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Abstract: Pitting corrosion is harmful during bridge construction, which will lead to uneven roughness of steel surfaces and reduce the thickness of steel. Hence, the effect of pitting corrosion on the mechanical properties of cold-formed thin-walled steel stub columns is studied, and the empirical formulas are established through regression fitting to predict the ultimate load of web and flange under pitting corrosion. In detail, the failure modes and load-displacement curves of specimens with different locations, area ratios, and depths are obtained through a large number of non-linear finite element analysis. As for the specimens with pitting corrosion on the web, all the specimens are subject to local buckling failure, and the failure mode will not change with pitting corrosion, but the failure location will change with pitting corrosion location; the size, location, and area ratio of pitting corrosion have little influence on the ultimate load of cold-formed thin-walled steel short columns, but the loss rate of pitting corrosion section area has a greater impact on the ultimate bearing capacity. As for the specimen with flange pitting corrosion, the location and area ratio of pitting corrosion have less influence on the ultimate load of cold-formed thin-walled steel short columns, and the section area loss rate has greater influence on the ultimate bearing capacity; the impact of web pitting corrosion on the ultimate load is greater than that of flange pitting corrosion under the same condition of pitting corrosion section area. The prediction formulas of limit load which are suitable for pitting corrosion of web and flange are established, which can provide a reference for performance evaluation of corroded cold-formed thin-walled steel.
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Nomenclature



	d
	Pitting diameter



	h
	Pit depth



	
η

	Loss rate of cross-sectional area



	
Δu

	Limit displacement



	Pu
	Ultimate load



	
γ

	Ultimate load degradation coefficient





1  Introduction

In recent years, due to good strength and flexible section form, cold-formed thin-walled steel sections hafve been widely used as the load-bearing components during bridge construction [1–3]. The steel strip or steel plate is subject to plastic deformation after cold processing, which increases its yield and ultimate strength but reduces its deformation capacity. Therefore, the mechanical properties of cold-formed thin-walled steel are different from those of hot-rolled steel before forming [4,5]. Corrosion is one of the most important factors affecting the durability of steel structures, which will lead to uneven roughness of steel surfaces and reduce the thickness of steel [6–10]. Because the cold-formed thin-walled steel is thin, the effect of corrosion is more serious, so it is necessary to study the mechanical properties of corroded cold-formed thin-walled steel.

Corrosion is mainly divided into uniform corrosion and pitting corrosion. Uniform corrosion refers to the uniform reduction of steel plate thickness in the whole section. Many studies have revealed the effect of uniform corrosion on the mechanical properties of steel [11–14]. However, due to the roughness of pitting corrosion surface, it is difficult to simulate the real characteristics of pitting corrosion. Therefore, the simplest method is to equivalent pitting corrosion to the reduction of uniform thickness [15–17]. A practical and reliable method is that the complex pitting corrosion pits are replaced by regular patterns (cone, sphere, cylindrical) distributed on the steel surface [18–20]. In addition, the effect of pitting corrosion on the mechanical properties of hot-rolled steel plates has been extensively studied, including axial compression ultimate strength, transverse torsional buckling, local plane buckling, and tensile strength [21–24]. However, all the studies above are aimed at hot-rolled steel, and the effect of pitting corrosion on cold-formed thin-walled steel has not been reported.

In this paper, the effect of pitting corrosion on cold-formed thin-walled steel stub columns under axial compression is studied through finite element simulation. Considering the different effects of pitting corrosion of web and flange, a finite element analysis is carried out, and the failure modes and load-displacement curves of various specimens are obtained. The effects of pitting corrosion size, area ratio, location, and depth on cold-formed thin-walled steel stub columns are analyzed. Finally, empirical prediction formulas for the ultimate load of web and flange pitting corrosion are established, respectively.

