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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

An experimental study was performed to investigate the impact of corrosion on the mechanical properties of high 

performance steel (HPS) specimens. Fifteen HPS specimens were designed and subjected to electrochemically accelerated 

corrosion. The geometric features of the specimens were quantified by using 3D scanning technology. Then, tensile tests 

were employed to study the mechanical properties of the corroded HPS specimens. The relationship between the 

mechanical properties of the corroded HPS specimens and corrosion damage was discussed in detail. Meanwhile, a 

three-stage constitutive model was proposed to evaluate the mechanical behaviors of the degraded HPS specimens. Finally, 

a finite element model based on 3D scanning technology was developed and verified to investigate the stress distribution 

and failure of the tensile specimens. Results show that the maximum cross-sectional loss ratio 𝜌𝐴 is a suitable parameter for 

describing the mechanical properties of the degraded HPS specimens. The failure modes of the HPS specimens gradually 

vary from ductile to brittle as 𝜌𝐴 varies from 0% to 50.28%. It is found that the yield or ultimate load decreases linearly as 

the 𝜌𝐴 .increases. The corrosion-induced ductility reduction has an exponential relationship with 𝜌𝐴 . A comparison 

between the numerical results and experimental results shows that the proposed three-stage constitutive model is rational.  
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1.  Introduction 

 

High Performance steel (HPS) is defined differently in each country. In 

the United States, for example, it is defined as steel with high strength, good 

toughness and good weldability, whereas in Europe and China it is defined as 

having one of the excellent properties, such as high strength steel. In this paper, 

HPS represents the high strength steel. Compared with ordinary steel, HPS is 

favored by civil engineers for its higher strength, better ductility, and lower 

thickness effect. At present, HPS has been widely adopted in many 

engineering structures, such as the Minato Ohashi Bridge [1] and the Millau 

Bridge [2]. Because of its good structural performance and economic benefits, 

the research and application of HPS have become the hot topics in the area of 

steel structures. For example, Shi et al. [3] conducted cyclic loading tests on 

HPS, and analyzed its constitutive model and structural reaction. Wang et al. 

[4] carried out bending tests on HPS485W I-beam, and concluded that the 

buckling strength and lateral support of the web played a major role in the 

failure modes of I-beams subjected to bending. Kayser et al. [5] found that the 

yield strength and ultimate strength depend on the thickness and direction of 

the sample, and its good toughness and strength is suitable for structural 

seismic resistance. Considering the influencing factors of repeated loading, 

damage, residual stress, low-cyclic performance, and hysteretic behavior, Li et 

al. [6-7] studied the compressive performance and bending capacity of Q460 

high strength steel columns. Based on the experimental and numerical results, 

Lee et al. [8] evaluated the flexural ductility of the negative bending moment 

of a 690MPa I-beam. These works mainly focus on the mechanical behavior of 

non-corroded HPS specimens or structures. 

Although paint coating is often used to prevent steel structures from being 

corroded, for steel members located in harsh environments such as coastal 

areas, or due to deicing salts and chemical plants, corrosion occurs inevitably 

as the spalling of the coating [9]. This may lead to decrease of cross-section 

dimensions, change the slenderness ratio, cause stress concentration, and 

consequently reduce the bearing capacity of the structures [10]. Therefore, 

corrosion is a major threat to their structural durability and safety performance. 

