
EVALUATION OF EXISTING CORROSION MODELS FOR THE 

FLEXURAL BEHAVIOUR ASSESSMENT OF STEEL ELEMENTS 

SUBJECTED TO CYCLIC LOADING 

Amir Houshang Farivar Rad1, José Miguel Castro2 

1 PhD Student 

CONSTRUCT, Faculdade de Engenharia da Universidade do Porto, Portugal 

up202212318@up.pt 

2 Associated Professor 

CONSTRUCT, Faculdade de Engenharia da Universidade do Porto, Portugal 

Miguel.castro@fe.up.pt 

Abstract 

Corrosion significantly impacts the mechanical properties of steel and the thickness of cor-

roded parts of steel sections, affecting existing structures' performance, especially under seis-

mic loading. Various models have been proposed to predict the evolution of steel properties 

under corrosion. This study investigates the sensitivity of the flexural cyclic behaviour of steel 

elements to corrosion, considering various corrosion models. To achieve this, cantilever steel 

elements are modelled in ABAQUS, assuming different levels of corrosion through modification 

of both geometrical and material properties. Cyclic analyses are carried out, followed by a 

characterization of the cyclic behaviour that focuses on strength and deformation-related pa-

rameters. The results obtained provide valuable insights into the influence of corrosion on the 

ductility of steel members, as well as on the reliability of different corrosion models and their 

implications for structural safety evaluations. 
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1 INTRODUCTION 

Corrosion is a natural and significant cause of deterioration of steel structures, affecting life-

time operation. In severe cases like strong earthquakes, it can lead to catastrophic failures, such 

as structural collapse, due to a reduction in load-bearing capacity. Corrosion damage can also 

pose life-threatening risks, making it essential to address for safety, environmental, and eco-

nomic reasons. On the other hand, the structural response to seismic activity is crucial and can-

not be overlooked. To accurately assess the seismic response of a structure while accounting 

for corrosion effects, it is essential first to analyse these effects at the structural element level. 

This involves examining how corrosion alters the steel member's geometry and material prop-

erties. Several experimental studies have investigated the impact of corrosion on structural steel 

materials [1-3]. However, accurately replicating the actual corrosion distribution in simulations 

is highly complex and expensive in terms of time and resources. To address this challenge, 

researchers have introduced the "nominal mechanical property method" [4], which correlates 

geometric loss due to corrosion with material property degradation. This approach enables finite 

element analysis of the seismic performance of corroded structures by adjusting material prop-

erties such as Young modulus and yield strength during pre-processing. Due to its practicality 

and ease of implementation, this method has become the standard approach for evaluating the 

seismic performance of corroded structures. Numerous studies have been conducted on the ma-

terial properties of corroded structural steel, examining the correlation between corrosion indi-

cators (e.g., mass loss, volume loss, and thickness reduction) and mechanical performance 

parameters (e.g., [5, 6]). Researchers have also developed regression models to quantify these 

relationships, as illustrated in Table 1. The authors cited in Table 1 primarily establish correla-

tions between the mechanical properties of corroded steel and the mass loss ratio, which is 

widely recognized as a reliable indicator of corrosion effects. The mass loss ratio is typically 

calculated as follows: 
 

𝐷𝑊 =
𝑚𝑂 − 𝑚𝐶

𝑚𝑂
                                                                 (1) 

 

Where DW is the specimen's mass loss ratio (the average corrosion rate), mO is the initial 

mass of the specimen, and mC is the residual mass of the specimen after conducting the corro-

sion test. 

 
Table 1: Regression models reflect the relationship between corrosion and the monotonic mechanical properties 

of steel  

Reference Model Yield 

Strength 

(fY) 

Elastic 

Modulus 

(ES) 

Tensile 

Strength 

(fU) 

Elongation 

(δ) 

Necking 

Strain 

(εU) 

Failure 

Strain 

(εf) 