2  Model Establishment

Finite element software Abaqus was used to simulate the effect of pitting corrosion on the mechanical properties of cold-formed thin-walled steel stub columns under axial compression. In order to satisfy the requirements of local buckling, the sizes of web, flange, crimp width, thickness and length of test pieces are 160, 80, 20, 2.9, and 500 mm, respectively. The quadrilateral shell element with four nodes is adopted, and the element size is 10 mm times 10 mm after a certain number of mesh sensitivity analyses. As for material properties, the initial defects and boundary conditions were carried out by referring to the reference [19]. Pitting corrosion is assumed to be regularly distributed, as shown in Fig. 1.
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Figure 1: Finite element model

Because this paper mainly focuses on the effect of pitting corrosion, the residual stress and the strength improvement at the corner are not considered. The eigenvalue buckling analysis is firstly performed, and then the arc-length method is used for nonlinear buckling analysis. The simulation results show that the simulated ultimate load (338.91 kN) is bigger than the test ultimate bearing capacity (302.41 kN) for the rustless specimen, and the reason may be that the size of the test specimen is slightly smaller than the size of the simulated specimen.

3  Pitting Corrosion of Web Plate

Table 1 and Fig. 2 show the distribution of pitting corrosion and the loss rate of section area of the cold-formed thin-walled steel stub column for the case of web pitting corrosion, where the loss rate of section area refers to the ratio of the corroded section area to the original section area.
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Figure 2: Distribution of web pitting corrosion

3.1 Effect of Web Pitting Corrosion Diameter

Three types of pitting corrosion diameters are considered, which are 10, 15, and 20 mm, respectively. These three diameters correspond to test pieces FZ10, FZ15, and FZ20, where F denotes the web, Z denotes the pitting diameter. The distribution of pitting corrosion is similar to the distribution of FM2, but each row is arranged with 12, 8, and 6 pitting corrosion respectively to ensure the same loss rate of sectional area. The depths of pitting corrosion are 1.5 mm. Figs. 3 and 4 show the failure modes and load-displacement curves corresponding to different pitting corrosion diameters. It can be seen that the failure modes of the specimens with different pitting corrosion diameters are the same, the failure displacement and load-displacement curve are close, which shows that the pitting corrosion diameter has little effect on the mechanical properties of corroded cold-formed thin-walled steel short columns.

[image: images]

Figure 3: Failure mode of web with different pitting corrosion diameters
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Figure 4: Load-displacement curve of web with different pitting corrosion diameters

3.2 Effect of Area Ratio of Web Pitting Corrosion

The ratio of web pitting corrosion area to web area is defined as area ratio of web pitting corrosion. Three area ratios of pitting corrosion are considered, which are 0.013, 0.066, and 0.155, respectively. The diameter and depth of pitting corrosion are 15 and 1.5 mm, respectively. The distribution of pitting corrosion refers to Fig. 2. The failure modes and load-displacement curves corresponding to different area ratios are shown in Figs. 5 and 6, respectively. It can be seen that the specimens with different area ratios have local buckling failure, the failure location is different and the failure occurs in the pitting corrosion section. It can be seen from Fig. 6 that the shapes of corrosion areas are similar, but the pitting corrosion makes the bearing capacity significantly decrease. When the pitting corrosion area ratio is 0.013, 0.066, and 0.155, the limit load decreases by 17.9%, 19.7%, and 21.6%, respectively, which indicates that the limit load decreases slightly with the increase of pitting corrosion area ratio, so it can be explained that the pitting corrosion area ratio has a small impact on the limit load.
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Figure 5: Failure mode of web with different area ratios
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Figure 6: Load-displacement curves with different area ratios

3.3 Effect of Web Pitting Corrosion Location

Five cases of pitting corrosion locations are considered. The diameter and depth of pitting corrosion are 15 and 1.5 mm, respectively. The distribution of pitting corrosion refers to Fig. 2. The failure modes and load-displacement curves of specimens at different pitting corrosion locations are shown in Figs. 7 and 8. It can be found that the specimens at different pitting corrosion locations are subject to local buckling failure, and the failure location occurs at the pitting corrosion section. However, the specimen FL5 is different, and the pitting corrosion section does not bulge to the crimp. The possible reason is that the pitting corrosion section is close to the base, hence making the pitting corrosion section unable to bulge to the crimp. It can be seen from Fig. 8 that the load-displacement curves of other locations are similar except for the test piece FL5. The reason why the load of the test piece FL5 is higher than the others is that the pitting corrosion section is constrained by the base. The analysis shows that the pitting corrosion locations which are not close to the base will not significantly affect the bearing capacity of cold-formed thin-walled steel.
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Figure 7: Failure mode of web at different pitting corrosion positions
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Figure 8: Load-displacement curve at different pitting corrosion positions of web