Many efforts have been directed to study the mechanical behavior of ordinary 

corroded steel specimens or structures. For example, Khedmati et al. [11] 

investigated the strength and failure behavior of randomly corroded steel 

specimens subjected to in-plane compression load, and found that the 

reduction of the buckling strength was greater than that of the ultimate 

strength. Nakai et al. [12] carried out tensile and compressive buckling tests of 

steel specimens subject to pitting corrosion, and suggested that pitting 

corrosion results in a significant reduction in tensile strength and buckling 

strength of steel specimens. Beaulieu et al. [13] found that the compressive 

bearing capacity of angle steel was reduced by corrosion, and a residual 

compression capacity model was proposed based on the residual average 

thickness. With the interaction of corrosion, aging, load and other unfavorable 

factors, deterioration of the structural performance would be aggravated, and 

the structure eventually need to be strengthened or rebuilt. At present, these 

previous works [14-16] have focused on mechanical behaviors of 

non-corroded HPS components and related connections, and few studies have 

been directed on the degradation characteristics of corroded HPS specimens or 

structures. The existing durability design method of HPS is based on the 

research results of ordinary steels, which may lead to unpredictable 

consequences due to the different mechanical characteristics of HPS. 

Therefore, the mechanical behavior of corroded HPS specimens or structures 

needs to be researched. 

A suitable corrosion parameter should be determined to describe the 

corrosion level. In the previous studies, the mass loss rate, the average 

sectional loss rate, and the average corrosion penetration depth were often 

used to characterize the corrosion level of structural components [17-20]. 

These parameters represent the average corrosion degree of specimens. 

However, the corrosion damage of steel is a process with randomness and 

spatial variability, which leads to uneven cross-sectional loss along the length 

of the structure component. As a consequence, the failure condition of 

specimens with non-uniform corrosion cannot be accurately described by 

average corrosion levels. The existing researches [21-23] showed that the 

corrosion degree can be better evaluated by using the maximum 

cross-sectional loss ratio through the calculation of the minimum residual area. 

The traditional method for determining the residual area was first to divide the 

specimen into several parts, and then to weigh them [24]. This method can 

obtain the residual area, but the experimental process was time-consuming and 

the results were rough. These shortcomings hindered the further application of 

the traditional measurement methods to the geometric modeling of corroded 

components due to its complex corrosion surfaces. 

In this study, a new technique, termed as 3D optical scanning, is employed 

to resolve the aforementioned problems. The 3D scanning has the advantages 

of high precision, portability, and high efficiency. Additionally, it can 

automatically reconstruct the shape of the specimen and neglect the influence 

of the surface complexity. There were some efforts on this application to the 

corrosion characteristics and reliability assessment of corroded structures. 

Kashani et al. [25] obtained the geometrical characteristics of corroded steel 

bars based on 3D scanning, and proposed probability distribution models of 

area pitting coefficient, residual second moment of area coefficient, and load 

eccentricity coefficient. Fernandez et al. [26] investigated the influence of 

pitting on the failure process and mechanical properties according to scanning 

results, and a 3D finite element model for simulating the pitting was presented 

and verified. Zhang et al. [27] carried out the time-dependent reliability 

analysis of corroded RC beams on the basis of 3D geometric models. In this 

study, 3D scanning technique was employed to determine the minimum 

residual area of corroded HPS specimens. 

The proposed study aims to explore the impacts of corrosion on the 

mechanical properties of corroded HPS specimens. Fifteen HPS specimens 

were obtained by using electrochemical accelerated corrosion. The geometric 
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features of the specimens were quantified by using 3D scanning technology, 

and the maximum cross-sectional loss ratio 𝜌𝐴 was identified to evaluate 

corrosion damage. Then, the degradation of mechanical properties affected by 

corrosion was discussed after static tensile tests. Further, a three-stage 

constitutive model for the corroded HPS specimens was proposed and 

validated. Finally, a finite element model was established and verified to 

investigate the stress distribution and failure behavior.  

 

2.  Experimental program 

 

2.1. Specimens details 

 

In this study, fifteen 460D steel specimens with a yield strength of 

460MPa and dimensions of 220mm×30mm×8mm (length×width×height) were 

designed and fabricated according to the standard of GB/T 228—2002 [28]. 

Three of the specimens were the non-corroded control specimens. The others 

represent specimens with different corrosion degrees, as summarized in Table 

1. The chemical composition of the specimens is shown in Table 2. The 

specimen details are shown in Fig. 1. 

