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Abstract: Circular steel tube members with the absence of anticorrosive protection or coating
failure are prone to uniform corrosion, which threatens the reliability and safety of members in the
atmospheric environment. To fully study the mechanical behavior of uniformly corroded circular
steel tubes, compression test and theoretical analysis were conducted, and two methods considering
section reduction and material degradation, respectively, were adopted for the calculation of ultimate
load carrying capacities of specimens. The results indicate that uniform corrosion did not change the
failure modes of specimens, and all of them belonged to global buckling failure. The load carrying
capacities and stiffness of specimens decreased with the increase of corrosion ratio, and the degree
of reduction was greater than that of material degradation, showing a linear relationship with the
corrosion rate. Under the same corrosion ratio, the specimens with larger eccentricity represented
more obvious load carrying capacity and stiffness degradation. The load carrying capacities predicted
by both methods were in good agreement with the test results and had a certain safety margin. The
conservative degree of calculation results from three specifications followed a descending order
of ANSI/AISC 360-16, GB 50017-2017, and EN 1993-1-1. Under the same corrosion ratio, the load
carrying capacity variation of specimens between one-sided corrosion and two-sided corrosion was
less than 3%.

Keywords: atmospheric environment; circular steel tube; uniform corrosion; experimental research;
load carrying capacity prediction

1. Introduction

As an important part of lifeline engineering, bridge structures are mostly built in corrosive
environments such as rivers, lakes, and seas. As the service time increases, the bridge structure will
inevitably become corroded. Corrosion can cause the decline of material properties and the load
carrying capacities of members [1,2]. In severe cases, it can affect the overall safety of bridge structure
and lead to huge economic losses. At present, safety assessment and residual life prediction of corroded
bridge structures have become important research topics globally. In this case, study on the mechanical
properties of corroded members, as the premise and basis, is of extreme significance.

Typical bridge structures mainly include reinforced concrete and steel structures. Among
them, the research on corroded reinforced concrete structures began earlier, and a lot of related
experimental studies and theoretical analyses have been performed. Han et al. [3] investigated the
effects of longitudinal reinforcement corrosion on the shear capacity of RC members with transverse
reinforcement. Triantafyllou et al. [4,5] studied the mechanical behavior of reinforced concrete beams
with corroded steel reinforcement and corroded RC beams were strengthened with cement-based
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repair patch and externally bonded reinforcement or near surface mounted fiber-reinforced polymer
laminates. Bossio et al. [6] presented an additional tool that can be used to evaluate and assess the
vulnerability of existing structures by calculating reinforcing bar cross section loss due to corrosion by
measuring external crack widths in the concrete cover. Mohammed et al. [7] experimentally studied
the influence of crack widths and type of bars (plain and deformed) on corrosion of steel bars in
cracked concrete. In recent years, there have been many studies on the mechanical properties of
corroded H-shaped steel members [8-19], but the research on circular steel tube members is relatively
rare [20-24]. Existing research focuses on pressure tubes under internal pressure [20-23], which is
different from the structural members mainly due to axial force, bending moment, and shearing
force. In [24], the mechanical properties of corroded circular steel tubular columns were tested and
numerically simulated, and the influence of corrosion degree on axial load carrying capacity was
studied. However, the specimens were non-enclosed members, and the internal and external surfaces
were corroded. In practical constructions, the method of enclosed ends of members is often used to
prevent the internal corrosion of steel tubes [25].

To further study the mechanical properties of corroded circular steel tube members in actual bridge
structures, 18 uniformly corroded circular steel tubular columns were designed and manufactured,
and the corresponding mechanical properties were tested and theoretically analyzed. At the same
time, the influence of corrosion degree on mechanical behavior of circular steel tubular beam-columns
corroded uniformly was studied. Then, the corresponding calculation methods of load carrying
capacity of members were proposed.