3.4 Effect of Web Pitting Corrosion Depth

Three types of pitting corrosion depth are considered, which are 1, 1.5, and 2 mm, respectively. The distribution of pitting corrosion is similar to FM2, but 2, 4, 6, and 8 pits are arranged in each row with a pitting corrosion diameter of 15 mm. Fig. 9 and Table 2 show the load-displacement curves and the simulation results of different depths, respectively. With regard to FHi-j, F denotes the web, H denotes the pitting corrosion depth, i denotes the number of pitting corrosion in each row, and j denotes the value of pitting corrosion depth. It can be seen from Fig. 9 that the load-displacement curve is similar for the same number of pitting corrosion specimens, but the load decreases continuously with the increase of pitting corrosion depth, and the load decreases more obviously with the increase of the number of pitting corrosion in each row.
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Figure 9: Load-displacement curve of web at different pitting corrosion depth
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It can be seen from Table 2 that the ultimate load of FH2 is 328.05 kN when the pitting corrosion depth is 1 mm, and the ultimate load decreases to 314.96 and 311.50 kN respectively after the pitting corrosion depth is increased to 1.5 and 2 mm, indicating that the ultimate load of FH2 decreases continuously with the increase of pitting corrosion depth, and FH4, FH6 and FH8 have the same rules. It can also be seen that for FH2 and FH4 the limit displacement decreases with the increase of pitting corrosion depth; for FH6 and FH8, the limit displacement first increases and then decreases with the increase of pitting corrosion depth. The reason is that pitting corrosion will cause the specimen to be damaged in advance and pitting corrosion will reduce the cross-sectional area and increase the deformation.

3.5 Prediction of Web Pitting Corrosion Limit Load

From the analysis above, it can be seen that when the web is pitted, the diameter, area ratio, and location of pitting corrosion have a small impact on the ultimate bearing capacity, and the depth of pitting corrosion and the number of pitting corrosion on the same section have a large impact on the ultimate bearing capacity. The failure mode is a local buckling failure, but the failure location is different and mainly occurs in the pitting corrosion section. The reason is that the local buckling failure of the uncorroded specimen shows that the web of the specimen is weaker than the flange and crimp, and the web pitting corrosion makes the web weaker, so local buckling is more likely to occur. Further analysis shows that the main factor affecting the damage of pitting corrosion cold-formed thin-walled steel is the minimum section area, so the loss rate of sectional area is introduced.

Fig. 10 shows the correlation between the loss rate of sectional area and the ultimate load degradation coefficient, where the degradation coefficient refers to the ratio of the ultimate bearing capacity of the pitting corrosion test piece to the ultimate bearing capacity of the stainless steel. It can be seen that the correlation is approximately linear, which is expressed as follows:
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Figure 10: Correlation between the degradation coefficient and the loss rate


γ=1−0.671∗η
(1)

where, 
γ
is the ultimate load degradation coefficient; 
η
is the loss rate of sectional area.

4  Flange Pitting Corrosion

In this study, pitting corrosion is symmetrically arranged on both sides of the flange, and the influence of pitting corrosion on one side of the flange is not considered. Table 3 and Fig. 11 show the pitting corrosion distribution and section area loss rate of the cold-formed thin-walled steel stub column flange pitting corrosion test piece.
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Figure 11: Distribution of flange pitting corrosion

4.1 Effect of Pitting Corrosion Area Ratio

Four cases of pitting corrosion area ratios are considered, which are 0.013, 0.066, 0.119, and 0.175, respectively. The distribution of pitting corrosion refers to Fig. 11, and the diameter and depth of pitting corrosion are 15 and 1.5 mm, respectively. The failure modes and load-displacement curves of different area ratios are shown in Figs. 12 and 13, respectively. It can be seen from Fig. 12 that the failure mode is changed into distortional buckling failure, and the reason is that pitting corrosion makes the flange weaker. When the flange is weak to a certain extent, distortional buckling is more likely to occur. The failure mode does not changed significantly with the increase of area ratio. When the pitting corrosion area ratio is 0.013, 0.066, 0.119, and 0.175, the ultimate load decreases by 10.92%, 10.06%, 12.43%, and 13.91%, respectively, indicating that the ultimate load decreases slightly with the increase of pitting corrosion area ratio. By comparing with the effect of area ratio, it can be found that the web pitting corrosion has a greater impact on the ultimate load.
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Figure 12: Failure mode of flange with different pitting corrosion area ratio
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Figure 13: Load-displacement curve of flange with different pitting corrosion area ratio

