

  buildings-13-01201




buildings-13-01201







Buildings 2023, 13(5), 1201; doi:10.3390/buildings13051201




Article



Experimental Research on the Cold-Forming Effect of Cold-Formed Thick-Walled Steel



Xiaochao Fu 1, Wenjing Xu 1[image: Orcid], Shaole Yu 2,* and Xujiang Mei 3





1



Digital Construction College, Shanghai Urban Construction Vocational College, Shanghai 200438, China






2



China Construction Eighth Engineering Division Corp., Ltd., Shanghai 200131, China






3



Hangzhou Center for Health Development, Hangzhou 310006, China









*



Correspondence: yushaole10@163.com; Tel.: +86-18301793936







Academic Editor: André Rafael Dias Martins



Received: 3 April 2023 / Revised: 23 April 2023 / Accepted: 25 April 2023 / Published: 30 April 2023



Abstract

:

To study the cold-forming effect on the yield strength distribution of cold-formed thick-walled steel, material tensile tests and axial compression tests were conducted on steel-lipped channels. To undertake the material tensile tests, five types of cold-formed lipped channel sections with varied thicknesses and nominal yield strengths were selected. The material test samples were taken from the web, flange, curled edge, and corner of the lipped channel sections, respectively. Next, a corresponding distribution model for the yield strength of cold-formed thick-walled lipped channel sections was developed. Following this, axial compression tests of five short columns with the same section as the coupon tests were conducted to further investigate the cold-forming effect. Finally, the results from the short column tests, the results based on the proposed yield strength distribution model, and the results calculated for related codes in various countries were compared. These revealed that the yield strength distribution, bearing capacity, and ductility were considerably influenced by the cold-forming effect and mainly depended on the width-to-thickness ratio (h/t) of the plate involved. When h/t was less than 34, the curve slowly decreased after reaching the peak load and had good ductility. Conversely, when h/t was greater than 71, local buckling had an obvious influence on the bearing capacity of the specimen, and the column ductility was poor. Overall, the results based on the Chinese code GB 50018-2002 were closest to the experimental values with the smallest variation coefficient, and therefore this code has the best applicability.
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1. Introduction


Cold-formed steel is an efficient material, with flexible and abundant cross-sectional forms. It is widely used in construction, transportation, machinery manufacturing, electric power, and other industries [1]. Research reveals that a reasonable consideration of the impact of the cold-formed strengthening effect is conducive to improving the efficiency of the steel [1,2,3,4,5,6,7].



As early as 1968, the American AISI provided cold-formed steel specifications for the design of cold-formed steel with a wall thickness not exceeding 25.4 mm, rather than a few millimeters. In 1973, Yu Weiwen conducted an experiment on thick-walled steel (12.7 mm and 25.4 mm) at the University of Missouri in Rolla to confirm the applicability of AISI specifications for cold-formed steel sections with wall thicknesses exceeding 6.35 mm. In recent years, multiple scholars [4,5,6,7,8,9,10,11,12,13,14] have extensively researched cold-formed thick-walled steel, including the structural behavior of extremely thick-walled cold-formed square steel columns [6,7], the residual stress of rectangular hollow sections [8], the mechanical properties of cold-formed steel tubular sections at elevated temperatures [9,10], the buckling resistance of cold-formed thick-walled steel columns under combined axial compression and bending [11], the overall stability of axially compressed cold-formed thick-walled steel tubes [12], the design reliability of cold-formed thick-walled steel members under axial compression [13], and the hysteretic behavior of axially loaded cold-formed thick-walled steel members [5,14].



Currently, the Chinese National Standard Technical Code of Cold-formed Thin-wall Steel Structures (GB 50018-2002) is being revised [15] and can now be applied to cold-formed steel with a thickness of 0.6–25 mm. For a more comprehensive understanding of the performance of various types of cold-formed steel in terms of the cold-forming effect, and to provide a test basis for standard revision, it is necessary to expand the scope of cross-sectional research. In this study, a tensile test of material properties was conducted on typical parts of five kinds of cold-formed lipped channel steel, and the strengthening effect of each part was examined. Following this, a yield strength distribution model of a channel section with thick-walled cold-formed steel was developed. Next, axial compression tests of five short columns with the same section as the coupon test were performed to further investigate the cold-forming effect. Finally, through comparative analysis, the applicability of the cold-formed strengthening formulae in each country’s specification for the calculation of thick-walled cold-formed rolled-edge channels was verified.




2. Tensile Tests of Material Properties


2.1. Specimen Design


Taking into consideration the influence of the plate’s width–thickness ratio (h/t) and steel strength grade, five kinds of cold-formed steel with a lipped channel section were selected for the tensile test of material properties. These are detailed in Table 1, and the symbols denoting each section size are depicted in Figure 1.



The material test samples were taken at the web, edge, flange, and corner of the channel steel; the sampled specimens and their positions in the channel section are displayed in Figure 1. There was one web specimen (W1), two edge specimens (F1 and F2), two flange specimens (J1 and J2), and four corner specimens (C1, C2, C3, and C4) in the channel section. To reduce the test error, we repeated sampling three times for each of the five sections. Thus, a total of 135 material specimens were obtained. The base metal of each channel section was also sampled three times prior to cold-roll forming, resulting in a total of fifteen samples from base metal (M0). Therefore, there were 150 specimens overall.



All these specimens were evaluated according to the Chinese code GB/T 228 [16], and the parameters for each sample were calculated according to Formula (1):


   L 0  = K    A 0     



(1)




where L0 is the length of the specimen gauge section, A0 is the section area of the specimen gauge section, and K is a coefficient; according to the standard [16], K = 5.65.



