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Abstract

:

The behavior of two series of corroded thin-walled concrete-filled steel tubes (CFSTs) was investigated in this paper. One series, called the CT series, consists of fourteen CFST specimens corroded by NaCl solution, while the other, called the AT series, consists of six test pieces corroded in the atmosphere. Outer surfaces of corroded steel tubes were scanned using a 3D scanner machine, and a complete surface profile of each specimen was obtained for corrosion evaluation using different methods in this study. Entire test pieces were compressed to failure, and their behaviors under loading were recorded. It is shown that corrosion has a fractal feature, and it has a significant effect on the ductility of specimens. In addition, FEA models of corroded CFST specimens were established based on the 3D scanning profile results using the ABAQUS program and verified against column test results.
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1. Introduction


Concrete-filled steel tubes (CFSTs) have been widely used recently due to their high performance, such as in bridge structures, offshore structures, and electric transmission towers [1,2,3,4,5,6,7,8]. These structures suffer from corrosion due to environmental attack, especially from chloride ingression. The thickness of steel tubes decreased compared with traditional steel structures, thanks to the contribution of concrete; this could result in a significantly high corrosion rate at the usual corrosion depth. Therefore, it is important to investigate the effect of corrosion on the behavior of CFST structures.



Behavior of corroded CFST specimens under axial loading [9], sustained loading [10], tension [11], and eccentric loading [12,13] were investigated by Han et al. Corrosion of CFST specimens was accelerated by electrochemical method in 3.5% NaCl solution. Finite element simulation of the corroded CFST specimens was also conducted by Han et al. [10,11,12,13], where the uniform corrosion of steel tubes was simulated by reducing the stiffness of the corroded steel elements. Deterioration of the bond stress between the steel and the concrete interface, as well as concrete performance, were also considered. Research results indicated that the CFST specimens were generally uniformly corroded under the electrochemical accelerating method. The thickness of the steel tube decreased due to corrosion, which lead to a reduction in the constraint effect on concrete. Furthermore, the buckling resistance of the steel tube also decreased.



Corrosion of steel structural elements has been investigated for decades. Nowadays innovative methods have been used, such as a 3D scanning method for corrosion of structural steel [14], aluminum alloy [15], bridge wires [16], and butt-welded joints [17]. The coordinate data of a corroded surface is usually obtained by this 3D scanning method, and thus, the geometry size of the remaining part would be accurately described. Parameters, such as the maximum depth of corrosion pits, the area of pits, and the shape of pits, could be obtained by data analysis [17]. Meanwhile, it has been shown that 3D scanning results can be used to establish the finite element of corroded tensile coupon specimens and that the cracks in the corroded tensile coupon specimens could be predicted using the FEA model by incorporating the ductile fracture criterion of steel. Based on the aforementioned, this study is going to use the 3D scanning method to analyze the situation of the corroded CFST specimens and, simultaneously, to establish their corresponding FEA models.



A total of 20 test pieces, including 14 CFST specimens corroded by 5 wt % NaCl solution and 6 CFST specimens corroded in atmosphere, without external applied current, were investigated in this study, in order to obtain the similar corrosion condition in engineering reality. Structural steel grade Q235 and Q420, as well as concrete grades C35, C50, and C60, were used. The outer surfaces of all steel tubes are prepared by using 3D scanner machine. Then, all test specimens are compressed under axial loading. In addition, FEA models of the corroded CFST specimens become established and verified against test results. Finally, the suitability of the current design methods are evaluated against test and numerical results.




2. Experimental Program


2.1. Test Specimen Configuration


In this study, concrete filled in the steel tube before welding the top ending plate. Test specimens are labelled such that the type and time of the corrosion, as well as concrete grade, could be identified from the label. For example, the label “CT90C60B” defines the specimens as follow:




	
The first letter indicates the type of corrosion, where the prefix letter “C” refers to chloride corrosion, and “A” refers to the atmospheric corrosion.



	
The following letter, “T”, with two digits “90”, indicates the corrosion time in days.



	
The following letter, “C”, with two digits “60”, refers to the concrete grade.



	
The last character, “B”, refers to the repeated test piece.