2. Experimental Program

2.1. Test Specimens

Eighteen specimens were designed with different parameters such as corrosion degree and
eccentricity. All specimens were made of Q235B seamless circular steel tube with a length of 1000 mm.
End plates were welded to each specimen with a thickness of 20 mm to prevent internal corrosion and
for the convenience of loading. The geometric dimensions of specimens are shown in Figure 1. The
numbers and main geometric parameters of specimens are shown in Table 1, where, in specimen ID, C
is the abbreviation of circular steel tube; 0, 15, and 35 are different eccentricities; 0, 30, 90, 180, 270, and
360 are different corrosion days; D is the diameter of circular steel tube; t is the thickness of circular
steel tube; e is the eccentricity; T is the corrosion days; Wy and Wy are the mass of the same specimen
before and after corrosion; D,y is the corrosion ratio, according to Equation (1); N’ is the load carrying
capacity of corroded specimen; ¥y is the degradation ratio of load carrying capacity of specimen, ¥y
= (Nt — N"t)/N; X 100%; N} is the load carrying capacity of non-corroded specimen; k’y is the stiffness
of corroded specimen; ¥y is the degradation ratio of stiffness of specimen, Yy = (k, — k'y)/k, X 100%; ky
is the stiffness of non-corroded specimen; and u is the ductility factor.

220
1000 20 25y 170 425
= 1l ]
<t_l l/ a g | —3
" [ o9
] Q {} 2G
~ s ' o|—
vy
N

Figure 1. Details of specimens.
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Table 1. Geometric parameters and test results of specimens.

SPeI“]‘)me“ D/mm tmm e¢mm T/d Wokg Wikg Du/(%) NykN ¥n/(%) kYN/;:)W Y%
C0-0 8982 407 0 0 902 902 0 915  — 13.73 — 1%
C0-30 8974 428 0 30 941 896 478 3779 347 1309 463 135
C0-90 8910 444 0 90 944 887 604 3638 708 1212 1171 147
C0-180 8900 424 0 180 883 759 1399 3133 1997 1127 1792 162
C0-270  89.06 401 0 270 865 715 1681 2956 2450 1028 2513 147

C0-360 89.30 415 0 360 8.48 6.77 20.22 316.8 19.08 11.12 19.02 175

C15-0 89.80  4.01 15 0 8.90 8.90 0 239.8 — 9.72 — 4.45
C15-30 89.36  3.98 15 30 8.77 8.45 3.65 238.1 0.71 9.36 3.66 3.83
C15-90 89.04 41 15 90 8.54 7.97 6.67 217.8 9.17 9.39 3.40 4.39
C15-180 89.02 4.2 15 180 8.50 7.38 13.23 191.6 20.10 7.25 2542  3.24
C15-270 89.20 4.18 15 270 8.49 6.89 18.85 191.7 20.06 7.28 2510  2.80
C15-360 89.22 412 15 360 8.42 6.76 19.66 181.3 24.40 8.18 1582  5.01

C35-0 89.60  3.86 35 0 8.73 8.73 0 152.4 — 6.39 — 717
C35-30 89.78  4.03 35 30 8.97 8.65 3.56 166.7 -9.38 6.20 2.98 6.62
C35-90 89.84 443 35 90 9.01 8.52 5.49 170.5 -11.88 6.02 5.81 6.11
C35-180 89.08 441 35 180 8.65 7.16 17.17 143.1 6.10 4.96 2249 571
C35-270 89.60  3.93 35 270 8.58 7.12 17.12 140.5 7.81 5.00 21.80 758
C35-360 89.16  4.07 35 360 8.52 6.72 21.12 133.8 12.20 4.28 33.03 577

2.2. Accelerated Corrosion Test

Steel atmospheric exposure test is the most common and near-real corrosion test method, but its
corrosion time is long and limited by regional climate and environment. The laboratory accelerated
corrosion method is more efficient and can greatly shorten the corrosion cycle. However, due to the lack
of technology and theory, its accelerated corrosion effect is less reproducible than real corrosion, and the
size of components is limited by equipment space. To obtain the uniformly corroded circular steel tube
members that meet the test requirements in atmospheric environment within a relatively short period,
the accelerated corrosion test by artificial periodic spraying was used in natural environment.

