the study by Zheng et al. [20], the effects of coupled seismic and corrosion damage on the seismic behavior of steel frame columns were considered. This study builds upon the damage index-based restoring force model proposed by Takeda et al. [21]. A method for determining the cyclic degradation index of corroded steel frame columns was developed based on the damage model of such columns. Subsequently, the bilinear restoring force model was refined, leading to the establishment of a restoring force model specifically for corroded steel frame columns. This advancement aims to provide a more precise tool for evaluating the seismic performance of corroded steel structures, taking into account the complex interactions between corrosion and seismic forces. 

2 Experiment Overview of Corroded Steel Frame Columns

Zheng et al. [20] designed 12 steel frame columns, and the design variable of four steel frame columns is the degree of corrosion. The design parameters are shown in Table 1. 

Table 1. Design parameters of steel frame columns

Axial

Corrosion

Corrosion

Specimen Number

Steel Specification

Steel Grade

Compression Ratio

Degree

Time/h

Column-10

HW250×250×9×14

Q235B

0.2

Non-corrosion

0

Column-1

HW250×250×9 14

Q235B

0.2

Slight corrosion

320

Column-2

HW250×250×9

Q235B

0.2

Severe corrosion

960

2.1 Specimen Design

Steel frame columns with HW250×250×9×14 cross-section were designed in the test. In order to ensure the failure of the frame columns during the test, a bottom beam with larger rigidity was made at the bottom of the columns. Q235 steel was used for section steel specimens and steel plates. The section size of the specimens is shown in Figure 1. 

2.2 Accelerated Corrosion Test Plan

In order to obtain the steel frame columns with different corrosion degrees, the columns need to be corroded. 

Due to the long period of the actual atmospheric exposure test, in order to shorten the test time and truly predict the steel corrosion to a certain extent, indoor accelerated corrosion method was used in the test. The acid atmospheric corrosion test of all specimens in this test was conducted in the ZHT / W 2300 climate simulation experiment system, as shown in Figure 2. 

2.2.1 Preparation of the test corrosion solution

(a) 5% neutral sodium chloride (NaCl) solution

NaCl was dissolved in distilled water or deionized water with a temperature of 25℃ ± 2℃ and a conductivity of no more than 20 µs/cm, and prepared into a solution with a concentration of 50 g/L ± 5 g/L. At 25℃, the density range of NaCl solution was 1.029-1.036 g/cm3. 

NaCl solution shall not contain more than 0.001% (mass fraction) of copper and nickel. The content of copper and nickel shall be determined by atomic absorption spectrometry or other methods with the same sensitivity. In addition, NaCl shall not contain more than 0.1% (mass fraction) of sodium iodide or more than 0.5% (mass fraction) of total impurities calculated relative to dry salt. 

If the PH value of the prepared solution at 25℃ ± 2℃ exceeds the range of 6.0∼7.0, the content of impurities in the water shall be detected. 

(b) Acidification

At 25℃ ± 2℃, the PH value of the solution shall be adjusted to 3.5 ± 0.1, and the following reagents shall be added to 10 L 5% neutral NaCl solution: (i) 12 ml nitric acid solution (HNO3, ρ= 1.42 g/cm3); (ii) 17.3 ml sulfuric 145
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acid solution (H2SO4, ρ=1.84 g/cm3); (iii) 10% sodium hydroxide solution (ρ=1.1 g/cm3), and the PH value of the solution shall be adjusted to 3.5 ± 0.1 (about 300 ml sodium hydroxide solution is required). 

(a)

(b)

(c)

(d)

(e)

Figure 1. Sectional dimensions of specimens: (a) specimen elevation; (b) 1-1 profile; (c) 2-2 profile; (d) 3-3

profile; and (e) details of the column base
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2.2.2 Continuity of test

(a) During the whole test period, it is better not to interrupt the test. If the test process needs to be interrupted for sampling inspection, the interruption time shall be as short as possible. 

(b) If the end of the test depends on the time at which corrosion begins, the specimens should be inspected frequently. 

(c) The samples with predetermined test cycle can be inspected by visual inspection regularly, but during the inspection, the sample surface cannot be damaged, and the time and times of unpacking inspection shall be minimized. 

2.2.3 Settling velocity of salt spray

After spraying with 24 hours, the deposition rate of salt spray on each 80 cm2 is l∼2 mL/h. Use of the spray solution should be ceased. 