2.2. Materials


2.2.1. Concrete and Steel Tubes


The concrete elastic modulus (Ec) and compressive strength (fcu) obtained on 150-mm cubes at 28 days are presented in Table 1. The material properties of the steel tubes were obtained through tensile coupon tests. The coupons were taken from the same batch of steel tubes as the column test specimens in the longitudinal direction. The 12.5-mm-wide coupon dimensions conformed to Australian Standard AS 1391 [18] for tensile testing of metals. A displacement-controlled test machine with friction grips was used for the coupon tensile test in accordance with AS 1391 [18]. A calibrated 50-mm gauge length extensometer was used to measure the tensile strain. The values for Young’s modulus (Es), yield stress (Fy), and ultimate tensile strength (Fu), based on the coupon test results, are shown in Table 2.




2.2.2. Specimen Design


A total of 20 CFST column specimens were designed, among which 14 specimens were prepared for the chloride corrosion condition, namely the CT series, and the other 6 were prepared for atmospheric corrosion condition, namely the AT series, as shown in Table 3. Seamless steel tubes, labeled S, and welded steel tubes, labeled W, were prepared for the CT series and AT series, respectively. The geometry and dimensions of the concrete-filled steel tubes are presented in Table 3 using the symbols plotted in Figure 1. For the CT series, two 15-mm-thick steel plates were welded on opposite ends with the purpose of preventing the chloride solution from affecting the inner surface of column specimens, while for the AT series, each has one 15-mm-thick steel plate welded on end for the convenience of scanning, as seen in Figure 2. For the AT series, there are four 50 × 6 mm angle bars inside the concrete considering the preparation method in Xu et al. [2]. Those angles have no effect on the corrosion of the AT specimens according to previous research.





2.3. Corrosion Process


Neither the AT series nor the CT series were coated on the outer surface of the steel tubes in this study. The AT specimens were simply placed in the laboratory after a casting of concrete for about 1100 days. Afterwards, scanning detection was carried out. Dust on the test pieces was manually removed before the process of scanning. The CT specimens were exposed to a chloride erosion environment where 5 wt % NaCl solution was sprayed on the outer surface of the steel tubes six times every day. Specimens of the CT series were divided into four batches according to the sprayed time of 30, 60, 90, and 120 days. Deruster was used to remove the dust before scanning.




2.4. 3D Scanning Process


Shining 3D-Scanner equipment with the accuracy of 0.015–0.035 mm was used for the specimens’ outer surface corrosion tests as shown in Figure 3. Scanning was performed after the rust cleaning process was performed on the test specimens. An area of 200 mm × 150 mm could be scanned each time to form a figure of the surface profile. Multiple scanned figures could be merged into a complete surface profile of a specimen, as shown in Figure 4a. The coordinate data of each spot were obtained from the scanning results, as shown in Figure 4b.




2.5. Loading and Data Acquisition


The test rig and the test set-ups are shown in Figure 5. A 10,000 kN hydraulic testing machine was used to apply compressive axial force to the column specimens by the displacement control at a rate of 1.0 mm/min. Three LVDTs (linear variable differential transformers) were positioned on the top end plate of the column specimen to measure the axial shortening. In addition, eight strain gauges were attached at mid-length of the columns to measure the strain. Four strain gauges were attached vertically, while the other four strain gauges were attached horizontally. A data acquisition system was used to record the readings of the strain and the compressive load at regular intervals during the tests.





3. Test Results


3.1. Corrosion Evaluation


Current ASTM Standard G46 [19] provided the method for evaluation of corrosion based on its density, size, and pit depth. Evaluation results of corrosion pits on the outer surface of the specimens were presented in Table 4. It is found that the corrosion evaluation of the ASTM results was approximately the same for each individual series. According to ASTM Standard G46, A-2, B-5 and C-1 are evaluated as carrion for the CT series, except for the individuals CT30C60 and CT90C60B, while the result is A-3, B-5 and C-3 for the entire AT series. It is reasonable for the AT specimens have close results thanks to their significantly identical corrosion condition. Nevertheless, the density, size, and depth of the corrosion pits are a little different for the CT test pieces, which might indicate a relatively short corrosion time, as one of the corrosion conditions is weakened once among the complete test condition parameters.