Neutral salt spray solution was prepared according to the specification (ISO 9227: 2006). The
NaCl concentration was 50 g/L and the pH value was 6.5-7.2. Both the test temperature and humidity
were based on outdoor natural environment in Fuzhou, China. The solution was sprayed onto the
surface of members in a mist form, and the spraying period was arranged at 8:30-11:30 and 14:30-17:30
everyday with an interval of 40 min. The surface of specimen was uniformly wetted as much as
possible to alternate wetting and drying. To ensure the same rust status of steel tubes at different
positions, the specimens were turned over once a week.

After the accelerated corrosion test, the weight loss method was used to determine the corrosion
ratio of uniform corroded specimen [1,2,12-15,24]. First, the specimen was washed with 12% dilute
hydrochloric acid solution; then, the specimen was washed with water; next, it was neutralized with
lime water; next, the specimen was washed with water again; next, the specimen was dried; finally, the
specimen was weighed and the corrosion ratio Dy, was calculated according to Equation (1).

Wo - W

D =
w WO

x 100% 1)

2.3. Material Properties

According to the provisions of specification (ISO 6892-1: 2009), the standard specimens with
different corrosion degrees were cut from uniform corrosion columns of the same batch, size, and
corrosion environment as the test specimens. Each group had eight specimens, with a total of seven
groups, and the test results are shown in Table 2. The corrosion degrees were expressed by the corrosion
ratio Dy, and the test results were calculated based on the size of non-corroded specimens. The
material tensile test was performed by using a universal testing machine (MTS), and the loading rate
did not exceed 1.05 mm/min. The tensile fracture mode of non-corroded steel specimen was typical
ductile fracture. With the increase of corrosion ratio, the necking phenomenon of corroded specimens
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obviously weakened, and the steel fracture gradually changed from ductile fracture to brittle fracture.
The tensile fracture morphology of specimens is shown in Figure 2.

Table 2. Tested mechanical properties of steel.

Group ID  Dy/(%) E/(x10° MPa) fy/MPa  fu/MPa /(%)

Al 0.00 2.02 330.43 467.00 31.47
A2 242 1.95 332.29 479.03 35.64
A3 3.11 1.96 303.51 481.71 32.47
A4 4.54 1.98 329.17 449.65 31.03
A5 9.41 1.81 299.16 418.33 22.94
A6 9.74 1.80 286.97 431.09 27.62
A7 11.35 1.71 288.40 39546  25.39

(a)
Figure 2. The tensile fracture morphology of specimens: (a) Dy, = 0.00%; (b) Dy, = 4.54%; and (c) Dy, = 9.41%.

The relationships of corroded steel between Dy, and f v, fu, E, and 1) were established by linear
regression with the least square method, as shown in Equation (2). It can be found that, with the
increase of corrosion degree, the mechanical properties of the corroded steel decrease significantly, and
the degradation law of each parameter has a linear relationship with the corrosion ratio.

fi/fy =1-1.1115D,
F1/ fa=1-09981D,
E,/Es =1-1.1617D,
& /6 =1-1.6014Dy,

@

where fy, fu, E, and ¢ as well as f'y, f’y, E’, and ¢’ are the yield strength, tensile strength, elasticity
modulus, and percentage elongation of no-corroded and corroded steel, respectively.

2.4. Test Setup

The compression test was performed by using a pressure testing machine (YAW6506) with a
capacity of 5000 kN in Structural Laboratory of Fuzhou University. The knife edge hinge was connected
to the loading end of test machine. The specimen end plate and the steel plate with strip groove were
fixed by high-strength bolts.

A preloading 20% of the predicted ultimate load carrying capacity was carried out for ensuing
the normal operation of the instrument and the physical alignment of the loading position. Physical
alignment was achieved by adjusting the position of the specimen according to the strains of the four
gauges locating at the same section. When the test was officially started, the grading load was applied
during the stage of force control and each stage of load was about 10% of the predicted ultimate
load carrying capacity. After the load reached level 7 or 8, the displacement controlling scheme was
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employed, and the loading rate did not exceed 0.1 mm/min. The upper limits of force control and
displacement control were adjusted according to load, displacement, and strain feedback during
actual control.