2.2.4 Test cycle

The corrosion test was repeated for 120 cycles, with 8 hours for each cycle and totally 960 hours. The duration was 2 hours for the acid salt spray, 4 hours for the dry condition, and 2 hours for the wet condition. The specific parameters are shown in Table 2. 

The corrosion process is shown in Figure 3. 

Figure 2. ZHT / W2300 climate simulation system

Figure 3. Specimen corrosion process

Table 2. Parameters of the periodic salt spray composite corrosion test Content

Test Conditions

NaCl solution

5% (mass percentage)

PH value of solution

3.5 ∼ 3.6

Acid salt spray state

Time: 2 h ; spray: 5 min; and interval: 5 min

Moist state

Time: 2 h ; temperature: 50◦C ± 5◦C, and humidity: >95% RH

Drying state

Time: 4 h; temperature: 60◦C ± 5◦C; and humidity: <30% RH

Acid salt spray state→drying state: <30 min

Test state transition interval

Drying state→moist state: <15 min

Moist state→ acid salt spray state: <30 min
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2.3 Loading System

The loading diagram and device of the frame columns in the quasi-static test are shown in Figure 4 and Figure 5. 

The variable amplitude displacement control loading system was adopted in this quasi-static test, and the specific loading process is shown in Figure 6. 

2.4 Test Content and Test Instrument Layout Plan

The test contents of this quasi-static test included horizontal displacement and load of the steel frame column top, and strain of the column base flange and web, etc. Among them, the horizontal displacement and the load of the steel frame column top were output and collected by the displacement load sensor of MTS electro-hydraulic servo actuator. The arrangement of the measuring points and the strain gauges at the flange and the web of the column base is shown in Figure 7. 

Figure 4. Diagram of the test loading device

Figure 5. Actual test loading device
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Figure 6. The variable amplitude displacement control loading process Figure 7. Arrangement diagram of the strain gauge of the columns base web and the flange 3 Damage Model of Corroded Steel Frame Columns

Zheng et al. [22] obtained an earthquake damage model for corroded steel structures by modifying the seismic damage model proposed by Ou et al.:

x

β1



β1

m,η

Eh,η

Dη =

+

(1)

Xu,η

Fy,ηXu,η

where, Dη is the damage value of the steel frame column with a corrosion rate of η; xm,η and Eh,η are the maximum horizontal displacement and the maximum hysteretic energy dissipation of the steel frame column with a corrosion rate of η under earthquake action; and Xu,η and Fy,η are the ultimate horizontal displacement and the yield shear stress of the steel frame column with a corrosion rate of η. The definition and calculation formula of the corrosion rate η of H steel are detailed in the study by Zheng et al. [22]. 

4 Establishment of the Restoring Force Model Considering Damage The damage restoring force model, which has gained recognition and widespread use, is a restoring force model based on a damage index proposed by Takeda et al. [21] in 1978, as illustrated in Figure 8. This model is characterized by the yield point not being constant but decreasing as the damage degree increases, pointing to the latest yield point under reverse loading. This feature allows the model to effectively describe the impact of seismic damage on the seismic performance of structures. 

Using the characteristics of the above-mentioned damage restoring force model for reference, based on the experimental results [20] and the damage model of corroded steel frame structures [21], the bilinear restoring force model was improved from two aspects of skeleton curve and hysteretic rule. Finally, the restoring force model of corroded steel frame columns considering damage was established. 

4.1 Determination of Skeleton Curve

By comparing the skeleton curves of steel frame columns with different corrosion degrees, as shown in Figure 9 [20], it can be observed that while the skeleton curves of corroded and non-corroded components are 149
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similar, the extent of performance degradation under cyclic loading differs, leading to variations in the model parameter values. The differences in the skeleton curve model parameters between corroded and non-corroded components are reflected below. Compared to non-corroded components, the strength and stiffness of corroded components degrade more rapidly under seismic loads. The deformation capacity and the energy dissipation ability of corroded components are reduced. As the degree of corrosion increases, these phenomena become progressively more pronounced. Ultimately, the failure mode of the component shifts from ductile to brittle failure. 

Based on the test skeleton curves, the skeleton curve of corroded steel frame columns was simplified into a bilinear skeleton curve model with a hardening section, as depicted in Figure 10. 