 

2.2. Accelerated corrosion process 

 

In this research, the mass loss rate was used to control the corrosion time. 

To accelerate the corrosion process, an electrochemical accelerated corrosion 

method was employed. As illustrated in Fig. 2, twelve steel specimens, 

connected in series with copper wires at the central position, were placed in 

the plastic groove with a 5% NaCl solution. To prevent corrosion of the 

gripped end, epoxy resin and waterproof tape were used to wrap it tightly. The 

specimens were linked to the positive end as the anode. One stainless steel 

plate, as the cathode, was connected to the negative end of the DC power 

supply providing a stable electric current of 1000mA. Under the action of 

current, the anode undergoes an oxidation reaction, and the Fe2+ produced on 

the surface of the steel plate is continuously lost. Meanwhile, the cathode 

undergoes a reduction reaction. As a result, electrochemical corrosion occurs, 

and the corrosion rate can be controlled by adjusting the applied electric 

current. In order to achieve the designed degree of corrosion, Faraday's law 

was employed to estimate the duration of the applied corrosion current [29]. 

After reaching a specified corrosion level, the corroded steel specimens were 

taken out from the plastic tank and cleaned according to the procedure 

described in ASTM G1-03 [30], and then the mass loss rate was calculated and 

listed in Table 3. 

 

 

Fig. 1 Dimensions of specimen 

 

 

Fig. 2 Schematic diagram of accelerated corrosion test 

 

 

Fig. 3 A 3D scanning device 

 

Table 1 

Summary of HPS specimens 

Specimen Corrosion Quantity 

D0-i 0 3 

D5-i 5% 3 

D10-i 10% 3 

D15-i 15% 3 

D20-i 20% 3 

(Notes: i represents the sequence number of specimens (i =1, 2, 3).) 

 

Table 2 

Chemical composition of steel specimens 

Material C Si Mn P S Ceq Cr Nb Ni Cu 

Q460D 0.16 0.21 1.48 0.014 0.005 0.42 0.04 0.19 0.01 0.01 

 

 

Table 3 

Mechanical parameters of corroded HPS specimens 

No.  𝜌𝑚  𝜌𝐴 𝐴min(𝑚𝑚
2) 𝐸𝑐(× 10

5)(N/𝑚𝑚2)  𝐹𝑦(kN) 𝐹𝑢(kN) 𝛿𝑢(mm) 

A0avg 0 0 160 1.59 91.01 99.59 5.29 

D5-1 5.97% 19.82% 128.3 0.82 66.43 85.51 4.92 

D5-2 8.14% 22.10% 124.6 1.23 62.39 83.76 4.66 

D5-3 8.14% 23.40% 122.6 1.27 65.04 86.23 4.36 

D10-1 10.36% 26.78% 117.1 2.02 59.55 79.05 4.89 

D10-2 10.65% 26.89% 117 1.62 60.70 81.11 4.76 

D10-3 10.76% 26.96% 116.9 1.95 59.73 79.97 4.78 

D15-1 14.37% 33.68% 106.1 1.12 53.49 75.18 4.52 

D15-2 19.48% 43.45% 90.48 1.42 46.28 65.17 4.49 

D15-3 20.71% 43.69% 90.09 1.16 45.94 62.34 3.83 

D20-1 20.97% 44.97% 88.05 1.49 44.42 62.46 3.37 

D20-2 26.37% 50.28% 79.95 0.65 40.00 56.25 4.11 

D20-3 28.51% 55.75% 71.8 0.74 35.95 50.51 3.06 

where 𝜌𝑚 is the mass loss rate; 𝜌𝐴 is the maximum cross-sectional loss 

ratio; 𝐴𝑚𝑖𝑛 is the minimum residual area;𝐸𝑐 is the elastic modulus;𝐹𝑦 is the 

yield load;𝐹𝑢 is the ultimate load; and𝛿𝑢 is the elongation at the ultimate 

load. 
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2.3. 3D laser scanning of steel specimens 

 

After cleaning, a 3D scanning device (see Fig. 3) with accuracy of 29 μm 

was employed to reconstruct the geometric model of the corroded specimens. 