2.5. Instrumentation

Arrangement of strain gauges and LVDTs are shown in Figure 3. Four longitudinal strain gauges
were equipped along the upper, middle, and lower sections of the specimen. Four hoop strain gauges
were arranged at the mid-span of the specimen to observe hoop strains. LVDT1-LVDT3 were located
horizontally at quartering positions of the height in the bending plane of the specimen. LVDT4
was installed horizontally at the mid-span of the specimen outside the bending plane to measure
out-of-plane deformation. LVDT5 was adopted to measure the axial deformation of specimen.
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Figure 3. Test setup and instrumentation.

3. Experimental Procedure and Observations

3.1. Concentrically Loaded Specimen

The numbers of concentrically loaded specimens were C0-0, C0-30, C0-90, C0-180, C0-270, and
C0-360, respectively. Failure modes of all specimens were attributed to global buckling failure.
Among the corrosion ratios of specimens obtained by accelerated corrosion test, uniform corrosion
did not change the failure modes of concentrically loaded specimens. At the initial stage of
loading, the non-corroded specimens were in the elastic stage, and the load, displacement, and
strain increased steadily without obvious phenomenon. After the specimens entered the elastic—plastic
stage, micro-deformation began to appear. When the load peaked, the deflection of specimens was
obvious, and the axis of specimens was curved. Then, the load dropped rapidly and gradually became
flat, while the deflection of specimens continued to increase. Unlike the non-corroded specimens,
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before the elastic—plastic stage, the corroded specimens had a crisp sound that the rust layer was
gradually fractured, and cracks appeared in the brown-yellow rust layer. Meanwhile, the concave side
rust layer in the middle of specimens was crushed and detached. As the deformation continued to
increase, the rust layer detached gradually along the tube wall to the convex side, and the rust layer
detached area became elliptical eventually. Experimental phenomena of the specimen C0-90 are shown
in Figure 4.

C 0-90

.
(b) (c)

Figure 4. Experimental phenomena of the specimen C0-90: (a) elastic stage; (b) failure stage; and (c)

rust peeling.
3.2. Eccentrically Loaded Specimen

The numbers of eccentrically loaded specimens were C15-0, C15-30, C15-90, C15-180, C15-270,
C15-360, C35-0, C35-30, C35-90, C35-180, C35-270, and C35-360, respectively. Failure modes of
all specimens were global buckling failure. Among the corrosion ratios of specimens obtained by
accelerated corrosion test, uniform corrosion did not change the failure modes of eccentrically loaded
specimens. At the initial stage of loading, the non-corroded specimens were in the elastic stage, and the
load, displacement and strain increased steadily with tiny deflection. As the load continued to increase,
the specimens entered the elastic—plastic stage, and the deflection of specimens was obvious. When
the peak load was reached, the deflection of specimens became increasingly obvious, and the axis of
specimens was curved. Then, the load dropped rapidly and gradually became flat, while the deflection
of specimens continued to increase. Unlike the non-corroded specimens, before the elastic—plastic
stage, the corroded specimens had a crisp sound that the rust layer was gradually fractured, and cracks
appeared in the brown-yellow rust layer. When the peak load was reached, the concave side rust layer
in the middle of specimens was crushed and detached. As the deformation continued to increase, the
rust layer detached gradually along the tube wall to the convex side, and the rust layer detached area
became elliptical eventually. Experimental phenomena of the specimen C15-90 are shown in Figure 5.
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Figure 5. Experimental phenomena of the specimen C15-90: (a) elastic stage; (b) failure stage; and (c)
rust peeling.

4. Experimental Results and Analysis

4.1. Load—Strain Curves

4.1.1. Concentrically Loaded Specimen

Figure 6 shows the load-strain curves of concentrically loaded specimens, where ¢; and ¢; are the
longitudinal strain and transverse strain of concave side of mid-section, €3 and &4 are the longitudinal
strain and transverse strain of convex side of mid-section, and the measured yield strain ¢y is 1650 pe.
It can be seen that the strain change laws of specimens are basically the same. During the elastic phase,
the strain of mid-section is synchronously increased, longitudinally compressed, and circumferentially
tensioned. After entering the elastic—plastic stage, the stress state begins to change, the longitudinal
compressive strain and the transverse tensile strain of convex side gradually decrease, while the
longitudinal compressive strain and transverse tensile strain of concave side continue to increase,
which is due to the additional bending moment caused by the second-order effect of member flexure.
After the peak load, the longitudinal strain of the convex side gradually changes from compressive
strain to tensile strain, and the transverse strain gradually changes from tensile strain to compressive
strain. The longitudinal compressive strain and transverse tensile strain of concave side continue to
increase. At peak load, the strain of each specimen is in the elastic—plastic stage.
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Figure 6. Load-strain curves of specimens: (a) C0-0; (b) C0-30; (c) C0-90; (d) C0-180; (e) C0-270; and
(f) C0-360.