Figure 8. Damage restoring force model

Figure 9. Comparison of skeleton curves of specimens with different corrosion degrees Figure 10. Simplified skeleton curve and characteristic points of corroded steel frame columns 150

The bilinear skeleton curve model with hardening section can be divided as follows: (a) Elastic stage

As can be seen from Figure 9, all specimens have no significant deformation before yielding, they are basically in the elastic stage, and the slope of the loading curve is basically constant. Therefore, the skeleton curve of the steel frame column before yielding can be simplified as the connection line from the coordinate origin to the yield point, that is, the OA straight line segment in Figure 10. The stiffness of this stage is the initial stiffness Ky,η: Ky,η = Py,η/∆y,η

(2)

where, Ky,η is the initial stiffness of the frame column with a corrosion rate of η; Py,η is the yield load of the frame column with a corrosion rate of η; and ∆y,η is the yield displacement of the frame column with a corrosion rate of η. 

(b) Hardening stage

When the specimen is yielding, the specimen appears plastic deformation compared with the initial stiffness, and the stiffness of the specimen is smaller at this time. This stage can be simplified as the connection between the yield point (Py,η, ∆y,η) and the peak load point (Pu,η, ∆u,η), that is, the AB segment in Figure 10. The stiffness of this stage is the hardening stiffness, which is used to describe the tensile toughening effect of the structural member after yielding. The following expression can be obtained between the hardening stiffness and the initial stiffness: Ku,η = αs,ηKy,η

(3)

where, Ku,η is the hardening stiffness of the frame column with a corrosion rate of η; and αS,η is the hardening coefficient of the frame column with a corrosion rate of η. In this study, it is assumed that αS,η=αs, and αs is the hardening coefficient of the non-corroded steel column, with αs=0.025. 

The calculation method for the characteristic points in Formulas (2) and (3) and the skeleton curve in Figure 10

is detailed in the study by Takeda et al. [21]. 

4.2 Simplification of the Hysteretic Curve

Figure 11 shows the hysteresis curves of steel frame columns with different degrees of corrosion. As can be seen from Figure 11, the hysteretic loops of all steel frame columns are basically close to the spindle shape. The hysteretic curves under cyclic horizontal loading are essentially symmetrical and can be basically divided into two parts: the yielding stage and the limit stage. Compared with non-corroded steel frame columns, the hysteretic loops of the corroded ones are flatter, and the energy dissipation capacity is lower. Before yielding, the loading and unloading curves of the specimens are almost close to the straight line, and the slope of the straight line is almost constant. The slopes of the loading and unloading curves are the initial stiffness and the unloading stiffness, with the initial stiffness being basically the same as the unloading stiffness. When the specimens are yielding, the loading and unloading curves of the hysteresis loops have the following characteristics: a) Loading curve: When the specimen is yielding, the slope of the loading curve (i.e., the load stiffness) decreases with the increase of the cycle number and the increase of the displacement amplitude, and the magnitude of the decrease increases gradually. Comparison of the hysteretic curves of specimens with different corrosion degrees shows that the curve slope decreases with the increase of corrosion degree under the same loading cycle times, which indicates that the attenuation rate of the specimen’s stiffness increases with the increase of corrosion degree. 

b) Unloading curve: When the specimen is yielding, the slope of unloading curve (i.e., unloading stiffness of specimen) decreases with the increase of the cycle number and the increase of the displacement amplitude. After complete unloading, there is a residual deformation in the specimen. In the unloading curve of the same direction, the residual deformation after the latter unloading is larger than the residual deformation after the previous unloading. 

Compared to the non-corroded steel column, the residual deformation of corroded steel frame columns is larger. 

According to the characteristics of the hysteretic curves of corroded steel frame columns (Figure 11), the hysteretic curve is simplified, as shown in Figure 12. 

As can be seen from Figure 12, the steel column has undergone three processes throughout the loading and unloading cycle, namely, elastic (0-1, 3-4, 6-7, 9-10), strengthening (1-2, 5-4, 7-8, 10-11), and unloading (2-3, 5-6, 8-9, 11-12). The corresponding stiffness of the above three stages is the initial stiffness (or loading stiffness), hardening stiffness and unloading stiffness. 