Optimized operations, such as filtering and noise processing, were performed 

to obtain more realistic point cloud data by using Geomagic Control software. 

A curved surfaces model was generated based on the point cloud data. Finally, 

the geometrical dimensions of corroded specimens can be determined. All the 

corroded steel specimens were treated with 3D scanning, and some specimens 

were extracted to compare the difference between the real shape and the 3D 

geometry model. As shown in Fig. 4, 3D laser scanning can well reflect the 

surface morphology of corroded steel specimens. 

 

2.4. Monotonic test 

 

All the specimens were tested on the microcomputer controlled 

electro-hydraulic servo universal testing machine, as shown in Fig. 5. The 

extensometer was placed within the gauge range to measure the elongation of 

the specimen [31]. The tensile test was controlled by displacement until the 

specimens failed. The load displacement curve can be automatically recorded 

by the computer, and the characteristic mechanical parameters, such as yield 

load, ultimate load, and elongation can be conveniently determined. The 

tensile test results were shown in Table 3. 

 

3.  Experimental results and discussion 

 

3.1. Maximum cross-sectional loss ratio 

 

To visually appreciate the geometrical characteristics of the corroded HPS 

specimens, the scanned images of steel specimens with different corrosion 

levels are showed in Fig. 6. As Fig. 6 shows, the cross-sectional losses of the 

steel specimens are not evenly distributed both around the width and the 

length of the specimen. The surface of specimen D5-1 with low corrosion 

damage is relatively flat and has small pits. The cross-section sizes of 

specimens reduce gradually as corrosion degree increases, and the large 

corrosion pits even disappeared for seriously corroded specimen D20-3. This 

phenomenon is inconsistent with corrosion behavior of steel bars. This is 

because the diffusion process of chloride ions in each direction for steel bars in 

concrete is variable [32-33]. Fig. 7 presents the cross-sectional area of the 

corresponding specimens. The cross-section profile of specimens varies from 

flat to irregular shape with the increasing corrosion loss. Therefore, the 

weakest cross section position is unknown and is difficult to determine 

through ordinary methods. 

In addition, the residual sectional area with a spacing 3mm along the 

length of specimens was obtained with Geomagic Control software. The 

discreteness of the cross-sectional area is characterized by Discrete Coefficient 

(CV). Fig. 8 plots the variation of cross-sectional areas of specimens. As Fig. 8 

shows, the cross-sectional area of steel specimens decreases gradually from 

130 mm2 to 80 mm2 as the corrosion rate increases from 19.82% to 50.28%. 

The CV increases as corrosion gradually becomes serious. For example, the 

increase of CV in specimen D20-2 is 6.03 times that of specimen D5-1. This 

shows that the cross-sectional distribution is very uneven when a structure is 

corroded seriously. 

Fig. 9 shows the cross-sectional area distribution and fracture position of 

the corroded HPS specimens. As Fig. 9 shows, the areas of steel specimens 

randomly change along the longitudinal direction, which indicates the 

randomness of the corrosion damage. The minimum cross-sectional area of the 

corroded specimen is very close to the fracture position, which suggests that it 

is reasonable to characterize mechanical properties of the corroded steel 

specimens with the maximum cross-sectional loss ratio [34]. This is different 

from some researches [35] taking the minimum thickness or maximum 

corrosion depth as the corrosion parameters, because the section loss of steel 

specimens includes the loss rates in both the width direction and the depth 

direction in this test. In addition, the assumption that the mass loss rate is used 

to characterize the corrosion degree can be ruled out by considering that slight 

corrosion occurs at the clamping ends of specimens. Therefore, the maximum 

cross-sectional loss ratio 𝜌𝐴, as listed in Table 3, is used to analyze the 

mechanical properties of the corroded HPS specimens in this study. 