4.1.2. Eccentrically Loaded Specimen

1. Eccentricity of 15 mm

Figure 7 shows the load-strain curves of specimens with eccentricity of 15 mm. It can be seen
that the strain change laws of specimens are basically the same. During the elastic phase, the strain
of mid-section is synchronously increased, and the specimens are longitudinally compressed and
circumferentially tensioned. After entering the elastic—plastic stage, the stress state begins to change,
the longitudinal compressive strain and transverse tensile strain of convex side gradually decrease
until these strains become reverse, that is tensile strain and compressive strain, respectively, which is
due to the additional bending moment caused by the second-order effect of member flexure. After the
peak load, the longitudinal tensile strain and transverse compressive strain of convex side gradually
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increase, while the longitudinal compressive strain and transverse tensile strain of concave side also

continue to increase. At peak load, the strain of each specimen is in the elastic—plastic stage.
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Figure 7. Load-strain curves of specimens: (a) C15-0; (b) C15-30; (c) C15-90; (d) C15-180; (e) C15-270;
and (f) C15-360.

2. Eccentricity of 35 mm

Figure 8 shows the load-strain curves of specimens with eccentricity of 35 mm. It can be seen
that the strain change laws of specimens are basically the same. In the elastic phase, the strain of
mid-section is synchronously increased. The strain of concave side is longitudinally compressed and
circumferentially tensioned with the specimens being longitudinally tensioned and circumferentially
compressed. After entering the elastic—plastic stage, the stress state does not change and the strains of
concave side and convex side gradually increase. When the longitudinal tensile strain of convex side
reaches the yield value, the ultimate load carrying capacity of specimen is also achieved. After the
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peak load, the strains of concave side and convex side continue to increase. At peak load, the strain of

each specimen is in the elastic—plastic stage.
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Figure 8. Load-strain curves of specimens: (a) C35-0; (b) C35-30; (c) C35-90; (d) C35-180; (e) C35-270;
and (f) C35-360.

4.2. Load—Axial Displacement Curves

The load carrying capacities, stiffness and ductility factors of specimens are shown in Table 1.
Load-axial displacement curves of specimens are shown in Figure 9. Table 1 and Figure 9 show
that the peak loads and the slopes of rising phase of curves of corrosion specimens become smaller,
indicating that uniform corrosion can lead to degradations of the stiffness and load carrying capacities
of specimens in the same condition. The larger is the eccentricity, the lower is the ultimate load carrying
capacity of specimen, but with a better the ductility.
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Figure 9. Load-axial displacement curves of specimens: (a) concentrically loaded; (b) eccentricity of 15
mm; and (c) eccentricity of 35 mm.

4.3. Degradation Analysis of Load Carrying Capacity

The ultimate load carrying capacities of specimens are shown in Table 1. The degradations of
ultimate load carrying capacities of corroded specimens relative to non-corroded specimens are shown
in Figure 10. Table 1 and Figure 10 show that the load carrying capacities of specimens decrease
with the increase of eccentricity. The reductions of ultimate load carrying capacities of specimens
increase with the increase of corrosion ratio. The negative degradation ratio of load carrying capacity
of specimen with eccentricity of 35 mm is mainly due to the smaller thickness and load carrying
capacity of the non-corroded specimen C35-0 compared to the corroded specimens C35-30 and C35-90.
In general, the relationships between the load carrying capacity degradations and the corrosion ratios
of uniformly corroded specimens under various working conditions are linear. The slopes are greater
than 1, and increase with the increase of eccentricity. That is to say, the degradations of load carrying
capacities of specimens increase with the increase of eccentricity at the same corrosion ratio, and the
reductions of ultimate load carrying capacities of specimens are greater than that of material strength.