As can be seen from the hysteresis curve in Figure 11, with the increase of loading cycle times and the increase of horizontal displacement amplitude, the loading stiffness, hardening stiffness, unloading stiffness, yield load and peak load of the specimens are continuously reduced. Therefore, in order to obtain the complete hysteretic curve of corroded steel frame columns, the degradation of the specimens’ properties should be determined. 
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Figure 11. Hysteretic curves of steel frame columns with different corrosion degrees Figure 12. Simplified hysteretic loops of corroded steel frame columns 4.3 Cyclic Degradation Index

In this study, the cyclic degradation index is used to quantitatively describe the degradation of corroded steel frame columns. 

In establishing the restoring force model of steel reinforced high-strength concrete frame columns, the following cyclic degradation index was put forward based on the damage of specimen [13]:

βi = [∆Di/ (1 − Di−1)]φ

(4)

where, ∆Di is the increment of the damage value of the specimen at the i-th loading cycle; Di−1 is the cumulative damage value of the specimen before the i-th loading cycle; and φ is the correlation coefficient. φ=1.2 was analyzed according to the test results. The cyclic degradation index is used to describe the performance degradation of specimen by using the damage degree of specimen under cyclic loading. At the same time, the influence of loading path on the cyclic degradation index was considered. 

The above cyclic degradation index formula was reformed, and the cyclic degradation index of corroded steel frame columns was obtained:

βi,η = [∆Di,η/ (1 − Di−1,η)]φ

(5)
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where, ∆Di,η is the increment of the damage value of the frame column with a corrosion rate of η at the i-th loading cycle, and its calculation method is shown in Formula (1); Di−1,η is the cumulative damage value of the frame column with a corrosion rate of η before the i-th loading cycle; and φ is the correlation coefficient. φ=1.2 was analyzed according to the test results [21]. 

The value of the cyclic degradation index βi,η was between [0,1], and the value was closer to 1, which indicates that the performance degradation of the frame column is more serious. If βi,η <0 or βi,η >1, it means that the damage value increment of frame column under a certain cyclic loading exceeds the residual damage value, and the frame column is invalid. Therefore, the failure criterion can be expressed as:

∆Di,η > 1 − Di−1,η

(6)

(a) Degradation of the yield load

By observing the hysteretic curves of corroded steel frame columns, it can be seen that the yield load decreases with the increase of loading cyclic number. The degradation law of the yield load is defined as: P ±

= (1 − β

(7)

yi,η

i,η ) P ±

y(i−1),η

where, P ±

is the yielding load of the frame column with a corrosion rate of η at the i-th loading cycle; P ±

yi,η

y(i−1),η

is the yielding load of the frame column with a corrosion rate of η at the (i-1)-th loading cycle; and superscript “±” 

represents the direction of loading, with “+” indicating positive loading and “-” indicating reverse loading. 

(b) Degradation of the hardening stiffness

Like the yield load, the hardening stiffness of the specimens also decreases with the increase of loading cyclic number, and the degradation law of the hardening stiffness is defined as: K±

= (1 − β

(8)

ui,η

i,η ) K ±

u(i−1),η

where, K±

is the hardening stiffness of the frame column with a corrosion rate of η at the i-th loading cycle; and ui,η

K±

is the hardening stiffness of the frame column with a corrosion rate of η at the (i-1)-th loading cycle. 

u(i−1),η

(c) Degradation of the unloading stiffness

The experimental results show that the unloading stiffness of corroded steel frame columns has no obvious degradation at the elastic stage, and the value is basically the same as the initial stiffness Ky,η. However, when the horizontal load reaches the yield load and the structure is in an elastic-plastic state, the unloading stiffness of the frame column decreases with the increase of loading cyclic number, and its degradation law can be described by the following formula:

K±

= (1 − β

(9)

di,η

i,η ) K ±

d(i−1),η

where, K±

is the unloading stiffness of the frame column with a corrosion rate of η at the i-th loading cycle; and di,η

K±

is the unloading stiffness of the frame column with a corrosion rate of η at the (i-1)-th loading cycle. 

d(i−1),η

(d) Degradation of reloading stiffness

From the hysteresis curve of Figure 11, it can be seen that the slope of forward unloading is consistent with that of the reverse reloading stiffness in any complete hysteresis loop in the whole loading cycle. The forward loading stiffness of the i-th cycle is approximately the same as the slope of the reverse unloading stiffness of the (i-1)-th cycle. Therefore, the degradation law of the reloading stiffness is expressed by the following formulas: K−

= K+

(10)

ri,η

di,η

K+

= K−

(11)

ri,η

d(i−1),η

where, K±

is the reloading stiffness of the frame column with a corrosion rate of η at the i-th loading cycle. 

ri,η
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4.4 Hysteresis Rule

Through the description of the degradation law of corroded steel frame columns, the restoring force model of corroded steel frame columns based on damage was obtained, as shown in Figure 12. 