 

3.2. Fracture characteristics 

 

The fracture characteristics of specimens D0-1, D5-3, D10-3, and D20-2 

are shown in Fig. 10. The fracture shape of the non-corroded specimen D0-1 is 

crescent. Obvious dimples and necking are observed on the fracture section, 

which can be considered as a ductile failure. As the corrosion degree 

 

 

(a) test sample 

 

(b) scanned sample 

Fig. 4 Comparison of surface morphology 

 

 

Fig. 5 Universal testing machine 

 

 

Fig. 6 3D scanning morphologies of steel specimens 

 

 

D5-1 

 

D15-3 

 

D20-3 

Fig. 7 Cross sectional scanning morphology of steel specimens 

 

 

Fig. 8 Longitudinal distribution of cross section area 

 

increases, the fracture features of the corroded specimens D5-3 and D10-3 

change from the crescent to regular shape, while the fracture condition of 

specimens D20-2 subjected to severe corrosion is irregular. The dimples 
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gradually disappear, and then the failure behavior varies from ductile to brittle. 

This implies that corrosion gradually transforms the failure mode from the 

ductile failure to brittle failure. This is probably due to the impact of both 

corrosion pits and the irregular shape of cross-section, which makes the 

fracture surface become a high stress zone. When the corrosion becomes more 

serious, this section may reach the ultimate stress earlier. The necking would 

appear more rapidly and the specimen fails earlier.  

 

 

  

  

Fig. 9 Representative area-position diagram 

 

  

(a) D0-1 

  

(b D5-3 

  

(c) D10-3 

  

(d) D20-2 

Fig. 10 Fracture morphologies 
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3.3. Mechanical behaviors of HPS specimens 

 

3.3.1. Load-elongation curves 

Fig. 11 presents the load-elongation curves of some representative 

specimens after static tensile tests. As Fig. 11 shows, the load-elongation 

results are quite different as a result of the different degrees of corrosion 

damage. The yield load of specimen D20-3 with a 55.75% corrosion rate is 

60.5% lower than that of the control specimen D0avg, and the ultimate load is 

decreased by 49.3%. There are obvious yield plateau and necking stage before 

the fracture failure for specimens D0avg and D5-2. When the 𝜌𝐴 reaches 

26.78%, the necking phenomenon of specimen D10-1 disappears and the yield 

plateau shortens obviously. For severe corrosion specimens D15-3 and D20-3, 

an obvious yield plateau cannot be observed. Therefore, corrosion has an 

adverse impact on the strength and deformation of corroded HPS specimens. 

Results are presented in Fig. 12 and Fig. 13 in terms of 𝜌𝐴 versus yield 

load 𝐹𝑦  and the ultimate load 𝐹𝑢  and 𝜌𝐴  versus the relative elongation, 

respectively. The relative elongation δ𝑟 is defined as the ratio of elongation 

of corroded specimens and that of the control specimens. As Fig. 12 shows, 

both 𝐹𝑦  and 𝐹𝑢  decrease linearly with the increase of the maximum 

cross-sectional loss ratio 𝜌𝐴. The load degradation of 𝐹𝑦 is faster than that of 

𝐹𝑢, which indicates that corrosion has a more adverse impacts on the yield 

load degradation. The high R-squared values further confirm the rationality of 

applying the maximum cross-sectional loss ratio to predict the degradation of 

mechanical properties. As showed in Fig. 13, the relative elongation δ𝑟 
decreases gradually as the maximum cross-sectional loss ratio 𝜌𝐴increases. 

Through regression analysis with Origin software, a parabolic attenuation 

model is considered to be a good agreement with the tested data. The 

degradation of δ𝑟 caused by corrosion (lower than 25%) is relatively small. 