Shi et al. [7] ⁕  ⁕ ⁕   

Garbatov et al.  [8] ⁕ ⁕ ⁕ ⁕   

Zheng et al. [9] ⁕ ⁕ ⁕ ⁕   

Shanhua et al. [10] ⁕  ⁕ ⁕   

Sehng & Xia [11] ⁕  ⁕    

Li et al. [12] ⁕  ⁕   ⁕ 

Wang et al. [13] ⁕  ⁕ ⁕   

Bin et al. [14] ⁕ ⁕ ⁕ ⁕   

Shanhua et al. [15] ⁕ ⁕ ⁕   ⁕ 

Jia et al. [16] ⁕  ⁕  ⁕ ⁕ 

Woloszyk et Garbatov [17] ⁕ ⁕ ⁕ ⁕   

Zhang et al. [18] ⁕ ⁕ ⁕ ⁕   

Wang et al. [19] ⁕ ⁕ ⁕  ⁕  

Chen et al. [20] ⁕ ⁕ ⁕  ⁕  

Si et al. [21] ⁕ ⁕ ⁕   ⁕ 
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Jin et al. [22] ⁕ ⁕ ⁕ 

Kong et al. [23] ⁕ ⁕ ⁕ ⁕ ⁕ 

Zhang et al. [24] ⁕ ⁕ ⁕ ⁕ 

Zhang et al. [25] ⁕ ⁕ ⁕ ⁕ 

Wang et al. [26] ⁕ ⁕ ⁕ ⁕ 

Chen et al. [27] ⁕ ⁕ ⁕ ⁕ 

Kong et al. [28] ⁕ ⁕ ⁕ ⁕ 

Xiao et al. [29] ⁕ ⁕ ⁕ 

Xiao et al. [30] ⁕ ⁕ ⁕ 

As presented in Table 1, several researchers have proposed predictive models for the mono-

tonic properties of corroded steel materials. It should be noted that the models listed in Table 1 

are primarily based on mild steel (with only one case involving high-strength steel), and the 

corrosion tests conducted to develop them were mainly based on neutral salt spray, chloride or 

hydrochloric acid/salt environments, and copper accelerated acetate spray (CASS) tests. The 

effect of pitting corrosion is also considered in the models referenced in [11, 17, 22, and 27]. 

This study aims to evaluate the sensitivity of a steel member’s flexural cyclic behaviour to 

the various models available for predicting the impact of corrosion on structural steel. Account-

ing for the cyclic parameters of steel in finite element modelling is essential to analyse the cyclic 

behaviour of steel elements. The critical parameters for steel material modelling, considering 

both isotropic and kinematic hardening, are listed in Table 2. As shown in the table, all of these 

parameters, except density, are affected by corrosive agents. 

Table 2: Effective parameters for the steel material modelling in FE analyses considering combined hardening 

Steel Material Parameter Does it need a 

model (Y/N) 

Is there any 

model? (Y/N) 

Mass density N N 

Young modulus (Es) Y Y 

Poisson’s ratio (ν) Y Y 

Yield strength at plastic strain equal to zero (σ0) Y Y 

Kinematic hardening modulus (Ci) Y N 

The saturation parameter (γi), which is associated with the nonlin-

ear kinematic hardening component (governs the rate at which kin-

ematic hardening reaches saturation). 

Y N 

Equivalent/current yield strength (σeq,y) Y Y 

The asymptotic hardening value (Q∞) represents the maximum in-

crease in yield stress the material can reach after extensive plastic 

deformation (isotropic hardening). 

Y N 

Hardening parameter b is the rate at which the material approaches 

Q∞ with increasing plastic strain. 

Y N 

As shown in Table 1, while some mechanical properties of structural steel have established 

models, key parameters related to cyclic behaviour—such as kinematic hardening modulus, 

saturation parameter, asymptotic hardening value, and hardening parameter—lack suitable 

models for incorporating corrosion effects. Consequently, assumptions must be made to ac-

count for these effects in FE simulations. This fact and the ones mentioned earlier highlight the 

need to develop more reliable models when accounting for corrosion effects on the seismic 

assessment of structures. In other words, there is an obvious need for more experimental studies 

on the corrosion effects on steel plates/members' monotonic and cyclic behaviour with a broader 

range of corrosion rates. However, kinematic hardening influences yield stress by altering the 

material's response to applied stress by translating the yield surface [31, 32]. In contrast, iso-

tropic hardening affects the material's overall strength, including tensile strength, by expanding 

the yield surface and increasing resistance to plastic deformation [31-33]. Therefore, in this 
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work, kinematic and isotropic hardening are assumed to undergo proportional changes due to 

corrosion, similar to yield and tensile strength. Consequently, Equations (2) and (3) apply cor-

rosion effects to isotropic and kinematic hardening, respectively. 