4.2 Effect of Pitting Corrosion Location

Five cases of different pitting corrosion locations are considered. The distribution of pitting corrosion refers to Fig. 11. The diameter and depth of pitting corrosion are 15 and 1.5 mm, respectively. Figs. 14 and 15 show the failure modes and load-displacement curves at different pitting corrosion locations. It can be seen from Fig. 14 that when the pitting corrosion is in the middle, the specimen will undergo distortional buckling failure, and the pitting corrosion at other locations will undergo local buckling failure, which indicates that the flange is vulnerable to distortional buckling at the middle position. It can also be found that the failure of the test piece mainly occurs in the pitting corrosion section of the flange. As the pitting corrosion position is closer to the base, the deformation of the lower side of the pitting corrosion position becomes smaller and smaller. This is because the base constraint makes the part difficult to deform. The ultimate loads of test pieces YL1, YL2, YL3, YL4 and YL5 decrease by 10.92%, 10.79%, 10.62%, 9.83% and 8.34%, respectively. It can be found that the ultimate load does not change significantly with the position when it is close to the middle position. Although the failure mode has changed such as YL1 and YL2, the ultimate load has not changed significantly. As the pitting corrosion location is close to the base, the limit load increases continuously, which is due to the constraint of the base.
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Figure 14: Failure modes at different pitting corrosion positions of flange
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Figure 15: Load displacement curve at different pitting corrosion positions of flange

4.3 Influence of Flange Pitting Corrosion Depth

Three types of pitting corrosion depth are considered, which are 1, 1.5, and 2 mm, respectively. The distribution of pitting corrosion is similar to YM2, but 1, 2, 3, and 4 pits are arranged in each row, with a diameter of 15 mm. Fig. 16 and Table 4 show the load-displacement curves and simulation results of different pitting corrosion depths. The number of the test piece is YHi-j, where Y denotes the flange, H denotes the pitting corrosion depth, i is the number of pitting corrosion in each row, and j is a value of the pitting corrosion depth. It can be seen from Fig. 12 that with the increase of pitting corrosion depth, the stiffness of the rising section of the load-displacement curve decreases continuously, and the falling section becomes more gentle. This phenomenon is more obvious with the increase of the number of pitting corrosion in each row. The limit displacement does not change significantly with the increase of pitting corrosion depth and the number of pitting corrosion in each row, indicating that the pitting corrosion depth and the number of pitting corrosion in each row have little influence on the limit displacement. With the increase of pitting corrosion depth, the ultimate load decreased significantly.
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Figure 16: Load-displacement curve of flange with different pitting corrosion depths
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4.4 Limit Load Prediction of Flange Pitting Corrosion

From the above analysis, it can be found that when the flange is pitted, the ratio of pitting corrosion area and the location of pitting corrosion have little influence on the ultimate bearing capacity, while the depth of pitting corrosion and the number of pitting corrosion on the same section have great influence on the ultimate bearing capacity. The failure mode may change with the change of pitting corrosion location and pitting corrosion area loss rate, but it mainly occurs in the pitting corrosion section. The minimum section area is also the main factor affecting the failure of cold-formed thin-walled section steel with flange pitting corrosion.

Fig. 17 shows the correlation between the loss rate of section area and the degradation coefficient, where the degradation coefficient is the ratio of the ultimate load of corroded specimens to non-corroded specimens. From Fig. 17, it can be found that the correlation is approximately expressed by a power function as follows:
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Figure 17: Correlation between degradation coefficient and section area loss rate


γ=1−0.627∗η1.282
(2)

5  Conclusion

According to the finite element simulation results, this study analyzes the influence of web and flange pitting corrosion on the mechanical properties of cold-formed thin-walled steel short columns, and the main conclusions are drawn as follows:

1.    As for the specimens with pitting corrosion on the web, all the specimens are subject to local buckling failure, and the failure mode will not change with pitting corrosion, but the failure location will change with pitting corrosion location; the size, location and area ratio of pitting corrosion have little influence on the ultimate load of cold-formed thin-walled steel short columns, and the loss rate of pitting corrosion section area has a greater impact on the ultimate bearing capacity.