The hysteretic rule of corroded steel frame columns is as follows: (a) The loading and unloading of corroded steel frame columns are carried out along the elastic section of the skeleton curve (i.e., 0-1 stage in Figure 12) before yielding. 

(b) The first loading cycle of corroded steel frame columns after yielding is presented below. The loading stiffness of the 0-1 stage is taken as the loading stiffness at the elastic stage during forward loading, and the corresponding load value at point 1 and the hardening stiffness of the 1-2 stage, respectively, take the corresponding yield load and hardening stiffness of the specimen when it is first yielding. When unloading, the unloading stiffness of the 2-3

stage is the same as the loading stiffness of the 0-1 stage. In reverse loading, according to Formula (10), the reverse loading stiffness of the 3-4 stage is the same as the unloading stiffness of the 2-3 stage, and the yield load value of point 4 is the same as the loading value of point 1. However, the direction is opposite. The hardening stiffness of the 4-5 section is the same as that of the 1-2 section. In the reverse unloading stage, the unloading stiffness of the 5-6

stage is equal to the unloading stiffness of the 2-3 stage. 

(c) The second loading cycle after yielding is presented below. According to Formula (11), the loading stiffness of the 6-7 stage is the same as that of the 5-6 unloading stage in the previous cycle loading. The damage model proposed by Karina et al. [2] was used to calculate the damage value increment ∆Di−1 of the previous loading cycle and the damage increment ∆Di of this loading cycle. The corresponding degradation index βi,η was calculated by Formula (5). The yield load at points 7 and 10, the hardening stiffness of 7-8 and 10-11 stages, and the unloading stiffness of 8-9 and 11-12 stages were calculated by Formulas (7), (8) and (9), respectively. 

The loading cycle of the 3rd, 4th, . . . , n-th after yielding is the same as that of the second after yielding. When the maximum horizontal bearing capacity of the specimen drops to 0.85 times the ultimate bearing capacity, the loading is stopped. 

5 Validation of the Restoring Force Model

The restoring force model of corroded steel frame columns was validated by using the ABAQUS software. 

5.1 Material Parameters

According to the actual experimental requirements, the Q235B steel grade was selected. A bilinear hardening model was used as the material constitutive model for the steel used in the structural model, as shown in Figure 13. 

The material parameters for the uncorroded steel are listed in Table 3, where the density is 7850 kg/m3, the Poisson’s ratio is 0.3, and the tensile strength is 460 MPa. 

Figure 13. Bilinear hardening constitutive model

Table 3. Material properties of steel

Ke/MPa

fy/MPa

n

Column

2.06 × 105

235

0.03
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5.2 Element Meshing

In the process of establishing the specimen model, 3D solid elements with high precision was adopted in this study for elastic-plastic nonlinear analysis. Specifically, modified tetrahedral solid elements (C3D10M) were chosen, and the element shape is shown in Figure 14. This element type is suitable for contact and elastoplastic problems, offering high precision, although it comes with a higher computational cost. It is a commonly used element type for simulating the elastoplastic state of structural members. Ultimately, the element meshing of the test specimens is shown in Figure 15. 

The same loading method was employed in this study for the finite element simulation of the test specimens used in the experimental section of the study by Takeda et al. [21]. 

Figure 14. Schematic diagram of the C3D10M element modelm Figure 15. Meshing of the test specimen
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5.3 Initial Defects of the Specimen

Steel materials may experience certain initial deformations during production and transportation, which can be referred to as initial defects of the steel. To perform more accurate finite element simulations of the test specimens and to accurately model the local yielding deformation of the columns, it is necessary to incorporate defect data into the model. The buckling modes of the model were calculated using the Buckle solver command in ABAQUS, as shown in Figure 16. Then, the *IMPERFECTION keyword was used to add imperfection data to the model. 