With further corrosion, it drops sharply. This can be explained that the cross 

section of the corroded steel specimens is very unevenly distributed along the 

axial direction, and the phenomenon of sectional eccentricity and stress 

concentration are ubiquitous, resulting in complex multi-axial stress under 

axial tension. The minimum section would reach the ultimate stress in advance, 

then the necking behavior occurs prematurely, and finally the elongation at 

ultimate load decreases. When the degree of corrosion exceeds a critical value, 

the phenomenon is prominent. 

 

3.3.2. Elastic modulus 

Zhang et al. [36] found that the elastic modulus was not affected by 

corrosion for ordinary corroded steel specimens. In order to understand how 

the corrosion influences the elastic modulus of the HPS specimens, the 

relation between the elastic modulus and the maximum cross-sectional loss 

ratio is analyzed as shown in Fig. 14. With the increase of 𝜌𝐴, the variation 

pattern of the elastic modulus changes insignificantly, and it fluctuates near a 

certain value. Therefore, we can assume the 𝜌𝐴 does not affect the elastic 

modulus. The fluctuation of elastic modulus is mainly due to the variation of 

the different specimens and test error. This phenomenon is similar to that of 

corroded ordinary steel and corroded steel bars [36]. Therefore, the effect of 

corrosion on the elastic modulus is ignored. 

 

3.3.3. Yield and ultimate strengths 

In this paper, relative nominal yield strength 𝑅𝑛𝑦 , relative nominal 

ultimate strength 𝑅𝑛𝑢 , relative real yield strength 𝑅𝑟𝑦  and relative real 

ultimate strength 𝑅𝑟𝑢 are introduced to characterize the strength properties 

[37]. Relative strength is defined as the ratio of nominal or real strength of 

corroded specimens and that of non-corroded ones𝑓0. The nominal yield 

strength 𝑓𝑛𝑦 or the nominal ultimate strength 𝑓𝑛𝑢 is the ratio of the yield or 

ultimate load and the minimum residual area, respectively. Similarly, the real 

yield strength 𝑓𝑟𝑦 or ultimate strength 𝑓𝑟𝑢 is the ratio of the yield or ultimate 

load and the real cross-sectional area, respectively. 

Fig. 15 shows the variation of the yield strength and ultimate strength 

with the corrosion rate. As shown in Fig.15, the nominal and real yield 

strength decrease almost by following the same path, while the nominal and 

real ultimate strength increase with the maximum cross-sectional loss ratio. 

This is due to the large stiffness of the HPS specimens and the small reduction 

of the cross-sectional area under the yield load, which would not cause 

obvious decline of 𝑓𝑟𝑦  and 𝑓𝑛𝑦 . However, 𝑓𝑟𝑢  and 𝑓𝑛𝑢  are obviously 

different as the area has changed obviously during the tensile test. Fig. 16 

presents the relative nominal and real yield strength, and the relative nominal 

and real ultimate strength are plotted in Fig. 17. It could be noticed that the 

relative nominal or real yield strength decreases exponentially with the 

increase of the maximum cross-sectional loss ratio, while the increase of the 

relative nominal or real ultimate strength conforms to a similar parabolic law. 

This provides a new path to determine the real yield strength and the real 

ultimate strength of the corroded HPS specimens. 

 

3.3.4. Ductility 

Ductility reflects the plastic deformation ability before failure. In order to 

take into account the impacts of corrosion on both the structural strength and 

strain, the reduction of energy absorption [38] is introduced to characterize the 

ductility of the corroded HPS specimens. It could be described as 

 

𝑅𝑒 =
𝑒𝑐

𝑒0
 (1) 

 

where 𝑅𝑒 is the reduction of energy absorption, 𝑒𝑐 and 𝑒0 are the total 

energy value of corroded specimens and the control specimens, respectively. 

The energy is determined by integrating the area under the nominal 

stress-strain curve. 