𝑄∞
𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑 = 𝑄∞

𝑢𝑛𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑 × (
𝜎𝑢

𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑

𝜎𝑢
𝑢𝑛𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑)  (2) 

𝐶𝑖
𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑 = 𝐶𝑖

𝑢𝑛𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑 × (
𝜎𝑦

𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑

𝜎𝑦
𝑢𝑛𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑)  (3) 

Since the saturation parameter (γi) and hardening parameter (b) are rate parameters, it is 

assumed that the corrosion will not affect them.  

In this study, a nonlinear model of a steel cantilever beam subjected to cyclic loading has 

been investigated, considering various predictive models of corrosion effects on steel, the as-

sumptions made regarding the cyclic parameters of the steel material, and three different cor-

rosion damage rates. Details of the studied model will be presented in the corresponding section. 

Subsequently, the results of the cyclic analyses are presented and compared, focusing on flex-

ural strength and deformation capacity. Finally, the implications of the findings for structural 

safety assessments and future research directions are discussed. 

2 COMPARISON OF EXISTING PREDICTIVE MODELS FOR CORROSION 

EFFECTS ON STRUCTURAL STEEL PROPERTIES 

As shown in Table 1, various models have been proposed to date for evaluating the effects 

of corrosion on the monotonic mechanical properties of structural steel. Figure 1 illustrates the 

evolution of the monotonic mechanical properties of steel material as a function of the corrosion 

rate, expressed in terms of mass loss. As shown, material properties such as yield strength, 

tensile strength, elongation, and Young modulus decrease as the corrosion rate increases. How-

ever, discrepancies between different models are evident. Additionally, many models have been 

derived based on mass loss ratios lower than 20%, whereas in the current study, a mass loss 

ratio of 30% is also considered. 

(a) 
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(b) 

(c) 
Figure 1: Evolution of monotonic mechanical properties of steel material considering corrosion effects. (a) yield 

strength, (b) tensile strength, and (c) Young modulus. 

3 MODEL DESCRIPTION 

A 3D finite element model was developed using the commercial software ABAQUS® [34] 

to investigate the sensitivity of the flexural cyclic behaviour of steel elements to different pre-

dictive corrosion models. The model represents a cantilever beam, simulating the behaviour of 

a beam segment from one end to the point of inflection, assumed to be at the mid-length of the 

member. The finite element model used in this study is illustrated in Figure 2. To enforce fixed 

boundary conditions, one edge was fully restrained. Cyclic loading was applied to the free edge 

of the beam, which was restrained in the X-X direction to prevent out-of-plane displacements, 

following the experimental setup of D’Aniello et al. [35]. This study adopted the symmetric 

cyclic loading protocol outlined in ANSI/AISC 341-16 [36], illustrated in Figure 3. 

Cyclic loading was applied as end displacements with an amplitude history along the beam’s 

strong (y-y) axis, imposed at reference point RP-2. Both cross-section edges were constrained 
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as rigid bodies to reference points RP-1 and RP-2 to prevent stress concentration. The beam’s 

plates were modelled using quadratic shell elements (S4R), which are well-suited for capturing 

large inelastic deformations and post-buckling behaviour. A highly refined mesh with a 10 mm 

edge size was used, maintaining a consistent mesh density along the entire member length to 

accurately simulate potential lateral and torsional buckling (LTB). Additionally, lateral re-

straints were applied to the flanges to limit excessive LTB. The unbraced length (Lb), defined 

as the distance between lateral restraints, was considered based on ANSI/AISC 341-16 [36] 

using Eq. (4). 