(a)

(b)

(c)

Figure 16. Buckling modes of the numerical model of the frame column: (a) first-order buckling mode; (b) second-order buckling mode; and (c) third-order buckling mode

5.4 Definition of the Restoring Force Model

In ABAQUS, a user subroutine (UMAT) written in Fortran was used to implement the mathematical expressions for the restoring force model of corroded steel frame columns. During the simulation, ABAQUS was used to call the user subroutine to compute the stress state at each time step. 

5.5 Finite Element Analysis Results

5.5.1 Failure modes

As shown in Figure 17, the comparison between the failure modes of the test specimens and those from the finite element simulations reveals that the morphologies are essentially consistent. By observing the failure photographs of the specimens and the finite element simulation images, it is evident that both exhibit similar failure patterns. This consistency further demonstrates the scientific validity and reliability of the finite element simulations. 

5.5.2 Hysteresis curve

As shown in Figure 18, the hysteresis curves obtained from ABAQUS finite element simulations were compared with those from actual experimental tests for specimens with different design parameters. 

As shown in Figure 18, the trends of the experimental curves and the finite element numerical simulation curves are largely consistent. Upon comparing the hysteresis curves from the finite element simulations, it is evident that the positive and negative hysteresis loops are symmetric about the origin, whereas the experimental curves exhibit discrepancies. In quasi-static tests, as the number of loading cycles increases, the specimens may gradually develop damage and deformation. These damages and deformations can affect the mechanical behavior of the specimens, leading to asymmetry in the hysteresis loops. For example, plastic deformation in the specimens can lead to different energy dissipation capacities during positive and negative loading. Additionally, friction and slip between the loading device and the specimens can affect the stress state and deformation patterns, further contributing to the asymmetry in the hysteresis loops. The hysteresis rules in the finite element simulations presented in this study consider only the effects of earthquake and corrosion damages on the seismic performance of the components, and do not account for potential asymmetry in the positive and negative loading cycles. 

Table 4 provides the experimental and finite element computed values of characteristic points on the hysteresis curve. From the data in Table 4, it can be seen that the relative error between the computed and experimental values for all characteristic points is less than 6.19%, meeting the precision requirements. 

From Figure 18, it can be seen that the computed hysteresis curves match the experimental results well, indicating that the restoring force model can effectively describe the hysteretic behavior of corroded steel frame columns under cyclic loading. 

From Table 4, it can be observed that the values of the characteristic points on the skeleton curves, calculated using the restoring force model, decrease with increasing corrosion levels. This indicates that the restoring force model established in this study can effectively describe the influence of different corrosion levels on the seismic performance of steel frame columns. 
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(a)

(b)

(c)

Figure 17. Comparison of failure modes between experimental tests and finite element simulations: (a) column 10; (b) column 1; and (c) column 2
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(a)

(b)

(c)

Figure 18. Comparison between calculated hysteresis curves and experimental hysteresis curves: (a) column 10; (b) column 1; and (c) column 2

Table 4. The ratio between the experimental and calculated values of the characteristic points of the skeleton curve Value of Characteristic Points

Fy/kN

∆y/mm

Fu/kN

∆u/mm

Test values

243.31

16.07

259.83

40.06

Column 10

Calculated values

241.05

15.96

257.13

39.55

Relative error /%

-0.929%

-0.685%

-1.039%

-1.273%

Test values

230.92

15.02

249.84

44.85

Column 1

Calculated values

227.49

15.58

246.71

43.54

Relative error /%

-1.485%

3.738%

-1.253%

-2.921%

Test values

218.93

14.06

226.61

40.10

Column 2

Calculated values

215.78

14.93

222.32

41.34

Relative error /%

−1.439%

6.188%

−1.893%

3.092%

6 Conclusions

After analyzing and summarizing the skeleton curves of steel frame columns under different corrosion degrees, a restoring force model for corroded steel frame columns was established in this study. Compared to existing models, the innovation of the proposed restoring force model lies in that it is based on the damage model of corroded steel frames by establishing a cyclic degradation index formula. This formula describes the degradation patterns of yield strength, hardening stiffness, unloading stiffness, and reloading stiffness using the cyclic degradation index. The results from case studies demonstrate that the restoring force model developed in this study can effectively describe the seismic performance of corroded steel frame columns under earthquake loads. 

By investigating the performance degradation patterns of corroded steel frame columns, this study revealed the significant impact of corrosion on the seismic performance of structures. These findings are crucial for engineers 158

involved in seismic design, as they highlight the importance of considering corrosion factors in their designs. 