Since the density of steel remains the same after corrosion, volume loss is used to evaluate the corrosion rate in this study. The corrosion rates Ψ are calculated based on the weight of the steel tubes, seen in Equation (1), where A and A′ denote the volume of the steel tube before and after corrosion, respectively. As shown in Table 4, the corrosion differs for specimens with the same ASTM evaluation results.


  ψ = ( A −  A ′  ) / A %  



(1)







As can be obtained from the above equation, the ASTM method and weight evaluation method are unable to evaluate the corrosion sufficiently, thus fractal dimension was also used to evaluate the corrosion in this study. The differential box-counting approach proposed by Sarkar and Chaudhuri [20] was adopted based on 3D scanning profile results. Boxes of different sizes were used to overlap the volume of steel tubes that remained after corrosion, while the fractal dimension was calculated using Equation (2), where D is the fractal dimension, r is the edge length of box, and N is the number of boxes. It has been shown that there is linear relationship between   log N  r    and   log   1 / r    , such as specimen AT1100C50A in Figure 6, which illustrates that the corrosion has the fractal feature. The fractal dimensions of the corrosion of test specimens were calculated and presented in Table 4. It is shown that the fractal dimensions of corrosion were different for the specimens. It shows that the fractal dimension value generally increases with increasing corrosion time for the CT series specimens, while the fractal dimension value exhibits a 5% variation though the specimens that have identical corrosion times. Meanwhile, the average value of a fractal dimension for the AT series specimens is 2.3487, which is close to that of the CT120 specimens, conveying that the fractal dimension of the atmospheric corrosion over three years is approximately equal to that of the chloride corrosion over about 120 days in this study.


  D =   log N ( r )   log ( 1 / r )    



(2)








3.2. Loading Test Results


The load-displacement curves of the test specimens are plotted in Figure 7 and Figure 8. Based on observation during the test process and the analysis of test data, the specimens are thought to experience two stages under loading. In the initial stage, the concrete and steel tube work together before reaching the first peak load. During the second stage, the load generally continues to increase after undergoing a short decrease. In the latter phase, large deformation of the steel tubes could be clearly observed as shown in Figure 9. It is worth mentioning that since the load increase in the second stage may lead to a cross-section increase for stub columns, the peak load in the first stage was considered the ultimate load in this study. If no peak load was found at the first test stage, the maximum load would be considered the ultimate load, as in AT1100C50C and AT1100C50D. Both of the small value differences between the repeated tests and the first value of each test set demonstrated the reliability of the test results, which has been presented in Table 5. It is shown that the corroded CFST specimens have a relatively lower ultimate load compared with the non-corroded counters, with up to a 10% reduction at most. A clear relationship between the ultimate load and corrosion rates has not been shown, which may relate to the variations in concrete strengths of specimens.



The test observed that the steel tubes of columns, which experienced ultimate loading, eventually displayed final buckling failure. However, for test specimens AT1100C50A, AT1100C50B, AT1100C50E, and AT1100C50F, a fracture of the steel tube was observed at the second stage of the L-D curves, as seen in Figure 10. Displacements corresponding to their fracture point were 42 mm, 44 mm, 60 mm, and 70 mm for specimens AT1100C50A, AT1100C50B, AT1100C50E, and AT1100C50F, respectively. Generally, the fracture occurred at the welding, which suffers the most severe corrosion, as shown in Figure 10. As shown, the welded steel tube is fractured due to the tensile stress caused by hoop expansion. Load versus average hoop strain curves of specimens from the AT series were plotted in Figure 11. Average hoop strains corresponding to their fracture points were 2912, 2584, 2232, and 3303 με, respectively. The results demonstrate that corrosion has a significant effect on the ductility of the CFST column specimens with welded steel tubes. It should be noted that the effect of corrosion on the fracture of a steel tube due to horizontal tensile force has not been reported previously.




