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Abstract. Strength degradation of steel structures due to corrosion is a significant durability 
concern globally, particularly in industrial environments where exposure to harsh conditions 
accelerates material deterioration. This study investigates the impact of long-term atmospheric 
corrosion on the mechanical properties and load-bearing capacity of circular hollow section (CHS) 
steel columns. The specimens dismantled from a substation structure exposed to an urban 
industrial environment for 30 years were subjected to tensile and axial compression experiments 
to analyze corrosion-induced deterioration. This research explores the correlation between 
corrosion rate and degradation of mechanical properties, such as yield strength, ultimate strength, 
and elasticity. A novel Corrosion-Mechanical Interaction Model is proposed to predict the 
remaining service life of corroded steel structures by integrating the effects of corrosion on these 
critical properties. Experimental results revealed a significant reduction in yield and ultimate 
strength due to uniform corrosion, with a direct linear relationship between the bearing capacity 
degradation and material loss. This study provides a crucial tool for engineers and infrastructure 
planners in managing the lifecycle of steel structures exposed to harsh environmental conditions. 
Keywords: remaining life, substation structure, uniform corrosion, circular hollow column. 

1. Introduction 

Steel circular hollow columns are extensively utilized in offshore platforms, wind turbine 
towers, and in electrical substation structures due to their high strength, favourable toughness, and 
superior strength-to-weight ratio. However, these structures are particularly vulnerable to 
corrosion, a frequent and inevitable consequence of prolonged exposure to the harsh and corrosive 
conditions inherent to industrial environments [1-4]. The urgency of this problem is magnified in 
the context of developing smart cities, where critical infrastructure is expected to be not only 
resilient but also intelligent and interconnected. The vision of 6G-enabled smart cities involves 
hyper-connected networks of sensors and systems for real-time governance, public safety, and 
resource management [5]. Furthermore, the proliferation of Cyber-Physical Systems (CPS), such 
as intelligent transportation networks, relies on a robust physical framework [6-7]. The structural 
integrity of core components like steel columns in substations and transmission towers is therefore 
foundational; their failure would disrupt not only power but also the digital ecosystems and 
data-driven services that define a modern smart city. 

Under conditions of elevated air humidity and high concentrations of chloride (Cl−) and sulfate 
(SO2) ions, the corrosion rate of structural components accelerates significantly [8]. This 
accelerated corrosion of load-bearing members can lead to a reduction in their mechanical 
properties, posing a serious risk to the structural integrity and safety of structures [9]. Corrosion 
induces material loss, resulting in a reduction in the thickness of structural components, which in 
turn significantly compromises their mechanical properties and diminishes their load-bearing 
capacity [10-13].  

The detrimental impact of corrosion on structural integrity is twofold. Firstly, uniform 
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corrosion leads to a general thinning of the member wall, reducing the cross-sectional area and 
thus the overall load-bearing capacity. Secondly, and often more critically, localized pitting 
corrosion acts as a potent stress concentrator, initiating fatigue cracks that can drastically reduce 
the structure’s fatigue life under cyclic loading, such as that induced by wind vibrations or 
operational stresses [14-15]. While anti-corrosion coatings offer initial protection, they are not 
permanent. Long-term exposure and environmental factors can damage these coatings, allowing 
a water film to form on the steel surface and initiate electrochemical corrosion [16-19]. 

The primary structural components in substation frameworks are steel circular hollow sections 
(CHS) columns [20]. Corrosion significantly reduces their ultimate bearing capacity, thereby 
compromising the overall safety of the steel structures [21-24]. However, analysis of the 
mechanical properties of certain types of CHS columns under specific corrosion modes remains 
limited. A systematic evaluation of the bearing capacity deterioration and performance of corroded 
CHS columns holds substantial scientific and engineering value. The most widely employed 
research method for investigating the correlation between steel corrosion depth, corrosion rate, 
and exposure duration is the natural exposure corrosion test, wherein metal specimens are exposed 
to natural atmospheric conditions. This approach effectively captures the relationship between the 
corrosive environment, exposure duration, and the resulting degree of corrosion, providing 
valuable insights into real-world corrosion behaviour. Larrabee conducted one of the most 
comprehensive atmospheric corrosion rate studies, spanning 15.5 years and involving 270 types 
of engineering steels. The findings demonstrate that the corrosion resistance of high-strength low-
alloy (HSLA) steels is significantly impacted by their chemical composition and the surrounding 
environmental conditions. This suggests that optimizing these factors can substantially enhance 
the durability of HSLA steels [25]. Honglun conducted a 30-year atmospheric exposure study on 
a steel structure, concluding that Q235 steel corrodes more rapidly in outdoor environments 
compared to other steels, primarily due to higher humidity and salt content. Conversely, sheltered 
conditions were found to reduce the corrosion rate, underscoring the critical role of environmental 
factors in determining the corrosion resistance of steel [26]. Wang tested carbon steel and 
low-alloy steel corrosion in urban air for one year. This concludes that low-alloy steels outperform 
carbon steels in resisting atmospheric corrosion due to certain alloying elements. It emphasises 
the need to select suitable steel compositions for specific environmental conditions to enhance 
durability and reduce corrosion-related degradation [27]. Da-Ning tested the influence of a 
corrosive environment on carbon steel corrosion over nine years. The study concludes that long-
term atmospheric corrosion significantly affects the metals in structures, with steel being the most 
susceptible [28]. Although the natural exposure corrosion test has a high accuracy, it is 
time-consuming, and it is not possible to analyse the mechanical properties of a particular 
configuration in a short period. 