Appl. Sci. 2020, 10, 1998 12 of 20

0.25 .—'.
0.20 )
D A
0.15 s ,_.,;;?9 D
\.tf\. ,”' 3 " .A'
0.10 F A
[ s
- ; . 2.
= 005F L2
= N G
= 0.00 0 -
I e AVT
- L
< 005 F ..'»\b'
B ,/\-'
A .,' W
-0.10 + o TR —
5 ® ¢=15mm
-0.15 A ¢=35mm
_020 1 1 1 1

0.00 0.05 0.10 0.15 0.20 0.25

Figure 10. Relation between degradation of load carrying capacity and corrosion ratio.

4.4. Degradation Analysis of Stiffness

The stiffness of specimens is shown in Table 1. The stiffness degradations of uniformly corroded
specimens under various working conditions are shown in Figure 11. Table 1 and Figure 11 show that
the stiffness of specimens decrease with the increase of eccentricity. The reductions of the stiffness
of specimens increase with the increase of corrosion ratio. The stiffness degradations of uniformly
corroded specimens are linear with the corrosion ratios, and the slopes are greater than 1. That is,
the reductions of the stiffness of specimens are greater than that of material strength. The slope of
specimens with eccentricity of 35 mm is the largest, that is, the stiffness degradation of specimens with
eccentricity of 35 mm is the largest at the same corrosion ratio.
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Figure 11. Relation between degradation of stiffness and corrosion ratio.

5. Calculation of Load Carrying Capacity

5.1. Comparison Calculations of Load Carrying Capacity

There are two main methods for calculating the load carrying capacities of corroded members.
One is that the corrosion only causes the reduction of the cross-section, and maintains the material
property unchanged [9-14]. The other is that the corrosion does not change the cross-section of
member, but results in the degradation of material property [17-19]. Based on the above two ideas,
the load carrying capacities of members can be calculated according to the relevant formulas in
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GB50017-2017 [26], EN 1993-1-1 [27] and ANSI/AISC 360-16 [28], as shown in Equations (3)—(8). The
calculation results are shown in Table 3, where N¢s and N, are the load carrying capacities of specimens
calculated considering the section reduction and the material degradation, respectively. It can be seen

that the calculation results of three specifications have a certain safety margin, and N is slightly larger
than Ny, in the results, which are basically the same.

@

@)

®)

GB50017-2017
N M

+ <
PAfy  yuW(1-08N/Ny )fy

1.0 3)

Np, = m°EA/(1.142) @)

where N is the required axial strength, N; N7 is the parameter according to Equation (4); ¢ is the
stability reduction coefficient of concentrically loaded member; A is the gross cross-sectional area,
mm?; § is the equivalent moment factor; M is the required moment strength, N-mm; y,, is the

plastic adaption coefficient; and W is the gross section modulus, mm?.
EN 1993-1-1
N My s+ MM, kg M, pq + AM
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where Ngj, My r4, and M, g are the design values of the compression force and the maximum
moments about the y-y and z-z axis along the member, respectively; N, My gy, and M; gy are
the characteristic value of resistance to compression and the characteristic value of resistance to
bending moments about the y-y and z-z axis along the member, respectively; AM, r; and AM; g4
are the moments due to the shift of the centroidal axis; x, and x; are the reduction factors due to
flexural buckling; xrr is the reduction factor due to lateral torsional buckling; ys; is the partial
factor, 1.0; and kyy, kyz, kzy, and k. are the interaction factors.

ANSI/AISC 360-16 When 5 > 0.2

Pr 8 er M”y)
—+ = + <1.0 7
P, 9(Mcx Moy @)
When % <02
‘ M
P, My ”y)
— + + <1.0 8
2P, (Mcx Mcy ®)

where P, is the required axial strength, kips (N); P. is the design axial strength, P. = ¢.Py, kips (N);
M, is the required flexural strength, kip-in (N-mm); M, is the design flexural strength, M, = ¢,M,,,
kip-in (N-mm); ¢, is the resistance factor for compression, 0.9; ¢, is the resistance factor for
flexural, 0.9; x is the subscript relating symbol to major axis bending; and y is the subscript relating
symbol to minor axis bending.
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Table 3. Analysis results of specimens by using section reduction method and material

degradation method.
SpecimenID  Ny/kN GB 50017-2017 EN 1993-1-1 ANSI/AISC 360-16
Nes/kN  Nem/kKN  Nes/kN - Nem/kN Nes/KN - Nem/kN