3.3. Comparison with Design Predictions


In order to investigate the suitability of the design equation for normal CFST columns for the corroded members, the design strengths of uncorroded specimens were predicted. Current AISC standards [21] and the design method proposed by Xu et al. [2] were used for the predictions. Table 5 has shown the compared results. It is found that the design predictions are conservative, especially for 480-mm CFST columns, which may be due to the end constraint effect [2], as shown in Table 5. The mean value and corresponding COV of PDesign/PTest are 0.75 and 0.169, respectively. Comparison indicated that the design equations for normal CFST columns are able to predict the column strengths of the corroded members in this study. Since the stub CFST columns are able to resist the compression load after yielding of steel tubes, the design predictions are conservative compared with the ultimate strengths obtained from the test results.





4. Finite Element Simulation


4.1. Finite Element Model


The finite element (FE) models were developed using ABAQUS/Standard [22]. Coordinate data obtained from the 3D scanning process were used to establish a model of the corroded steel tubes. The solid elements C3D8R were adopted for the steel end plate parts and the filled concrete, while the solid elements C3D10 were adopted for the steel tubes. The element size for the steel tube was approximately 1.0 mm, while the coarse mesh with an element size of 20 mm was used for concrete part. All degrees of freedom at both ends of the column specimens were fixed, except for the loading direction, as the boundary conditions in the test. Displacement was applied to the top end of the specimens to simulate the axial compression.



The true stress–strain curves obtained from the tensile coupon tests were used for the steel tubes. The constitutive model of steel was defined as von Mises yield criterion, associated with a flow rule with isotropic strain hardening [23,24]. The weld was assumed to have the same material properties as those of the steel. The concrete damaged plasticity model [22] was adopted for the concrete part. The equations suggested by Han et al. [25] were used to obtain the uniaxial compressive stress–strain relationship of the confined concrete. The Poison’s ratio was taken as 0.2 for the infill concrete. A linear stress-strain relationship was used for the concrete tensile behavior before reaching the tensile strength. For the concrete-to-steel surface-to-surface contact model, the hard contact behavior was set in the normal direction. In the tangential direction, the isotropic Coulomb frictions with a frictional factor of 0.6 [3] were adopted.




4.2. Verification


The deformations under the ultimate loads in the simulation were compared with the test results, as shown in Figure 9. Typical load versus displacement curves are compared in Figure 12. It is shown that the developed FE models were capable of predicting the initial stiffness and peak loads, while, for the plastic stage, a moderate discrepancy was observed, as shown in Figure 12. Ultimate strengths of the test and FE analysis are compared in Table 5. The average values of PFEA/PTest and the coefficient of variation (COV) were 1.02 and 0.035, respectively. In general, the established FE models incorporated with the steel fracture criterion can predict the mechanical behaviour of corroded CFST specimens with reasonable accuracy.




4.3. Corrosion Pits Effect Analysis


For the uncorroded specimens, stress generally developed uniformly when the load increased, while those of the corroded ones were in non-uniform development, as shown in Figure 13. The stress states of test specimen AT1100C50A, corresponding to the 50% and 80% of ultimate load, are present in Figure 13a,b, respectively. The FEA simulation results in Figure 13a indicated that when the maximum stress reached a yield stress of 462 MPa, the minimum stress was only 330 MPa. The hoop strain states of specimen CT30C35 at points A, B, and C were obtained for illustration (shown in Figure 14). Point A is located in the center of the corrosion pit, and Point B is located inside the corrosion pit close to Point A. Point C is located in the uncorroded region. It is shown that stress distribution is obviously non-uniform. The hoop strain development at different points on specimens of CT30C35 can be seen in Figure 15. It is shown that the hoop strain develops rapidly when it reaches the yield load; then, the strain of Point A develops much faster than that of Point C.