Many studies focused on accelerated corrosion and simulated corrosion. Cinitha performed 
axial compression tests on corroded round steel pipe specimens using the accelerated corrosion 
method and found that yield and ultimate strengths were drastically reduced [29]. Wang employed 
machining to manufacture penetrating circular hole flaws on round steel pipes to study the effects 
of evenly distributed and randomly distributed pitting defects on their axial compressive bearing 
capacity [30]. Qu performed local corrosion and axial compression tests on fixed-length round 
steel pipes by outdoor periodic spraying and found that corrosion duration affected ultimate 
bearing capacity more than stiffness [31]. Nazari used a finite element model-based 
semi-empirical formula to predict the relationship between round steel pipe corrosion and axial 
compressive bearing capacity and discussed the variation of bearing capacity degradation when 
the corrosion depth ratio, diameter/thickness ratio, slenderness ratio, and hoop size are changed 
by one variation [32]. Ahn studied the residual bearing capacity of inclined steel pipes with local 
corrosion that was mechanically processed and considered the full and semi-ring corrosion 
conditions [33]. The rectangular corrosion area was tilted 45° to demonstrate the effect of the 
corrosion angle in different environments. Rajabipour examined the size determinants of the 
plastic zone near corrosion holes in a finite element analysis of round steel pipes with pitting and 
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axial compression [34]. Zhang confirmed that a corroded round steel pipe has drastically reduced 
load-carrying capacity [35]. While these studies can provide better insights into the impact of 
corrosion on the structure’s mechanical properties, their lack of natural exposure to corrosion 
prevents them from illustrating the progression of corrosion from mild to severe stages [36-39]. 

Predicting the remaining life of steel transmission towers involves various methodologies that 
assess structural integrity, environmental factors, and material degradation. Peng proposes a fuzzy 
reliability evaluation method that establishes a reduction model for foundation resistance over 
time. This model allows for the determination of remaining service life based on reliability 
thresholds validated through specific engineering cases. Usman presents a method that combines 
condition assessments and corrosion hazard data to predict the remaining life of lattice steel 
towers. Their approach employs a scoring method and survival function analysis, demonstrating 
its applicability in maintenance planning. Ma introduces a regression neural network model for 
online monitoring of insulator deterioration, which indirectly influences the transmission tower’s 
remaining life. This model enhances risk assessment through real-time data analysis.  

Research into corrosion effects has often relied on accelerated testing or simulated corrosion 
(e.g., machined pits) to study capacity degradation. While these methods provide valuable 
insights, they frequently lack the fidelity to replicate the progressive, complex morphology of 
natural corrosion, particularly the stochastic nature of pitting. Furthermore, a significant portion 
of the existing literature and assessment models focus on the residual strength under static loading 
conditions. Many existing models for predicting the remaining life of corroded structures, such as 
those applied to pipelines, are predominantly based on probabilistic methods or stress analysis 
under idealized conditions. These approaches often possess key limitations: They are frequently 
calibrated for uniform corrosion and may neglect the severe, localized stress concentration effects 
of pitting corrosion, which is a dominant failure initiator in many atmospheric exposures. Models 
are often validated under constant-amplitude loading, raising questions about their accuracy and 
conservatism under the complex, dynamic loading spectra (e.g., from wind vibration, seismic 
events, or operational transients) that structures encounter in service. There is a notable scarcity 
of methodologies specifically developed and validated for key structural elements like welded 
joints in CHS columns, which are hotspots for both corrosion and fatigue damage. 

The primary innovation of this study lies in the development of a Corrosion-Mechanical 
Interaction Model that moves beyond conventional geometric-based assessments. While existing 
models, such as the one proposed by Adasooriya and Siriwardane [1] for bridges, often rely on 
probabilistic data or stress concentration factors derived from idealized pit geometries, they 
frequently overlook the direct and measurable degradation of the material’s intrinsic mechanical 
properties (yield strength, ultimate strength) due to long-term corrosion. This paper introduces a 
novel damage factor, the Material Degradation Coefficient (𝛼), which is empirically derived from 
tensile tests on naturally corroded specimens. Our model directly integrates this coefficient to 
predict the time-dependent decay of load-bearing capacity, offering a more physically grounded 
and material-specific approach to remaining life estimation for structural steel components. 

This study aims to bridge these identified gaps by developing a more robust methodology for 
assessing corroded steel CHS columns, with a specific focus on axial load-bearing capacity and 
its implications for remaining service life. The objectives of this paper are threefold: To 
experimentally and numerically investigate the degradation of mechanical properties in CHS 
columns subjected to natural exposure corrosion, explicitly considering the material loss and stress 
concentration effects associated with the resulting corrosion morphology. To develop and validate 
high-fidelity Finite Element (FE) models, calibrated against experimental data from axial loading 
tests, that can accurately simulate the behaviour of corroded members under axial compression. 
To propose and demonstrate a novel, integrated methodology for estimating the remaining service 
life of corroded steel structures. This method moves beyond conventional approaches by 
systematically incorporating the measured reduction in mechanical properties due to actual 
corrosion damage, providing a more physically grounded and reliable prediction tool for 
engineers. By focusing on the axial performance of CHS columns under realistic corrosion 
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damage and linking this directly to a service life estimation framework, this work provides a 
targeted contribution to the assessment and maintenance of critical steel infrastructure. 