𝐿𝑏 = 0.095𝑖𝑧 (
𝐸

𝐹𝑦
)  (4) 

Where iz is the radius of gyration of the cross-section, E is the Young modulus, and Fy is the 

steel yield stress. Flange and web imperfections were incorporated into the model by consider-

ing the geometrical manufacturing tolerances specified in EN 10034 [37]. Geometrical imper-

fections were explicitly incorporated into the numerical model based on the shape and 

dimensional tolerances specified in the European Standard EN 10034 [37] for I and H beams, 

following the approach used by Elkady and Lignos [38]. As illustrated in Figure 4, flange im-

perfections were modelled using symmetric out-of-squareness deviations from the nominal sec-

tion. The amplitudes assigned were 2% for flange imperfections and 0.4% for web 

imperfections. The 2% value represents the maximum tolerance allowed by EN 10034 [37] for 

sections with a flange width b≥110 mm, while the 0.4% value was determined based on engi-

neering judgment and recommendations found in the literature [38]. Table 3 represents the 

combination of imperfection types and their respective amplitudes. 

Figure 2: Finite element model 

Table 3: Considered imperfections in the modelling 

Imperfection Type K + K’ e 

Flange (symmetric) + Web 2% b 0.4% h 

To accurately simulate the complex cyclic behaviour of the material, a combined nonlinear 

isotropic/kinematic hardening plasticity model, based on Chaboche’s formulation [39], was im-

plemented using the ABAQUS materials library. The mathematical representation of the 
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nonlinear isotropic component is given in Eq. (5), which accounts for the material's cyclic hard-

ening or softening behaviour by expanding or contracting the Mises yield surface. 

Figure 3: Cyclic Loading Protocol (AISC41-16: K2.4b) 

Figure 4: Geometrical imperfections considered in the FE model 

The nonlinear kinematic hardening component models the translation of the yield surface in 

stress space through the backstress vector α. This mechanism enables the representation of 

complex effects such as the Bauschinger effect. The evolution law for the backstress, which 

governs the movement of the Mises yield surface centre, is mathematically expressed in Eq. (6). 

𝑆0 = 𝑆|0 + 𝑄∞ (1 − 𝑒−𝑏𝑒𝑝𝑙
)  (5) 

𝛼̇𝑘 = 𝐶𝑘

 1

𝑆0
(𝑠 − 𝛼)ē̇𝑝𝑙 − 𝑔𝑘𝑎𝑘ē̇𝑝𝑙  (6) 

The cyclic plasticity model was calibrated using cyclic stress-strain data obtained from tests 

conducted under ascending and alternating loading protocols, as reported by Chen et al. [40]. 

The material model parameters for Chinese steel grades Q235c, Q235b, and Q345b, which are 

equivalent to the European steel grades S235 and S355, are calculated based on the steel mate-

rial grade of the references listed in Table 1. The cantilever beam studied has an IPE300 section 

with a 2-meter length and an unbraced length (Lb) of 1.72 meters. The physical test on the 

IPE300 section conducted by D’Aniello et al. [35] was replicated in ABAQUS to validate the 

finite element model developed in this study while considering uncorroded steel material since 

the referenced test was conducted on an uncorroded steel beam. The hardening parameters of 

uncorroded steel grade Q345b were used in the simulation (E=177370 MPa, σ0=280 MPa, 

Q∞=113 MPa, b=1.3, C1=11578 MPa, γ1=182, C2=4350.5 MPa, and γ2=42), because its yield 

strength matches that of the tested specimens. Figure 5a compares the moment-chord rotation 

cyclic curves obtained from the numerical model and the experimental results. As it can be 

observed, the numerical and experimental outcomes demonstrated good agreement. 
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(a) (b) 

Figure 5: Comparison between experimental and numerical results. (a) Moment-Chord Rotation Curve, (b) 

Plastic deformation involving local buckling 

Figure 5b compares the failure modes observed in the experiments and the numerical simu-

lation. The numerical model effectively captured the local buckling patterns, accurately repli-

cating the lateral and torsional buckling exhibited by the IPE300 member. 

Table 4: Simulation cases considered in this study 

Case 

Name 

Corroded Part (in the plastic 

hinge region) 

Corrosion 

Rate (%) 

Section part thickness in 

the corroded region **

Cyclic Hardening 

Tag 

BTF Both flanges 

10% 
tfc = 0.9tfo 

tw remains unchanged 

NDC 

DC 

20% 
tfc = 0.8tfo 

tw remains unchanged 

NDC 

DC 

30% 
tfc = 0.7tfo 

tw remains unchanged 

NDC 

DC 

W Only Web 

10% 
tf remains unchanged

twc = 0.9two

NDC 

DC 

20% 
tf remains unchanged

twc = 0.8two 

NDC 

DC 

30% 
tf remains unchanged

twc = 0.7two 

NDC 

DC 

FS Full Section 

10% 
tfc = 0.9tfo 

twc = 0.9two 

NDC 20% 
tfc = 0.8tfo 

twc = 0.8two 

30% 
tfc = 0.7tfo 

twc = 0.7two 

** tfo and tfc represent the original and corroded flange thicknesses, respectively, while two and twc denote the 

original and corroded web thicknesses. 