2.    As for the specimen with flange pitting corrosion, the location and area ratio of pitting corrosion may change the failure mode, but the failure location mainly occurs in the pitting corrosion section; the location and area ratio of pitting corrosion have less influence on the ultimate load of cold-formed thin-walled steel short columns, and the section area loss rate has greater influence on the ultimate bearing capacity; the impact of web pitting corrosion on the ultimate load is greater than that of flange pitting corrosion under the same condition of pitting corrosion section area.

3.    The prediction formulas of limit load which are suitable for pitting corrosion of web and flange are established, which can provide a reference for performance evaluation of corroded cold-formed thin-walled steel.

4.    It is especially important to note that the bearing performance of cold-formed thin-walled steel columns is only suitable for short columns with pitting corrosion. And more experimental and numerical studies are needed to expand the scope of application.
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Table 3: Pitting corrosion distribution and section area loss rate

Number Pitting Number of  Number of Number of Pit depth Loss rate of cross-
diameter d/  pitting rows  pitting per row pitting corrosion #/mm  sectional area y
mm

YM1 15 3 3 1.5 0.281
YM2 15 5 3 15 1.5 0.281
YM3 15 3 27 1.5 0.281
YM4 15 13 3 39 1.5 0.281
YL1 15 1 3 3 1.5 0.281
YL2 15 1 3 3 1.5 0.281
FL3 15 1 3 3 1.5 0.281
YL4 15 1 3 3 1.5 0.281
YL5 15 1 3 3 1.5 0.281
YHI-1 15 5 1 5 1 0.062
YHI- 15 5 1 5 1.5 0.093
1.5

YHI-2 15 5 5 2 0.125
YH2-1 15 5 2 10 1 0.125
YH2- 15 5 2 10 1.5 0.187
1.5

YH2-2 15 5 2 10 2 0.250
YH3-1 15 5 3 15 1 0.187
YH3- 15 5 3 15 1.5 0.281
1.5

YH3-2 15 5 3 15 2 0.375
YH4-1 15 5 4 20 1 0.250
YH4- 15 5 4 20 1.5 0.375
1.5

YH4-2 15 5 4 20 2 0.500
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Table 4: Simulation results of different pitting corrosion depths of flange

Number Limit Ultimate P,/P,, Number Limit Ultimate P, /Py
displacement load displacement load
A,/mm P, /KN A,/mm P /KN
YH1-1 0.855 327.39 0.968 YH 3-1 0.851 315.72 0.934
YHI1-1.5 0.844 325.71 0.963 YH3-1.5 0.851 303.01 0.896
YH 1-2 0.844 319.86 0.946 YH 3-2 0.851 283.14 0.837
YH2-1 0.843 323.00 0.955 YH 4-1 0.839 296.53 0.877
YH2-1.5 0.844 313.74 0.928 YH4-1.5 0.839 275.95 0.816
YH 2-2 0.844 303.28 0.897 YH 4-2 0.839 247.74 0.732






OEBPS/Images/SDHM_44628-fig-15.png
350

1.5 3.0 4.5
Displacement(mm)

6.0





OEBPS/Images/SDHM_44628-fig-6.png
Load (kN)

300

—FM1
- _FM2
250 - FN N
".‘.\~
\.\“\x
200 - N
! .-.-.-.,.:.ZT:.‘.L.
100 |
50 H
0 l I I
0.0 1.5 3.0 . °

Displacement (mm)





OEBPS/Images/SDHM_44628-fig-9.png
FH2-1
— = FH2-1.5
— - FH2-2
280 |
2210 -
=
g
S 140
70 -
0 1 1 1 1
0.0 1.2 24 3.6 4.8 6.0
Displacement (mm)
350 = FH6-1
— —FH6-1.5
-+« FH6-2
280 -
?:}\
o210 RN
g e
F ——
S Mo
70
0 1 1 1 1
0.0 1.2 24 3.6 4.8 6.0