2. Experimental program 

2.1. Preparation of specimens 

In this study, eight circular hollow columns were selected, including one intact specimen and 
seven specimens exhibiting varying degrees of corrosion. These columns were extracted from the 
Zhenyang substation. This structure had been subjected to atmospheric corrosion for 30 years, as 
illustrated in Fig. 1. The substation columns were fabricated from Q235 mild steel, a material 
commonly used in construction, with its chemical composition detailed in Table 1. The steel tube 
columns studied in this paper, which had undergone 30 years of corrosion, were all in normal 
service at a substation. The corrosion these columns experienced was primarily uniform 
atmospheric corrosion. Although some localized corrosion was also present, it was generally 
concentrated at the ends of the components. During sampling and test preparation, these end 
sections were typically cut off and removed. Each specimen had a nominal length of 410 mm, an 
external diameter of 100 mm, and a designed thickness of 3 mm; however, the measured thickness 
varied depending on the extent of corrosion. 

 
Fig. 1. Zhenyang 220kV substation’s corroded steel columns 

Table 1. Chemical composition of Q235 steel 
Elements C Mn Si S P O N 
Conc. (%) 0.06 0.35 0.15 0.025 0.02 0.015 0.0015 

Over the decades, environmental factors contributed to the progressive corrosion of the steel 
pipes. The corrosion primarily affected the external surfaces of the pipes, while the internal 
surfaces remained largely intact. The outer surface of the steel pipes exhibited uniform corrosion, 
leading to the formation of a reddish-brown rust layer. This layer, a direct consequence of 
industrial weathering, is indicative of prolonged exposure to aggressive environmental conditions 
typical of industrial regions. 

2.2. Environmental conditions of the substation 

The substation is situated in Yancheng, Jiangsu province, China, an area that has experienced 
substantial environmental and climatic changes over the past 30 years, driven by rapid 
industrialization, urbanization, and changing climate patterns. The substation is likely to 
experience specific challenges due to these environmental factors, particularly concerning 
corrosion. The city has faced challenges with air pollution, including particulate matter (PM2.5 
and PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), and ozone (O3). Studies have shown 
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that pollutant levels generally peak during winter months; the environmental characteristics of 
Yancheng are given in Table 2. Air pollution, primarily from industrial emissions and vehicle 
exhaust, combined with the city’s climatic conditions, leads to occasional severe acid rain. 

Table 2. Weather conditions at the Zhenyang substation location over the last 30 years 
Avg. temp. in 
summer (°C) 

Avg. temp. in 
winter (°C) 

Avg. humidity 
in winter (%) 

Avg. humidity in 
summer (%) 

Avg. rainfall 
(mm) 

Avg. wind speed 
(m/s) 

30 °C-31 °C 3 °C-7 °C 62 %-66 % 80 %-86 % 38 2.8 m/s-3.7 m/s 

2.3. Corrosion rate 

The rust layer on the corroded specimens was dark brownish-yellow, with the outer layer being 
loose and easily peeled off. The zinc anti-corrosive paint on the intact specimens and the rust from 
the corroded specimens were removed following international standards, using a solution 
composed of 50 mL of hydrochloric acid (HCl), 3.5 g of hexamethylenetetramine, and distilled 
water at room temperature. After cleaning, the specimens were dried before measuring the 
thickness loss with a standard ultrasonic thickness gauge.  

This study used a new Single-Point Differential Measurement (SPDM) method to measure the 
average corrosion depth of corroded specimens. The average corrosion depth is calculated by 
directly comparing the initial thickness with the corroded thickness at the key points and averaging 
the results. Compared with traditional thickness measurement methods, the core idea of the SPDM 
is to perform a differential operation between two measurements of the same point under different 
times or conditions, or between a single measurement and a fixed reference value. This approach 
effectively eliminates systematic errors and environmental interference (such as temperature drift 
and zero-point offset), thereby accurately extracting changes or absolute values of the target 
physical quantity. It achieves a good balance between usability and accuracy, making it 
well-suited for rapid and reliable assessment. The average corrosion depth for each specimen was 
determined from ten-point measurements taken across the corroded surface area. Each specimen’s 
average corrosion depth (Dc) is calculated as follows: 

𝐷௖ =  1𝑛  ෍∆𝑇௜௡
௜ୀଵ . (1)

For each point, the local corrosion depth is determined by subtracting the post-exposure 
thickness from the initial thickness: ∆𝑇௜ = 𝑇଴௜ − 𝑇ଵ௜, where 𝑖 represents each measurement point. 
The SPDM technique provides a simple yet effective way to measure the average corrosion depth 
of a specimen. By focusing on a few strategically chosen points and using straight forward 
thickness measurements, this method offers a balance between ease of use and accuracy, making 
it an excellent choice for quick assessments or situations where simplicity is key. 

2.4. Tensile specimens 

For tensile experiments, a total of 16 specimens were prepared from the corroded steel 
columns, the rust was cleared by a physical method. Tensile specimens, including fourteen 
corroded and two uncorroded, were cut into standard samples for tensile testing following 
GB/T228.1-2021. The corroded tensile specimens were directly extracted from the corroded 
column sections of the field-retrieved columns, thus their material degradation reflects authentic 
service conditions. The dimensions of the conventional tensile coupon, 210 mm long, 20 mm 
wide, and thickness varied as per corrosion depth, made of Q235 steel shown in Fig. 2. The 
unidirectional tensile test of the steel specimens was conducted using a 100 kN capacity electronic 
universal testing machine (CMT5105). 