This study assumes that corrosion uniformly affects the entire plastic hinge region over a 

length of 1.5db from RP-1 (the fixed end of the cantilever beam), corresponding to 450 mm for 

the studied IPE300 section. It is considered that corrosion reduces the thickness of the flanges, 

web, or entire section's thickness while also modifying the material properties of the corroded 

region. The models presented in Table 1 and Equations 2 and 3 are adopted to update the ma-

terial properties of the steel in the corroded region. Consequently, the corrosion effect on the 

steel beam was applied accordingly, with different thicknesses assigned to corresponding parts 

of the studied beam. Three different corrosion rates are applied to the models, corresponding to 

10%, 20%, and 30% of mass loss in terms of thickness reduction. Additionally, as previously 
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mentioned, kinematic and isotropic hardening are assumed to change proportionally due to cor-

rosion, similar to yield and tensile strength. To account for this, two different conditions are 

considered in the numerical analysis: one where the cyclic hardening parameters are affected 

by corrosion (DC: Degradation of Cyclic hardening parameters) and another where these pa-

rameters remain unchanged, identical to the original steel material (NDC: No Degradation of 

Cyclic hardening parameters). Table 4 presents the different cases analysed in this study. Ac-

cording to Tables 1 and 4, 174 cyclic nonlinear analyses were conducted in ABAQUS® [34] 

using a continuum finite element model capable of accurately simulating steel members' buck-

ling and post-buckling behaviour under cyclic loading. 

4 RESULTS AND DISCUSSION 

As previously stated, this study examines the impact of corrosion on the flexural cyclic be-

haviour of steel beams using existing predictive models in the literature for the evolution of the 

mechanical properties of steel material. Consequently, this section explores the influence of 

corrosion on variations in flexural strength and deformation parameters and the sensitivity of 

these parameters to different predictive models available in the literature. 

Part 3 of Eurocode 8 (EC8-3) [41] defines three performance limit states: Damage Limitation 

(DL), Significant Damage (SD), and Near Collapse (NC). For steel beams, these damage states 

are quantified using the ductility ratio μ=θP/θy, where θP represents the beam's plastic rotation, 

calculated by subtracting the chord rotation at yielding (θy) from the total chord rotation (θ). 

According to the code, for ductility class 1 beams, the plastic rotation limits corresponding to 

DL, SD, and NC are 1θy, 6θy, and 8θy, respectively. 

EC8-3 [41] specifies that at the DL limit state, only minimal plastic deformations are allowed; 

at the SD limit state, beams should develop their full plastic moment without experiencing ge-

ometric instabilities; and at the NC limit state, the member undergoes geometric instabilities 

such as local buckling. However, local buckling can develop under cyclic loading at relatively 

low plastic deformation levels, significantly reducing the interval between DL and SD. In con-

trast, ASCE41-06 [42] allows local buckling of beam elements and severe joint distortion at the 

same plastic rotation levels corresponding to the SD limit state of EC8-3. Several experimental 

studies have shown that flange buckling can occur at an early stage without causing a reduction 

in bending strength (e.g., Zieman [43]). Identifying the onset of local buckling from moment-

rotation hysteresis curves becomes challenging in such cases. This may lead to uncertainty in 

determining the Damage Limitation (DL) and Significant Damage (SD) limits. As a result, de-

fining the rotation at DL is beyond the scope of this study. 