5. Conclusions


In this study, the compression behavior of the corroded CFST specimens was investigated by both a loading test and numerical method. Specimens that respectively suffered chloride ingression corrosion and atmosphere corrosion were examined, while a 3D scanning method was employed to obtain the profile of the steel tubes’ surfaces. Corrosion evaluation was conducted based on the scanning results. It shows that the current ASTM method and the weight loss method are insufficient for estimation of the corrosion of test specimens. Therefore, a fractal method was developed for the corrosion evaluation in this study. Meanwhile, corrosion shows an effect on the ultimate strength of the CFST specimens in this study through exhibition of a reduction in the maximum strength of approximately 10%. However, corrosion may induce fracture of the welded steel tube under hoop expansion, which leads to a significant loss of ductility for these CFST pieces. Moreover, fracturing generally occurred at welding sites, which suffered the most severe corrosion. Furthermore, 3D scanning results to simulate the corrosion used in the finite element model show the developed method is available, and it presents a series of non-uniform stress versus strain curves of the steel tubes thanks to their corrosion condition. However, the high stress portion of the steel tube is able to resist the loading after its yielding until fracture. Therefore, design equation has access to predict the strengths of the generally corroded CFST stub columns in this study, and formulation for a safer operation of the analyzed structures should be developed in the future.
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Figure 1. Cross section of CFST specimens. 
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Figure 2. Corroded CFST specimens: (a) specimens corrosion accelerated by NaCl (CT series); (b) specimens corrosion in atmosphere (AT series). 
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Figure 3. Scanning of corroded CFST specimens. 
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Figure 4. Surface profile and coordinate data obtained from 3D scanning results: (a) surface profile; (b) coordinate data. 
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Figure 5. Load tests. 
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Figure 6. Fractal dimension of specimen AT1100C50A. 
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Figure 7. Load versus displacement curves of specimen CT series: (a) C35 Series; (b) C60 series. 
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Figure 8. Load versus displacement curves of specimen AT series. 
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Figure 9. Comparison of failure mode of specimen CT90C35A: (a) test observed deformation; (b) FEA analysis deformation. 
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Figure 10. Cracks in corroded CFST specimens with welded steel tubes: (a) AT1100C50A; (b) AT1100C50B; (c) AT1100C50E; (d) AT1100C50F. 
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Figure 11. Load versus hoop strain curves of specimen AT series. 
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Figure 12. Comparison of typical load versus displacement curves. 
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Figure 13. Stress development of specimen AT1100C50A: (a) 50% ultimate load; (b) 80% ultimate load. 
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Figure 14. Illustration of Points A, B, and C. 
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Figure 15. Hoop strain of different points on specimen CT30C35. 
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Table 1. Material properties of concrete.
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Component

	
Test Value






	
Concrete grade

	
C35

	
C50

	
C60




	
Ec (MPa)

	
31,420

	
34,230

	
35,574




	
fcu (MPa)

	
34.8

	
51.9

	
54.8
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Table 2. Material properties of steel.
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	Component
	CT Series
	AT Series





	Nominal thickness/diameter (mm)
	4.0
	6.0



	Yield strength Fy (MPa)
	460.0
	280.9



	Ultimate strength Fu (MPa)
	640.0
	4.0



	Young’s modulus Es (MPa)
	1.98 × 105
	2.03 × 105
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Table 3. Test specimens.
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	Specimens
	Concrete
	T (Day)
	Dt (mm)
	t (mm)
	L (mm)
	Tube





	CT0C35
	C35
	0
	160
	4
	480
	S



	CT0C60
	C60
	0
	160
	4
	480
	S



	CT30C35
	C35
	30
	160
	4
	480
	S



	CT30C60
	C60
	30
	160
	4
	480
	S



	CT60C35
	C35
	60
	160
	4
	480
	S



	CT60C60
	C60
	60
	160
	4
	480
	S



	CT90C35A
	C35
	90
	160
	4
	480
	S



	CT90C35B
	C35
	90
	160
	4
	480
	S



	CT90C60A
	C60
	90
	160
	4
	480
	S



	CT90C60B
	C60
	90
	160
	4
	480
	S



	CT120C35A
	C35
	120
	160
	4
	480
	S



	CT120C35B
	C35
	120
	160
	4
	480
	S



	CT120C60A
	C60
	120
	160
	4
	480
	S



	CT120C60B
	C60
	120
	160
	4
	480
	S



	AT1100C50A
	C50
	1100
	300
	6.0
	1000
	W



	AT1100C50B
	C50
	1100
	300
	6.0
	1000
	W



	AT1100C50C
	C50
	1100
	300
	6.0
	1000
	W



	AT1100C50D
	C50
	1100
	300
	6.0
	1000
	W



	AT1100C50E
	C50
	1100
	300
	6.0
	1000
	W



	AT1100C50F
	C50
	1100
	300
	6.0
	1000
	W
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Table 4. Corrosion evaluation of specimens.