The engineering stress is calculated using the minimum cross-sectional area, which was 
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measured at the fracture location after testing using a digital Vernier calliper, and the 
corresponding minimum cross-sectional area was established. A gauge line was drawn 25 mm 
from the centre point on both sides of the front and back sides of the specimen, and its purpose 
was to obtain the elongation after the break of the specimen by measuring the distance of the gauge 
section again after the tensile test. 

 
Fig. 2. Tensile experiment specimens and testing setup 

A full-scale extensometer with an adjustable gauge length was employed to collect strain 
within the given range of the gauge length of 50 mm. Using the strain rate control test method, the 
tensile test is carried out according to GB/T 228. In this test, the loading rate of the steel before 
yield is 1mm/min, and the loading rate after yield is 5 mm/min. The engineering stress-strain 
values are directly obtained from experiments and then converted to true stress-strain by using: 𝜀௧௥௨௘ = lnሺ1 ൅ 𝜀௘௡௚ሻ, (2)𝜎௧௥௨௘ = 𝜎௘௡௚൫1 ൅ 𝜀௘௡௚൯, (3)

where 𝜎௘௡௚ and 𝜀௘௡௚  is the engineering stress and strain and 𝜎௧௥௨௘ and 𝜀௧௥௨௘ is the true stress and 
strain, respectively. Their assessment is essential for a more thorough evaluation of material 
behaviour. Table 3 lists the calculations of the experimental results, where 𝜎௨ is ultimate strength, 𝜎௬ is yield strength, 𝐸 is Modulus of elasticity, 𝜀௨  is ultimate strain, 𝜀௬  is yield strain and 𝜀௙  is 
fracture strain. 

2.5. Axial loading setup 

The axial loading test was conducted using a 200-ton electro-hydraulic servo-pressure testing 
machine in the structural laboratory of Southeast University. Fig. 3 illustrates the dynamic 
acquisition instrument used, with strain data being collected simultaneously throughout the 
loading process. The strain acquisition was performed using the strain tester TST3826-2, as 
depicted in Fig. 3. Given the symmetrical cross-section of the round steel pipe, the strain gauges 
were arranged based on the principle of uniform symmetry. Specifically, the strain gauges were 
positioned in the upper, middle, and lower sections of the specimen, with the upper and lower 
sections centred 2 cm from each end. To monitor the structural behaviour and detect failure modes, 
the specimens were equipped with eight linear variable differential transducers (LVDTs). Two 
LVDTs were oriented orthogonally to measure both longitudinal and transverse strains, while four 
additional LVDTs were used to gauge axial compressive deformations. This setup ensured 
comprehensive monitoring of the specimen’s responses under axial loading. 

The restraint configuration of the testing machine features a hinged connection at the lower 
end of the loading device, with the vertical loading end fixed at the upper end. The entire loading 
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process was conducted using a hierarchical loading system. The experimental loading mode 
employed force-controlled loading with an initial loading rate of 1 kN/s. During this phase, the 
load-displacement curve was closely monitored. As the curve approached the end of the linear 
elastic region and neared the elastic limit, the loading rate was reduced to 0.5 kN/s to allow for 
more precise control. Loading continued until the specimen exhibited plastic deformation and 
eventual failure, with strain data being collected throughout the process. The field setup for 
loading is depicted in Fig. 3. As shown in the figure, the lower end is connected to the loading 
plate, which in turn is attached to a movable cart. The cart was designed to facilitate specimen 
installation and alignment. During the experiment, however, the cart remained stationary, allowing 
the lower end of the column to be reasonably regarded as fixed. 

 
Fig. 3. Experimental setup for axial loading test 

The steel columns were taken with different corrosion rates, and the localized corrosion ratio 𝐶𝑅௅  calculated as: 𝐶𝑅௅ = 𝑡 − 𝑡௖𝑡  ൈ 100, (4)

where 𝑡௖ is the corrosion-damaged column thickness, as measured by an ultrasonic thickness 
gauge, and 𝑡 is the designed thickness of the column. The load-carrying capacities of the 
experimental and simulated corroded columns were 𝑃ா௫௣ and 𝑃ிாெ, respectively. 

The deterioration ratio 𝛽ா௫௣ of the ultimate strength of the tested specimens is calculated as: 

𝛽ா௫௣ = 𝑃 − 𝑃௖𝑃  ൈ 100, (5)

where 𝑃 and 𝑃௖ are the ultimate load capacity of the intact and corroded columns, respectively. 
For the strain and stress data as well as the related plots, please refer to Section 4.1 of this paper. 

3. Numerical simulation 

Abaqus software utilized to develop a finite element model (FEM) of the circular hollow steel 
columns. The model incorporated encastre boundary conditions, where the lower end of the 
column was fully fixed, and the upper end was restrained in all directions except along the 
longitudinal axis. A displacement-controlled loading approach was employed, dividing the 
compression process into smaller incremental steps to capture the detailed structural response, as 
shown in Fig. 4. The accuracy of the simulation is highly dependent on the mesh arrangement. For 
this study, the element type C3D8R (an 8-node linear brick, reduced integration, hourglass 
control) was selected for modelling the column specimens, providing a good balance between 
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accuracy and computational efficiency. The optimum mesh size 10 mm is selected for column’s, 
as shown in Fig. 4, ensuring that the mesh density was sufficient to capture the local variations in 
geometry and stress concentrations due to corrosion. 