C0-0 391.5 341.5 341.5 342.8 342.8 302.4 302.4

C0-30 377.9 339.8 338.8 341.1 340.0 300.8 299.9

C0-90 363.8 344.0 342.7 345.2 343.9 304.3 303.2
C0-180 313.3 299.8 296.6 300.8 297.6 265.2 262.4
C0-270 295.6 275.0 271.0 275.9 272.0 243.3 239.8
C0-360 316.8 272.7 267.7 273.6 268.7 241.2 236.9

C15-0 239.8 203.1 203.1 222.3 222.3 193.5 193.5
C15-30 238.1 192.4 191.9 210.5 210.0 183.3 182.9
C15-90 217.8 190.0 189.2 207.8 207.0 181.1 180.3
C15-180 191.6 179.8 178.0 196.6 194.7 171.3 169.7
C15-270 191.7 167.4 164.8 183.0 180.2 159.5 157.0
C15-360 181.3 163.6 160.8 178.8 175.9 155.8 153.2

C35-0 152.4 130.3 130.3 146.2 146.2 129.9 129.9
C35-30 166.7 130.8 130.6 146.8 146.5 130.4 130.1
C35-90 170.5 139.5 139.0 156.4 156.0 139.0 138.6
(C35-180 143.1 119.0 117.5 133.3 131.6 118.6 117.1
C35-270 140.5 108.7 107.2 121.9 120.2 108.3 106.8
C35-360 133.8 105.6 103.6 118.2 116.1 105.2 103.2

To further investigate the difference between the two calculation methods, when the corrosion ratio
(Dw = 20%) of specimens is large, the load carrying capacities of specimens with different slenderness
ratios and diameter-to-thickness ratios are compared, as shown in Figures 12 and 13, where 6 is the
relative error, 6 = (Nes — Nem)/Nes X 100%; A is the slenderness ratio, A = I/i; [ is the length of circular
steel tube; i is the radius of gyration of circular steel tube; and D/ is the diameter-to-thickness ratio. As
shown in Figure 12, with the increase of slenderness ratio, the difference between the two methods
becomes smaller and smaller. With the slenderness ratio 66 as the limit, the difference between N and
Nem decreases first and then increases with the ascent of eccentricity (e = 0~100 mm). Figure 13 shows
that, when the diameter-to-thickness ratio is relatively small, the load carrying capacity calculated by
three specification formulas considering the material degradation method is higher than that calculated
by the section reduction method, but such a small diameter-to-thickness ratio is not usually used
in practical engineering. In the common range of engineering, the calculation results of the three
specifications are not the same, among which the difference of calculation results of GB 50017-2017
increases slightly with the increase of the diameter-to-thickness ratio, and the overall difference is
not more than 3%. However, the calculation results of EN 1993-1-1 and ANSI/AISC 360-16 all show
mutation points. This is mainly resulted from the finer classification of steel tubes in these two
specification calculation formulas, and the calculation formulas or parameters of different categories
of steel tubes are slightly different. When considering material degradation or section reduction to
simulate uniform corrosion, two methods can be used to calculate different categories of steel tubes,
and then different parameters or calculation formulas will be taken.
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Figure 13. Relationship between 6 and D/t: (a) GB50017-2017; (b) EN 1993-1-1; and (c) ANSI/AISC 360-16.
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5.2. Accuracy Analysis of Load Carrying Capacity Calculation Method

According to the section reduction method, the comparison between the load carrying capacity
calculation results N by the above three specifications and the test results N; of specimens are shown
in Figure 14. It can be found that the ultimate load carrying capacities of specimens calculated based
on section reduction are close to the test results, and have a certain safety margin, indicating the
feasibility of this method. Considering that Nom and N are basically the same, the method of material
degradation for load carrying capacities can also be proved feasible. After comparison, the conservative
degree of calculation results of three specifications indicates a descending order of ANSI/AISC 360-16,
GB50017-2017, and EN 1993-1-1.