Fig. 18 shows the impact of corrosion damage on the ductility of the HPS 

specimens characterized by 𝑅𝑒. As shown in Fig. 18, 𝑅𝑒 decreases rapidly 

when 𝜌𝐴 is less than 32%, and then 𝑅𝑒 reduces slowly with the increase of 

𝜌𝐴. The deterioration characteristic of 𝑅𝑒 is well fitted by the exponential 

function. The law of energy attenuation is similar to the results of corroded 

steel rebar carried out by other researchers [39]. 

 

 

Fig. 11 Load-elongation curves 

 

 

Fig. 12 Effect of corrosion on yield and ultimate load 

 

 

Fig. 13 Effect of corrosion on relative ultimate elongation 
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Fig. 14 Effect of corrosion on elastic modulus 

 

 

Fig. 15 Effect of corrosion on yield strength and ultimate strength 

 

 

Fig. 16 Effect of corrosion on relative nominal or real yield strength 

 

 

Fig. 17 Effect of corrosion on relative nominal or real ultimate strength 

 

 

Fig. 18 Effect of corrosion on ductility 

 

 

Fig. 19 Establishment process of 3D finite element model 

 

3.4. Constitutive model of corroded HPS specimen 

 

Some related studies [34, 40] have proposed the constitutive model of 

corroded steel specimens, but some parameters are not clearly identified, such 

as shape parameter. Therefore, a simplified three-stage constitutive model of 

HPS specimens is proposed in this study, and the descending segment is 

ignored for its shorter duration. The mathematical expression is shown as: 

 

𝜎 =

{
 

 
𝐸𝑐휀, 0 ≤ 휀 ≤ 휀𝑦
𝑓𝑛𝑦, 휀𝑦 < 휀 ≤ 휀ℎ

𝑓𝑛𝑦 + (𝑓𝑛𝑢 − 𝑓𝑛𝑦) (
𝜀−𝜀ℎ

𝜀𝑢−𝜀ℎ
)


, 휀ℎ < 휀 ≤ 휀𝑢


 (2) 

 

where 𝐸𝑐 is the modulus elasticity of corroded specimens, 𝐸𝑐 = 𝐸0; 𝑓𝑛𝑦 

is the nominal yield strength, 𝑓𝑛𝑦 = 𝑅𝑛𝑦𝑓0; 𝑓𝑛𝑢  is the nominal ultimate 

strength, 𝑓𝑛𝑢 = 𝑅𝑛𝑢𝑓0 ; 휀𝑦  is the yield strain, 휀𝑦 = 𝑓𝑛𝑦 𝐸𝑐⁄ ; 휀𝑢  is the 

ultimate strain, calculated by δ𝑟; and 휀ℎ is the hardening strain. According to 

the results of tensile test, 휀ℎ is expressed as: 

 

휀ℎ = 0.019 − 0.017𝜌𝐴,𝑅2 = 0.76 (3) 
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4.  Numerical analysis 

 

4.1. Numerical model 

 

Finite element models are established to further investigate the strength, 

stress distribution, and fracture behaviors of the corroded HPS specimens. The 

real geometry model of the corroded specimen is applied to develop the 

numerical model. The corrosion morphology of the specimen can be truly 

reflected in the finite element model. Fig. 19 depicts the main process from the 

point cloud file to the final solid finite element mesh model. The point cloud 

data of the corroded specimen is fitted to the curved surfaces after wrapping, 

repairing, and grid division by the Geomagic software. Subsequently, the 

IGES format file is exported to the ANSYS software for numerical simulation.  

According to the above-mentioned experimental analysis, the modulus 

elasticity is determined by 𝐸0, and the Poisson's ratio is set as 0.3. The real 

constitutive model of the 460D steel specimen is derived from Eq. (2) in the 

numerical analysis [37], and characterized by the multi-linear kinematic 

hardening model. Von Mises yield criterion is adopted for the numerical 

analysis. An automatic incremental-iterative solution procedure is employed 

until the analysis reaches to the predetermined termination limit. Solid187 

element and tetrahedral mesh are employed for the numerical analysis. A mesh 

width of 4 mm is used to achieve efficient computation time and high accuracy 

after an investigation of FEM mesh size. The displacement of the X, Y and Z 

directions at the left end of the specimens is fixed, and only the Y and Z 

direction displacements of the other edge are fixed to simulate the actual 

tensile situation. The uniform incremental displacement is applied to the right 

end of the steel specimens. 