Material properties assigned to the model’s reflected those obtained from the tensile 
experimental tests. The model geometry and dimensions were consistent with those of the physical 
column specimens. After constructing the FEM, simulations were conducted to validate the 
numerical model against experimental data. Nonlinear analysis was performed, which included 
material nonlinearity, large deformations, and contact interactions, to verify the results obtained 
from the corroded column specimens, ensuring the reliability and robustness of the simulation 
approach. 

 
a) Mesh density 

 
b) Boundary conditions 

Fig. 4. Numerical model 

The Finite Element Method (FEM) was selected as the primary comparison and validation tool 
for this study due to its well-established capability in accurately simulating the nonlinear behavior 
of metallic structures, including material plasticity, large deformations, and complex boundary 
conditions. While analytical models for corroded members exist, they often rely on significant 
simplifications regarding corrosion morphology and its effect on stress distribution. The FEM, 
particularly with the C3D8R element chosen for its efficiency in handling contact and plasticity, 
allows for a direct, physics-based replication of the actual corroded geometry and the 
experimentally measured stress-strain response. This makes it a superior benchmark for validating 
our experimental results and for conducting virtual parametric studies that would be prohibitively 
expensive or time-consuming to perform physically. 

4. Mechanical properties degradation 

4.1. Stress-strain curves 

The stress-strain curves of the specimens with varying degrees of corrosion are shown in 
Fig. 5. As the corrosion rate increases, significant changes are observed in the stress-strain 
behaviour. As detailed in Table 3, the ultimate tensile strength, yield strength, and elastic modulus 
of the steel specimens decrease notably with increasing corrosion, primarily due to the thickness 
loss caused by corrosion. Furthermore, the elongation at break decreases sharply as the corrosion 
rate rises, with the values falling below the specification requirements. The strengthening phase 
of the stress-strain curve becomes markedly shorter in corroded specimens compared to 
non-corroded ones, indicating a reduced capacity for plastic deformation. Both ultimate strain and 
yield strain decrease significantly as a result of corrosion. For instance, the TC-7 specimen 
exhibited a 15.08 % reduction in ultimate strength and a 10.45 % reduction in yield strength 
compared to the intact specimen. Additionally, the ultimate strain and fracture strain decreased by 
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30.24 % and 36.21 %, respectively. 
This degradation in mechanical properties is attributed to the combined effects of reduced 

thickness and stress concentrations induced by corrosion-related defects. These defects include 
uneven thickness reduction, enlarged rust pits, and surface roughness, which exacerbate the 
material's vulnerability to failure. As a result, the stress-strain curves of corroded specimens 
display shorter strengthening phases and more pronounced brittle fracture characteristics, leading 
to an earlier onset of plastic damage and reduced overall ductility. 

Table 3. Mechanical properties of Q235 mild steel specimens 
Specimen ID 𝐶𝑅௅  (%) 𝜎௨ (MPa) 𝜎௬ (MPa) 𝐸 (GPa) 𝜀௨ 𝜀௙  

TC-0 0 443.71 312.1 208.155 0.1776 0.3612 
TC-1 2.7 442.54 300.1 202.163 0.1543 0.3584 
TC-2 3.5 434.38 298.3 197.482 0.1460 0.3110 
TC-3 5.2 436.08 290.13 196.424 0.1594 0.2981 
TC-4 7.1 425.19 287.46 198.765 0.1441 0.2675 
TC-5 8.6 412.38 291.4 194.534 0.1370 0.2712 
TC-6 9.5 397.41 283.2 195.462 0.1305 0.2651 
TC-7 12.1 376.80 279.5 192 .664 0.1239 0.2304 

 
Fig. 5. Engineering stress-strain curves of tensile specimens 

4.2. Load-displacement curves 

Experiments were conducted on corroded steel columns to evaluate their performance under 
axial compression. The results revealed that, during the initial loading phase, the 
load-displacement curves of the specimens exhibited a predominantly linear behaviour, with 
minimal surface deformation. However, as the load increased, the columns transitioned into plastic 
deformation, leading to significant distortions at both ends. Upon reaching the ultimate load, 
buckling was consistently observed at the ends of all specimens. The axial load-displacement 
curves, presented in Fig. 6, clearly demonstrate the influence of corrosion on the deformation 
behaviour under axial loading. Corrosion not only reduced the ultimate load capacity but also led 
to shallower slopes in the initial stages of deformation, indicating a decrease in rigidity and 
structural integrity. The presence of corrosion accelerated the onset of plastic deformation and 
reduced the columns load-bearing capacity. While the load-deformation curves for specimens with 
similar corrosion levels exhibited consistent slopes, variations in ultimate load capacity were 
evident due to differences in localized corrosion patterns. 

Corrosion significantly compromised the structural integrity of the circular hollow columns, 
leading to increased axial deformation under compression. As the degree of corrosion intensified, 
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the resulting strain increased, further diminishing the material’s stiffness and ultimate load 
capacity. The maximum load-bearing capacity of each specimen was quantified, and the rate of 
degradation due to corrosion was systematically calculated, highlighting the detrimental impact 
of corrosion on the structural performance of steel columns. 