Engineers can use these insights to implement necessary seismic measures, thereby enhancing the overall seismic capacity of structures. 

The bilinear skeleton curve model and the cyclic degradation index formula developed in this study, which consider corrosion damage, are not only applicable to steel frame columns with specific corrosion degrees but also exhibit broad applicability. By adjusting the parameters in the model, it can be applied to steel frame columns with varying degrees of corrosion and different cross-sectional dimensions and material properties. This provides a powerful tool for evaluating the seismic performance of steel structures in corrosive environments. The research methodology presented in this study is not limited to steel frame columns but can be extended to other types of steel structural components, such as steel beams and joints. Using similar research methods, corrosion damage models can be established for various components, thereby further refining the evaluation system for the seismic performance of steel structures in corrosive environments. 

The limitation of this study lies in the fact that the finite element simulation techniques did not adequately account for factors causing asymmetry in the positive and negative hysteresis loops of steel frame columns. Therefore, improvements to the finite element simulation techniques could consider additional influencing factors, such as non-uniform corrosion distribution and variability in material properties, to further investigate how to enhance the accuracy and reliability of the models. 
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Abstract: Corrosion-induced damage significantly impairs the seismic performance of steel frame columns, leading
to an increased vulnerability during earthquake events. To address this issue, a restoring force model was developed
to accurately describe the seismic behaviour of corroded steel columns. Low-cycle repeated loading tests were
conducted on corroded steel frame columns to evaluate the effects of corrosion and earthquake-induced damage on
their seismic performance. The results revealed distinct degradation patterns, which were systematically analyzed.
A cyclic degradation index was proposed to quantify the impact of corrosion on critical parameters, including yield
strength, hardening stiffness, unloading stiffness, and reloading stiffness. This index was incorporated into a damage
model, which facilitated the formulation of a comprehensive restoring force model for corroded steel frame columns.
The developed model was validated through case studies, demonstrating its effectiveness in predicting the seismic
response of corroded columns. The findings underscore the importance of considering corrosion damage in the
assessment and design of steel frame columns subjected to seismic loading, providing a more accurate and reliable
approach for seismic performance evaluation.

Keywords: Corroded steel frame columns; Restoring force model; Seismic and corrosion coupling damage: Skeleton
curve; Hysteresis rule

1 Introduction

Corrosion is one of the primary factors affecting the durability of steel structures. It degrades the mechanical
properties of steel, reduces the cross-sectional area of components, and ultimately leads to a significant deterioration
in the load-bearing capacity and seismic performance of steel structures [1-5]. Despite many anti-corrosion
measures, the aging steel frames exposed in an aggressive corrosion environment still suffer serious corrosion,
especially the exterior components [6]. Wang et al. [7] investigated the hysteretic behavior of corroded steel under
cyclic loading and ultimately established a plastic constitutive model for corroded steel. The results showed that
corrosion reduces the strength, ductility, and hysteretic energy of steel. Wang et al. [8] also studied the seismic
performance of corroded steel columns. The results showed that corrosion causes the steel columns to enter various
stages prematurely, worsening the buckling deformation range and reducing the load-carrying capacity and energy
dissipation. Zhang et al. [9], Zheng et al. [10] and Zhang et al. [11] studied the seismic performance of corroded
steel frame columns in marine atmospheric environments. The results showed that corrosion significantly reduces
the bending capacity and ductility of the columns, leading to a more severe degradation of strength and stiffness.
Xu et al. [12] conducted low-cycle fatigue loading tests to study the seismic performance of corroded steel columns.
The results showed that as the degree of corrosion increases, the deformed area of the flange and web decreases,
leading to a reduction in the ultimate bearing capacity and stiffness of the steel columns.

A restoring force model refers to a model that simplifies the key properties of the restoring force curve obtained
from experiments using mathematical methods. This model is an essential tool for performing elastic-plastic
analysis and dynamic time-history analysis of structures or components [13]. Currently, the research on restoring
force models for steel structures or components is well-established [ 14-18], but studies focusing on the restoring force
characteristics of existing or corroded steel structures or components remain scarce. Several studies have examined
the restoring force characteristics of corroded steel frame beams in acidic atmospheres and established a hysteresis
skeleton curve model [15, 19]. Compared to beams, columns play a more crucial role in the seismic performance of
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