Following commonly adopted definitions in the literature [44, 45], the rotation capacity limit 

at SD is taken as the plastic rotation at the maximum moment (θPmax) obtained from the hyste-

resis curve. Meanwhile, in this work, the rotation at Near Collapse (θP80%) is defined hereafter 

as the rotation at which the bending strength decreases to 80% of the maximum moment in the 

descending slope of the first-cycle envelope. Figure 6 illustrates the performance limits consid-

ered in this study, along with the cyclic moment-rotation curve and the backbone curve. 
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Figure 6: Definition of damage states based on plastic rotation thresholds 

 

Beyond the NC limit, cyclic degradation continues until the member fully collapses. Alt-

hough the rotation at collapse is relevant for collapse analysis, the beam undergoes significant 

plastic deformations at this stage, which can lead to ultra-low cycle fatigue or cracks in con-

nection components—phenomena not accounted for in this study's numerical model. Therefore, 

accurately estimating the rotation at collapse falls outside the scope of this research. A con-

servative approach could be to extrapolate θP80% to zero bending moment, though this does not 

account for residual stabilized hysteresis at large deformations. 

The plastic rotations θPmax and θP80% are calculated using Equations (7) and (8), where θy 

represents the rotation at yielding (𝜃𝑦 =
𝑀𝑦𝐿

3𝐸𝐼
), My is the bending moment at yielding, L is the 

cantilever beam length, E is the Young modulus of steel, and I is the moment of inertia. 
 

𝜃𝑃𝑚𝑎𝑥 = 𝜃𝑚𝑎𝑥 − 𝜃𝑦                                                                (7) 

𝜃𝑃80% = 𝜃80% − 𝜃𝑦                                                                 (8) 
 

Figure 7 illustrates the flexural cyclic behaviour of the analysed steel cantilever beam for 

Q235C steel grade while considering the corresponding predictive models for corrosion effects 

on steel Q235C material, as outlined in Table 1 and the cases listed in Table 4. Additionally, 

these results highlight the point corresponding to the attainment of the NC limit state. As illus-

trated in Figure 7, corrosion considerably decreases the flexural strength of the beam and the 

corresponding rotation capacity within the corroded region, specifically the plastic hinge zone. 

However, a comparison between Figures 7a and 7b reveals that, as anticipated, the flexural 

strength and rotation capacity reduction is more pronounced when corrosion affects the flanges 

than when it is limited to the web. Additionally, Figure 7 highlights how different models for 

incorporating corrosion effects influence the section's flexural strength and rotation capacity. 

Since applying different models can yield varying flexural strengths and rotation capacities for 

the same steel profile, it follows that the strength of a corroded beam is highly dependent on 

the chosen corrosion model. Therefore, the variability and discrepancies among the available 

models in the literature should be carefully accounted for when assessing the flexural cyclic 

behaviour of corroded steel members. For example, when applying a 30% corrosion rate to both 

flanges of the studied IPE300 beam, the minimum reduction in the 0.8Mmax value—representing 

the flexural strength at the NC limit state—is 68.5% based on the corrosion models outlined in 

[10]. In contrast, the maximum reduction reaches 72.1% when using the corrosion models pre-

sented in [9], compared to the uncorroded cantilever steel beam. 
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(a) 

(b) 

(c) 

Figure 7: Backbone curves of the plastic hinge flexural cyclic response of the IPE300 beam, considering the cor-

rosion models outlined in Table 1 for Q235C steel material, and with the NDC condition for cyclic hardening 

parameters: (a) BTF cases, (b) W cases, and (c) FS cases, as described in Table 4. 

Figure 8 summarises the moment-rotation behaviour of the studied IPE300 cantilever beam 

at the NC limit state for all predictive corrosion models listed in Table 1, regardless of the steel 

grades used in this study. Figure 8 shows that, as the corrosion rate of the steel section 
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increases—particularly in the flanges of the studied IPE300, the reduction in the rotational ca-

pacity of the profile also becomes more significant. Although part of the dispersion in the mo-

ment-rotation behaviour of the profile is due to the difference in steel grade used based on the 

models listed in Table 1, as shown in Figure 7 (for one specific steel grade), the model applied 

to account for the corrosion effect on the structural steel significantly influences the dispersion 

of the behaviour for the same profile. This effect should be properly considered in corroded 

steel members' seismic and cyclic analysis. 

(a) (b) 

(c) 

Figure 8: Moment-rotation behaviour of the IPE300 beam at the NC limit state, considering the corrosion mod-

els outlined in Table 1 for Q235C steel material, and with the NDC condition for cyclic hardening parameters: 

(a) BTF cases, (b) W cases, and (c) FS cases, as described in Table 4. 