Displacement (mm)

Load (kN)

—

-

[=3
T

350

——FHA1
— — FH4-1.§
— - FH4-2

~~en,

I

1.2 24 3.6 4.8 6.0
Displacement (mm)

[ 5]

—

(=]
T

~
(=1
T

——FHS-1
— — FHS-1.§
— - FHS8-2

1.2 24 3.6 4.8 6.0
Displacement (mm)





OEBPS/Images/SDHM_44628-fig-12.png





OEBPS/Images/SDHM_44628-fig-16.png
Load(kN)

Load(kN)

350
—H]1-1
— = YHI-1.5
280 | —- YHI-2
210 -
140 - =
70 +
0 1 1 1 1
0.0 1.2 24 3.6 4.8 6.0
Displacement(mm)
350
—YH3-1
= = YH3-15
w0f PR T
»
1'\\
210 .\'Q\
L T,
140 m,\‘\
-"-\\‘..‘..“
70 -
0 1 1 1 L
0.0 1.2 24 3.6 4.8 6.0
Displacement(mm)

350

—— YH2-1
— = YH2-1.5
280 1 \ —- YH22
A
\.
2210 - ™
=] )
< \.\
S 140 - e
70 +
0 1 1 1 1
0.0 1.2 24 3.6 4.8 6.0
Displacement(mm)
350
—— YH3-1
— = YH3-15
280 1 ,\\‘ = - YH3-2
&
‘\
~ 210+ RN
é RN
=] Sy
S 140} e,
- S,
‘\\\
“h\.
70
0 1 1 1 1
0.0 1.2 24 3.6 4.8 6.0

Displacement(mm)





OEBPS/Images/SDHM_44628-fig-1.png
l U1=U2=0
al Jas

NN

e EEEEEEEE e IS

e
U1=0U2=0U3=0





OEBPS/Images/table-1.png
Table 1: The distribution of pitting corrosion and the loss rate of section area

Number Pitting Number of Number of pitting Number of  Pit Loss rate of
corrosion pitting corrosion corrosion per row pitting depth  cross-sectional
diameter d/mm rows corrosion h/mm area n
WO 0 0 0
FZ10 10 5 12 60 1.5 0.375
FZ15 15 5 8 40 1.5 0.375
FZ20 20 5 6 30 1.5 0.375
FM1 15 1 6 6 1.5 0.281
FM2 15 5 6 30 1.5 0.281
FM3 15 11 6 66 1.5 0.281
FL1 15 1 6 6 1.5 0.281
FL2 15 1 6 6 1.5 0.281
FL3 15 1 6 6 1.5 0.281
FL4 15 1 6 6 1.5 0.281
FLS 15 1 6 6 1.5 0.281
FH2-1 15 5 2 10 1 0.062
FH2- 15 5 2 10 1.5 0.093
1.5
FH2-2 15 5 2 10 2 0.125
FH4-1 15 5 4 20 1 0.125
FH4- 15 4 20 1.5 0.187
1.5
FH4-2 15 5 4 20 2 0.250
FH6-1 15 5 6 30 1 0.187
FH6- 15 5 6 30 1.5 0.281
1.5
FH6-2 15 30 2 0.375
FH8-1 15 40 1 0.250
FH8- 15 40 1.5 0.375
1.5
FH8-2 15 5 8 40 2 0.500
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Table 2: Simulation results of different pitting corrosion depth of web

Number Limit Ultimate load P,/P,; Number Limit
displacement P,/kN

Ultimate load P,/P,o
displacement P/kN

A,/mm A,/mm
FH2-1 0.823 328.05 0.967 FHo6-1 0.750 296.74 0.875
FH2-1.5 0.791 314.96 0.929 FH6-1.5 0.689 272.19 0.803
FH2-2 0.790 311.50 0.919 FHe6-2 0.750 250.57 0.739
FH4-1 0.787 303.50 0.895 FH8-1 0.722 286.67 0.845
FH4-1.5 0.722 287.19 0.847 FHS8-1.5 0.660 255.77 0.754
FH4-2 0.691 271.9 0.802 FHS8-2 0.722 235.70 0.695
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