Table 4. Corrosion evaluation of specimens.





	Specimens
	Density
	Size

(mm2)
	Depth

(mm)
	ASTM Results
	Ψ

(%)
	D





	CT30C35
	180
	28.27
	0.35
	A-2, B-5, C-1
	2.93
	2.2867



	CT30C60
	200
	10.56
	0.4
	A-2, B-4, C-1
	1.05
	2.2981



	CT60C35
	190
	25.5
	0.45
	A-2, B-5, C-1
	7.56
	2.3659



	CT60C60
	230
	20.43
	0.4
	A-2, B-5, C-1
	10.35
	2.3263



	CT90C35A
	150
	30.11
	0.6
	A-2, B-5, C-1
	9.19
	2.3724



	CT90C35B
	130
	45.37
	0.55
	A-2, B-5, C-1
	10.07
	2.3696



	CT90C60A
	124
	19.63
	0.4
	A-2, B-5, C-1
	1.36
	2.2847



	CT90C60B
	195
	12.23
	0.35
	A-2, B-4, C-1
	1.99
	2.2878



	CT120C35A
	200
	22.12
	0.45
	A-2, B-5, C-1
	7.91
	2.3247



	CT120C35B
	195
	24.63
	0.5
	A-2, B-5, C-1
	8.99
	2.3294



	CT120C60A
	140
	37.39
	0.6
	A-2, B-5, C-1
	11.91
	2.3453



	CT120C60B
	160
	35.56
	0.5
	A-2, B-5, C-1
	9.43
	2.3080



	AT1100C50A
	500
	24.52
	1–2
	A-3, B-5, C-3
	27.2
	2.4226



	AT1100C50B
	400
	26.34
	1–2
	A-3, B-5, C-3
	31.0
	2.3031



	AT1100C50C
	400
	25.03
	1–2
	A-3, B-5, C-3
	23.1
	2.3203



	AT1100C50D
	400
	27.30
	1–2
	A-3, B-5, C-3
	26.1
	2.4226



	AT1100C50E
	400
	23.65
	1–2
	A-3, B-5, C-3
	20.1
	2.3031



	AT1100C50F
	400
	25.21
	1–2
	A-3, B-5, C-3
	30.8
	2.3203
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Table 5. Ultimate load comparison between test results and FEA results.






Table 5. Ultimate load comparison between test results and FEA results.













	Specimens
	PTest (kN)
	PFEA

(kN)
	PDesign

(kN)
	PFEA/PTest
	PDesign/PTest





	CT0C35
	1960
	1997
	1237
	1.02
	0.63



	CT0C60
	2310
	2250
	1506
	0.97
	0.65



	CT30C35
	1897
	1987
	1237
	1.05
	0.65



	CT30C60
	2179
	2390
	1506
	1.10
	0.69



	CT60C35
	1829
	1924
	1237
	1.05
	0.68



	CT60C60
	2244
	2109
	1506
	0.94
	0.67



	CT90C35A
	1828
	1898
	1237
	1.04
	0.68



	CT90C35B
	1868
	1892
	1506
	1.01
	0.81



	CT90C60A
	2189
	2292
	1237
	1.05
	0.57



	CT90C60B
	2151
	2274
	1506
	1.06
	0.70



	CT120C35A
	1828
	1898
	1237
	1.04
	0.68



	CT120C35B
	1836
	1845
	1506
	1.00
	0.82



	CT120C60A
	2109
	2244
	1237
	1.06
	0.59



	CT120C60B
	2240
	2272
	1506
	1.01
	0.67



	AT1100C50A
	4438
	4520
	4170
	1.02
	0.94



	AT1100C50B
	4823
	4722
	4170
	0.98
	0.86



	AT1100C50C
	4781
	4861
	4170
	1.02
	0.87



	AT1100C50D
	4460
	4500
	4170
	1.01
	0.93



	AT1100C50E
	4222
	4324
	4170
	1.02
	0.99



	AT1100C50F
	4860
	4785
	4170
	0.98
	0.86



	
	
	
	Mean
	1.02
	0.75



	
	
	
	COV
	0.035
	0.169
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