In the cyclic analysis of steel beams, dissipated energy is a key parameter in assessing struc-

tural performance under repeated loading. It reflects the energy absorbed and dissipated through 

plastic deformations, material hardening, and local instabilities such as buckling [31]. The area 

enclosed by the hysteresis loops in a moment-rotation curve quantifies the dissipated energy, 

with larger loops indicating greater energy dissipation capacity [46]. This ability to dissipate 

energy is critical for evaluating a beam’s resistance to seismic loading, as it directly influences 

structural ductility and stability [47]. However, corrosion and material degradation can signifi-

cantly reduce the energy dissipation capacity of the steel member by weakening the beam’s 

strength and stiffness, potentially leading to premature failure. It also increases plate slender-

ness, increasing the potential for earlier local buckling. Therefore, assessing the dissipated en-

ergy under cyclic loading is essential for understanding a beam’s durability and predicting its 

long-term performance [48]. Figure 9 shows both the total dissipated energy and the energy 

dissipated by the plastic hinge of the studied model up to the NC limit state, considering the 

models presented in [7] that predict the effect of corrosion on structural steel and accounting 
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for the BTF cases outlined in Table 4. As shown in Figure 9, for each level of corrosion, the 

difference between the two NDC and DC conditions is less than 3%. Therefore, although it is 

important to explore the effects of corrosion on the cyclic hardening parameters of steel material, 

the results for the NDC condition are reported in almost all graphs in this study. 

Figure 10 shows the total energy dissipated by the plastic hinge of the studied numerical 

model, considering the predictive models to account for corrosion effects on the Q235C steel 

presented in Table 1 and the NDC condition described in Table 4. The dispersion of results for 

each corrosion level highlights the sensitivity of the structural behaviour to the predictive mod-

els available in the literature. Therefore, as observed for other engineering demand parameters 

of the studied steel beam—such as rotation capacity and flexural strength, using different mod-

els to apply corrosion effects to structural steel can lead to variable results. 

 

 
Figure 9: Comparison of the energy dissipated by the studied model under NDC and DC conditions 

 

   
(a) (b) (c) 

Figure 10: Comparison of the total dissipated energy of the studied model considering the corrosion models out-

lined in Table 1 for Q235C steel material and with the NDC condition for cyclic hardening parameters: (a) BTF 

cases, (b) W cases, and (C) FS cases outlined in Table 4 

 

5 CONCLUSIONS 

Based on the findings of this study, the following conclusions are drawn. 

Effect of Corrosion on Flexural Cyclic Behaviour: This study confirms that corrosion sig-

nificantly impacts the flexural cyclic behaviour of steel elements, mainly by reducing bending 

strength and stiffness as well as rotation and energy dissipation capacities. The results indicate 

that the effect is more pronounced when corrosion affects the flanges than the web of an I-

shaped steel section. Furthermore, considering the corrosion effects on the steel material in 

structural and seismic analyses is essential. Even low levels of corrosion can significantly in-

fluence the seismic behaviour of steel members and structures, potentially leading to unex-

pected failure modes compared to those predicted at the time of design based on the properties 

of the uncorroded section. Besides, the deterioration of cyclic hardening parameters has a minor 
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influence on dissipated energy, suggesting that existing corrosion models may require further 

refinement to capture these effects accurately.  

Variation in Corrosion Models and Structural Behaviour: The findings reveal significant 

variation among predictive models for corrosion effects on structural steel. Different models 

yield notably different values for flexural strength and rotation capacity, indicating that the 

choice of predictive model can substantially impact seismic or cyclic assessments of corroded 

structures. This underscores the need for improved, experimentally validated models for a 

broader range of corrosion conditions. 

Recommendations for Future Research and Structural Safety: Given the observed differ-

ences among existing models and the limited experimental data on the cyclic properties of cor-

roded steel, further research is needed. Experimental validation of corrosion effects at higher 

mass loss ratios is essential for developing more reliable predictive models. Additionally, in-

corporating corrosion effects into seismic safety assessments could enhance structural reliabil-

ity evaluations, particularly for ageing infrastructure in earthquake-prone regions. 
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