4.3. Effect of 𝑫/𝒕 ratio caused by corrosion 

The reduction in thickness due to corrosion increases the 𝐷/𝑡 ratio, thereby accelerating the 
decline in compressive strength. The experimental results demonstrated a significant decrease in 
compressive strength with an increasing diameter-to-thickness (𝐷/𝑡) ratio, a critical parameter 
affecting the load-bearing capacity of corroded steel columns. Corrosion intensifies these effects 
by further compromising the structural integrity of the steel columns. As the 𝐷/𝑡 ratio increased, 
the restraint effect weakened, leading to a deterioration in material properties and a subsequent 
reduction in ultimate compressive strength. Specifically, specimens with lower 𝐷/𝑡 ratios 
exhibited outward deformation upon failure, with no noticeable local buckling. In contrast, 
specimens with higher 𝐷/𝑡 ratios showed pronounced local buckling near the points of maximum 
load, reflecting a more brittle failure mode. 

This is evident in the CX-4 specimen, given in Table 4, which had the highest 𝐷/𝑡 ratio of 
36.36 and the lowest ultimate strength of 327.99 kN, representing a 29.99 % reduction compared 
to less corroded specimens. The stress-strain curves for these specimens, as depicted in the results, 
illustrate a steep decline in load-bearing capacity as corrosion progresses, with the curves 
becoming shorter and steeper as the material’s ductility and strength diminish. The presence of 
corrosion not only reduces the ultimate strength but also increases the susceptibility to local 
buckling and other failure mechanisms, particularly in specimens with higher 𝐷/𝑡 ratios. 

Table 4. Column specimen dimensions and Experimental and FEM results 
Specimen 

ID 
𝐷 

(mm) 
𝐿 

(mm) 
𝑡 

(mm) 
𝑡௖ 

(mm) 𝐷/𝑡௖ 𝑃ா௫௣ 
(kN) 

𝑃ிாெ 
(kN) 𝑃ிாெ/𝑃ா௫௣ 𝐶𝑅௅ 

(%) 
𝛽ா௫௣ 
(%) 

CX-0 100 410 3 3 33.33 468.52 477.84 1.02 – – 
CX-1 100 412 3 2.86 34.96 393.89 400.48 1.02 4.67 15.93 
CX-2 100 409 3 2.91 34.36 411.1 416.59 1.01 3.00 12.26 
CX-3 100 413 3 2.83 35.34 380.32 408.11 1.07 5.67 18.83 
CX-4 100 414 3 2.75 36.36 327.99 372.11 1.13 8.33 29.99 
CX-5 100 407 3 2.84 35.21 389.17 390.76 1.00 5.33 16.94 
CX-6 100 409 3 2.82 35.46 329.06 390.63 1.19 6.00 29.77 
CX-7 100 411 3 2.90 34.48 399.80 433.76 1.08 3.33 14.67 

Mean error 1.065  
Standard deviation 0.0670  

95 % confidence interval 1.009,1.121  

4.4. Ultimate strength reduction 

Fig. 6 presents the results of this study, showing a clear reduction in key mechanical 
parameters, yield strength, ultimate strength, elongation, elastic modulus, and ultimate strain of 
Q235 steel as the corrosion rate increases. This decline is consistent with findings from previous 
literature, which attribute the deterioration primarily to a stress concentration around corrosion 
pits. The stress concentration exacerbates the local deformation, leading to a reduction in the 
overall mechanical performance of the steel. 

The malleability of Q235 steel, which is crucial for its structural applications, is particularly 
compromised by these stress concentration effects. The relationship between the mechanical 
properties of Q235 steel and the corrosion rate is depicted in Fig. 7. This figure illustrates a linear 
decrease in the yield strength, ultimate strength, elongation, elastic modulus, and ultimate strain 
of corroded Q235 steel, underscoring the detrimental impact of corrosion on structural stability. 
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As corrosion progresses, the ability of the steel to withstand loads diminishes, leading to a higher 
likelihood of failure under stress, especially in structural applications where these mechanical 
properties are critical. 

 
a) CX-0 

 
b) CX-1 

 
c) CX-2 

 
d) CX-3 

 
e) CX-4 

 
f) CX-5 

 
g) CX-6 

 
h) CX-7 
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Fig. 6. Axial load vs vertical displacement curves of corroded circular steel column specimens 

The results clearly demonstrate that as the corrosion rate increases, key mechanical properties 
including yield strength, ultimate strength, elongation, elastic modulus, and fracture strain exhibit 
a marked decline. This degradation is primarily attributed to stress concentration around corrosion 
pits, which exacerbates the reduction in ductility and overall structural performance of the steel. 
The yield strength, ultimate strength, elongation, elastic modulus, and fracture strain of corroded 
Q235 steel decrease linearly with increasing corrosion rates, indicating a systematic and 
predictable deterioration in mechanical properties. Corrosion-induced defects, such as pitting and 
surface roughness, intensify the stress concentration effects, further weakening the material's 
capacity to withstand applied loads.  