Specimens in this study Specimens in this study
400-- e=0mm 400—- e=0mm
® ¢=15mm ® ¢=15mm
A ¢=35mm A ¢=35mm
Specimens in [24] [ ™ [Specimens in [24] [ ™
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|
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© N/KN

Figure 14. Comparison of the tested results and load carrying capacity predicted by using the section
reduction method: (a) GB50017 —2017; (b) EN 1993-1-1; and (c) ANSI/AISC 360-16.

5.3. Comparison of One-Sided Corrosion and Two-Sided Corrosion

Because of the different parameters such as the slenderness ratio and the diameter-to-thickness
ratio of specimens in this study and the study in [24], it is not possible to directly use these data to
compare the difference between one-sided corrosion and two-sided corrosion. The results of the study
in [24] are also shown in Figure 14, and it can be seen that the section reduction method can also
be used to calculate the load carrying capacities of two-sided corrosion specimens. With the same
corrosion ratio, the load carrying capacities of one-sided corrosion and two-sided corrosion specimens
are shown in Figure 15, where N, and N are the load carrying capacities of the specimens calculated
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by considering one-sided corrosion and two-sided corrosion, respectively. It can be seen that N is
slightly larger than N, but the results are basically the same.

Specimens in this study Specimens in this study
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Figure 15. Comparison of the load carrying capacity of the specimens with one-sided corrosion and
with two-sided corrosion: (a) GB50017 —2017; (b) EN 1993-1-1; and (c) ANSI/AISC 360-16.

To study the difference between the two methods of one-sided corrosion and two-sided corrosion,
the load carrying capacities of specimens were calculated by the above three specifications according
to the previous values of corrosion ratio, eccentricity, slenderness ratio, and diameter-to-thickness
ratio, as shown in Figures 16 and 17. It can be found that, with the increase of slenderness ratio, the
calculated results of one-sided corrosion and two-sided corrosion are more and more different. Within
the common range of engineering, the difference between the two corrosion methods decreases with the
increase of diameter-to-thickness ratio. In general, the load carrying capacities of specimens calculated
by the two corrosion methods are not much different. When the corrosion degrees of specimens do
not exceed 20%, the results between the two corrosion methods are no more than 3%. It shows that
different uniform corrosion modes have little influence on the calculation results of load carrying
capacities of specimens. Two-sided corrosion can only be considered to accelerate the corrosion ratio
in the accelerated corrosion test.
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Figure 16. Relationship between 6 and A: (a) GB50017-2017; (b) EN 1993-1-1; and (c) ANSI/AISC 360-16.
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6. Conclusions

The influences of parameters such as corrosion degree and eccentricity on the mechanical properties
of uniformly corroded circular steel tubular beam-columns in atmospheric environment were studied
experimentally. Based on the calculation formulas of three specifications, the load carrying capacities
of corroded specimens were calculated by the section reduction method and material degradation
method. Herein, the following conclusions are summarized.

The yield strength, tensile strength, elastic modulus, and elongation of corroded steel decrease
linearly with the increase of corrosion ratio, and the elongation decreases more quickly than
other properties.

The failure modes of circular steel tube specimens do not change under uniform corrosion,
which are global buckling failure. With the increase of eccentricity, the load carrying capacities and
stiffness of specimens descend.

The load carrying capacities and stiffness of circular steel tube specimens decrease with the growth
of corrosion ratio, which are more prominent than the degradation of material properties of steel,
and the degree of reduction is linear with the corrosion ratio. At the same corrosion ratio, the load
carrying capacity and stiffness degradation of specimens with larger eccentricity are more significant.

The load carrying capacities of specimens calculated based on the section reduction and material
degradation are in good agreement with the test results and have a certain margin. The conservative
degree of the calculation results of three specifications ranks in descending order of ANSI/AISC 360-16,
GB50017-2017, and EN 1993-1-1.

When the corrosion ratios of specimens are equal and do not exceed 20%, the load carrying
capacities of one-sided corrosion and two-sided corrosion specimens are basically the same, and the
difference between two results is no more than 3%.
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