 

4.2. Numerical results 

 

4.2.1. Comparison of load-elongation behavior 

Fig. 20 presents a comparison of numerical and experimental 

load-elongation behaviors of steel specimens subjected to corrosion. As Fig. 

20 shows, the result of numerical simulation is slightly higher than the test one 

because of the more ideal constraints in the numerical model. In general, the 

numerical results are in good agreement with the experimental values. This 

indicates that the finite element model established in this paper based on 3D 

scanning can well describe the failure behavior of the corroded specimens.  

 

4.2.2. Stress distribution 

Fig. 21 presents the stress diagrams of specimen D20-3 at different time 

steps. As shown in the figure, the stress distribution is uneven. The stress in 

the S region is maximal, and reaches yielding strength firstly. The associated 

necking behavior is more obvious in this region. This can be attributed to the 

thinner cross-section area and the sharper corrosion pits in this section. The 

comprehensive effect would result in the formation of complex stresses, and 

lead to non-uniform deformation and premature yielding and failure. 

Fig. 22 presents the stress distribution at the ultimate load of specimen 

D15-3. It can be seen that the stress from the numerical simulation is close to 

the real stress of the test. The maximum necking position of the numerical 

model is almost the same as the fracture position of the test one, which occurs 

at the minimum cross-section position. This indicates that the finite element 

model based on the 3D scanning can truly reflect the failure behavior of the 

corroded HPS. 

 

 

Fig. 20 Comparison of experimental and numerical load-elongation curves 
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Fig. 21 Stress nephogram of specimen D20-3 at different time steps (unit：MPa) 

 

 

Fig. 22 Stress distribution at ultimate load 

 

5.  Conclusions 

 

This study aims to investigate the mechanical properties of corroded HPS 

affected by corrosion. 3D scanning technology was applied on 15 specimens 

to determine the geometric features. Tensile tests and numerical simulations 

were performed to analyze the mechanical degradation behavior. The main 

conclusions obtained from this study can be summarized as follows: 

(1) The fracture position of the corroded specimens occurs at the 

minimum section area location. The maximum cross-sectional loss ratio 𝜌𝐴 is 

reasonable to evaluate the mechanical behavior of the corroded steel 
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specimens. 

(2) Corrosion affects significantly the tensile failure of the HPS 

specimens, which changes the fracture morphology of specimens from 

crescent to irregular shape. The failure of the seriously corroded specimens is 

very brittle without obvious dimples and necking at the fracture surface. 

(3) The yield and ultimate load decrease linearly as the maximum 

cross-sectional loss ratio increases. The relative nominal or real yield strength 

decreases exponentially, while the relative nominal or real ultimate strength 

increase in a similar parabolic way. 

(4) A three-stage constitutive model of HPS specimens is proposed in this 

study, and a comparison between the experimental results and numerical 

results has been performed to verify and demonstrate the application of the 

proposed constitutive model of HPS specimens. 

It is noted that the maximum cross-sectional loss ratio is the precondition 

to determine the deterioration law of mechanical parameters. In practical 

engineering, it can be obtained by some measuring means. As a result, the 

mechanical parameters of the corroded material can be calculated according to 

the degradation model proposed in this paper, and then the preliminary 

evaluation of strength and deformation of structural performance can be made. 

The preceding findings are suitable for HPS specimens subjected to 

electrochemically accelerated corrosion, which may have some differences 

from the real corrosion condition. Additionally, the number of specimens is 

limited and further research needs to be carried out to further verify these 

conclusions. 
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