The study also compares the load-vertical displacement curves obtained from finite element 
analysis (FEA) with those from experimental tests. The comparison reveals that the FEA results 
closely match the experimental data in both trend and shape, particularly in the initial stiffness of 
the curves for short columns. For uniformly corroded components, as the corrosion rate increases, 
the initial stiffness of the load-vertical displacement curve decreases, reflecting the diminished 
structural integrity. The average corrosion rate and the coefficient of variation of pitting depth 
emerge as critical factors influencing the load-bearing capacity of uniformly corroded 
components, underscoring the significant impact of corrosion on the mechanical properties and 
ultimate strength of steel columns. 

 
a) Ultimate strength ratio 

 
b) Yield strength ratio 

 
c) Ultimate strain ratio 

 
d) Modulus of elasticity ratio 

Fig. 7. Degradation ratio corrosion rate 

A significant reduction in column thickness due to corrosion was the primary cause of failure 
in all test specimens. Corrosion not only reduced the cross-sectional area but also altered the 
failure modes of the columns. The weakening effect of corrosion on the column ends led to local 
bulging deformation at the edges during testing. At maximum stress, the specimens exhibited 
noticeable bending, with their axes forming a half-sinusoidal shape. As the applied force 
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progressively decreased, the deflection of the specimens increased correspondingly. The 
experimental results indicate that the overall discrepancy between the test data and the finite 
element simulation results was maintained within 5 % for most of the specimens, demonstrating 
the reliability of the simulation model. These findings underscore the critical impact of corrosion 
on structural stability and highlight the importance of accounting for corrosion-induced 
degradation in both experimental and numerical analyses. Fig. 8 illustrates a clear linear 
relationship between the degradation rate of bearing capacity and the weight loss rate of round 
steel under conditions of uniform corrosion.  

 
Fig. 8. Bearing capacity degradation ratio with localized corrosion ratio 

5. Proposed method for remaining life estimation 

5.1. Corrosion-mechanical interaction model 

The Corrosion-Mechanical Interaction Model is an advanced approach for predicting the 
remaining life of steel structures by integrating the effects of corrosion on the material’s 
mechanical properties. This model accounts for how corrosion degrades critical mechanical 
properties such as yield strength, tensile strength, and toughness over time, reducing the 
structure’s ultimate load-carrying capacity. By understanding this interaction, the remaining life 
of corroded steel structures can be calculated more accurately. The primary goal of the Corrosion-
Mechanical Interaction Model is to predict the degradation of a steel structure’s load-bearing 
capacity over time due to corrosion. This model considers the material properties degrade as 
corrosion progresses and how this degradation affects the structure’s ability to withstand applied 
loads. 

Unlike other models that only consider cross-sectional area loss, our approach accounts for the 
deterioration of the steel’s inherent strength. The coefficient α is not a theoretical constant but an 
empirical parameter calibrated from experimental data. It quantifies the rate at which the yield 
strength decays per unit of corrosion rate over time. 

The corrosion rates of the steel tube columns examined in this study exhibited notable 
variations. Some columns corroded more rapidly, while others degraded at a slower pace. These 
differences are likely attributed to their distinct locations and varying service environments. 
Observations indicate that corrosion occurred predominantly in a uniform manner, with localized 
non-uniform corrosion appearing only at a limited number of positions. The material degradation 
function models how the mechanical properties of steel deteriorate over time due to corrosion. 
The function is expressed as: 𝑀ሺ௧ሻ =  𝑀଴ 𝑒ିఈ ൈ஼ோ ൈ௧, (6)

where 𝑀ሺ௧ሻ is yield strength at time 𝑡, 𝑀଴ is yield strength of intact specimen, CR is corrosion rate 
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(mm/year) and 𝛼 is material degradation coefficient, which is derived from empirical data or 
experimental results. The function 𝑒ିఈ ×஼ோ ×௧ represents an exponential decay of the mechanical 
property over time, indicating that as corrosion progresses with a higher CR, the mechanical 
properties degrade more rapidly. The model explicitly incorporates time (𝑡), allowing for the 
prediction of mechanical property degradation at any point during the structure’s service life. The 
value of 𝛼 is crucial and determined from experimental data specific to the type of steel and 
environmental conditions. The degradation of mechanical properties affects the ultimate load 
capacity of the steel structure over time. This is modelled as: 

𝐹(௧) =  𝐹଴ × 𝑀(௧)𝑀଴ , (7)

where 𝐹(௧) is ultimate load capacity at time 𝑡, 𝐹଴ is initial ultimate load capacity before corrosion 
and is calculated as, 𝐹଴ = 𝐹௬𝐴, 𝐹௬ is yield strength, 𝐴 is cross-section area. 

5.2. Remaining life calculation 

The remaining life of the steel structure is estimated by determining when the ultimate load 
capacity 𝐹(௧) falls below a critical threshold 𝐹௖௥௜௧௜௖௔௟. This threshold represents the minimum load 
capacity required for safe operation. The remaining life 𝑡௥௘௠௔௜௡௜௡௚ is calculated using the equation: 

𝑡௥௘௠௔௜௡௜௡௚ = 1𝛼 × 𝐶𝑅 ln ൬ 𝐹଴𝐹௖௥௜௧௜௖௔௟൰. (8)

The remaining life of the substation structure is calculated based on the mechanical properties 
of specimens that are obtained from tensile experiments. These mechanical properties have been 
mentioned in (Table 3). Based on experimental data and the corrosion rate of carbon steel Q235, 
the Corrosion degradation factor 𝛼 is taken as 0.05 per year, which is a critical parameter in the 
Corrosion-Mechanical Interaction Model, representing the rate at which corrosion impacts the 
mechanical properties of steel over time. The remaining service life of the substation steel 
columns, determined using the yield strength of the TC-0 specimen, is estimated to be 33 years. 
To further validate this model, the remaining life was also calculated based on the yield strength 
of the TC-7 specimen, resulting in an estimate of 30 years. The accuracy of the proposed model 
exceeds 95 %. As TC-7 is the most severely corroded specimen and TC-0 represents the new 
(uncorroded) condition, the remaining service life in this study is derived based on the complete 
life cycle from the pristine state (TC-0) to the loss of load-bearing capacity. According to this 
formulation, the more severe the corrosion, the shorter the remaining life and the greater the 
associated estimation error. Consequently, TC-7 exhibits the largest error. This model provides a 
detailed and accurate prediction of the remaining life by considering both the corrosion rate and 
the degradation of mechanical properties. It can be applied to various types of steel structures and 
adjusted for different mechanical properties and environmental conditions. 

Eq. (8) is fundamental in modelling the time-dependent degradation of materials under 
corrosive environments, and it is verified by the plotted curves for different values of 𝛼 on the 
graph. A higher 𝛼 results in a steeper decline in yield strength, meaning the material will lose its 
mechanical properties more quickly under the same corrosive conditions. Conversely, a lower 𝛼 
slows down the degradation process, preserving the material’s strength for a longer period. The 
proposed model offers a more focused and scientifically substantiated approach to understanding 
and predicting the life expectancy of steel structures under corrosive influences. This model’s 
strength lies in its ability to integrate real-world corrosion rates with the resultant mechanical 
degradation, providing a crucial tool for engineers and maintenance planners to manage the 
lifecycle of critical infrastructure. 
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To quantitatively validate the proposed model, its predictions were compared against a 
conventional method that estimates remaining life based solely on cross-sectional area loss. This 
area-loss method assumes that load capacity degrades linearly with thickness reduction. The 
model by Adasooriya and Siriwardane [1] is a notable example for fatigue life assessment of 
corroded bridges. While our focus is on axial capacity, a parallel can be drawn: their model 
incorporates a corrosion fatigue strength reduction factor based on pit depth, whereas our model 
uses the empirically-derived coefficient 𝛼 to account for the broader material degradation. For the 
TC-7 specimen (highest corrosion), the conventional area-loss method predicts a load capacity 
reduction of 12.1 % (equal to the thickness loss). However, our experiments measured an actual 
ultimate strength reduction of 15.08 %. Our proposed model, using the 𝛼 coefficient, accurately 
captured this higher level of degradation (as shown in the accurate life prediction based on TC-7 
data). The conventional method, by ignoring the reduction in material strength, would 
overestimate the remaining load capacity by approximately 3 %. In terms of remaining life, this 
translates to an overestimation of several years, which could have critical implications for 
structural safety. This comparison underscores the conservatism and improved accuracy of the 
proposed Corrosion-Mechanical Interaction Model, as it captures degradation mechanisms that 
pure geometric models miss. 

6. Conclusions 

This study has presented a comprehensive investigation into the deleterious effects of 
long-term atmospheric corrosion on the mechanical performance and residual capacity of Q235 
steel circular hollow section (CHS) columns. The experimental and analytical findings lead to the 
following principal conclusions: 

1) A direct correlation was established between increasing corrosion rates and the progressive 
deterioration of key mechanical properties. The most severely corroded specimen (TC-7) 
exhibited substantial reductions, including a 15.08 % loss in ultimate strength, a 10.45 % loss in 
yield strength, ultimate strain and fracture strain decreased by 30.24 % and 36.21 %, respectively. 

2) The primary mechanism of degradation is the corrosion-induced thinning of the steel wall, 
which directly diminishes the cross-sectional area and leads to a pronounced reduction in axial 
load-bearing capacity. This elevates the vulnerability of structural members to premature failure 
under service loads. 

3) A novel Corrosion-Mechanical Interaction Model was developed for assessing the 
remaining life of corroded steel CHS columns and validated, which quantitatively links corrosion 
rate to the degradation of mechanical properties. This model represents a significant advancement 
over conventional methods by explicitly integrating material property loss into the remaining life 
assessment, thereby enabling more accurate and scientifically-grounded predictions. 

4) Applied to the case study of substation structures, the model estimates a remaining service 
life ranging from 30 to 33 years, contingent upon the specific mechanical property (yield strength) 
used as the failure criterion. This narrow window highlights the criticality of timely intervention. 

5) A key future direction is the integration of the proposed Corrosion-Mechanical Interaction 
Model into a smart structural health monitoring (SHM) framework. By combining periodic 
thickness measurements from drones or fixed sensors with the predictive model presented here, a 
cyber-physical system could be developed. This system would provide real-time updates on 
remaining life, predict maintenance needs, and automatically alert managers, transforming passive 
infrastructure into an intelligent, self-reporting asset. This would represent a significant step 
forward in realizing the full potential of safe, durable, and data-driven smart cities. 

This research unequivocally demonstrates that uniform atmospheric corrosion critically 
undermines the axial compression performance of structural steel members. The proposed model 
provides a practical tool for engineers to enhance the reliability of structural integrity assessments 
and optimize maintenance strategies for critical infrastructure. Future work should focus on 
extending the model's applicability to a broader range of steel grades, cross-sectional shapes, and 
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heterogeneous corrosion patterns to further solidify its role in predictive infrastructure asset 
management. 
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