The shape of the specimen is depicted in Figure 2, revealing that it was processed into a dumbbell shape.



The plate specimens, such as the web, edge, and flange plates, were obtained along the length of the steel tubes and the sampling of the base material followed the rolling direction of the steel plate, the shape of which is presented in Figure 2.



According to the regulation [16], arc specimens can be used for corner parts, as used in a previous study [5]. However, round-bar specimens can also be used for corner parts, such as those used in [4]. Usually, arc specimens are easier to fabricate than round-bar specimens. In this experiment, the round-bar specimen was selected, the shape of which is illustrated in Figure 2b.



All the specimens were obtained using a wire electrical cutting machine, and each specimen was numbered and marked as soon as it was cut. The fabricated specimens are displayed in Figure 3.




2.2. Tensile Test Process and Phenomenon


The initial geometric dimensions such as width, thickness, and gauge length of each sample were measured before the tensile test. The width and thickness were measured at the two ends of the plate specimen and the middle of the gauge section. Next, the minimal size was selected as the cross-sectional area of the gauge section. The cross-sectional area of the corner was calculated using the cutting and weighing method [5].



The tensile test of material properties was conducted in the Structural Laboratory of the Department of Building Engineering, Tongji University. The stress–strain curves of each specimen were recorded using an extensometer.



To eliminate the influence of small eccentricity due to the deviation caused by installation during stretching, two strain gauges were attached to both sides of the specimen to measure its strain value. The test loading rate was adopted according to the Chinese code. The position and form of the fractures in the specimens are illustrated in Figure 4.



Figure 4 reveals that most fracture positions of the plate specimens were located inside the extensometer, and only a few specimen fractures were located outside the extensometer. This phenomenon may be attributable to the non-uniform material properties of the coupon, the machining error of the wire-cutting machine, and the small eccentric tension that occurred during the test.




2.3. Stress–Strain Relationship Curves


The stress–strain (σ–ε) curves of the five lipped channel steel sections are presented in Figure 5. All curves were the average of three repeated test groups.



The following three conclusions can be drawn from Figure 5:




	(1)

	
The tensile strength of the corner specimens C1~C4 is significantly higher than that of other plate specimens, while the elongation of the corner specimens is significantly reduced, and there is no obvious yield platform.




	(2)

	
The curves of the specimens in the flat plate are coincident, suggesting that the mechanical properties of the web, flange, and edge are close to each other.




	(3)

	
The curve of the flat part (F1~F2) is slightly higher than that of the base metal (M0), which demonstrates that there is a certain cold-formed effect in the flat part, but this is weaker than the effect in the corner parts.










2.4. Analysis of the Test Results


The yield point was used as the yield strength of the material for the specimen with a yield platform, while the stress corresponding to 0.2% plastic strain was used as the yield strength of the material for the specimen without a yield platform [17].



Table 2 displays the yield strength fy, ultimate strength fu, elongation δc, and elastic modulus E for all the specimens. All data are the average values of three groups of repeated tests for each specimen. In this table, fym, fum, δm, and Em are the yield strength, tensile strength, elongation ratio, and elastic modulus of the base metal, respectively.



The following conclusions can be drawn from Table 2:




	(1)

	
By calculating the ratio of fy/fu, we found that the yield-to-tensile strength ratio of the base metal (M0) was less than 0.85, and the elongation ratio was greater than 20%. This met the requirements of the Chinese seismic code [18] for steel performance, demonstrating that the steel material selected in this test was acceptable.




	(2)

	
The ratio of the yield strength of the web, flange, and curling edge parts to the base metal varied (fy/fym) from 1.01 to 1.15, thus indicating that there was a certain cold-formed strengthening effect in the plate part. The ratio of the flat parts was close to 1.0, meaning that the strengthening degree of the flat plate was not particularly strong. The ratio of the yield strength of the corner to the base metal varied (fy/fym) from 1.42 to 1.65, and the degree of strengthening was significantly higher than that of the plate parts.




	(3)

	
The ratio of the ultimate strength of the plate parts (web, flange, and edge) to the base metal varied (fu/fum) between 0.96 and 1.06 but was concentrated near 1.0, indicating that the cold-formed strengthening effect did not increase the ultimate strength of the plate specimen. The ratio of the average ultimate strength of the corner parts to the base metal varied from 1.15 to 1.38, and the degree of strengthening was greater than that of the plate parts. The main reason for this may be that the corner is greatly affected by cold bending and the internal iron element lattice structure changes, which further improves its ultimate tensile strength.




	(4)

	
The elongation of the plate parts decreased compared with the base metal. Notably, the corner parts decreased the most, exceeding 50%.









The elastic moduli (E) of different parts were very close to 2.06 × 105 MPa. This difference can be ignored in the calculation. Therefore, the cold-formed process has little effect on the elastic modulus of cold-formed thick-walled steel, which is consistent with the conclusions of [5,7,10].





3. Yield Strength Distribution Model


Yield strength is one of the most important parameters in cold-formed steel calculation. Therefore, given the influence of the cold-forming effect, it is immensely important to propose a simple and practical yield strength distribution model for steel calculations.



A yield strength distribution model for the cold-formed thick-walled steel was proposed, which is shown in Figure 6. The model was based on the research methods in [5] and took into consideration the material test results. In this figure, R is the outer diameter of the corner parts, fym is the average yield strength of the base metal, and the other symbols are the same as in Figure 1.



Cold working can cause the distortion and deformation of the metal lattice, resulting in the shear and slip of grains, as well as the elongation of grains. These can increase the hardness of the surface layer metal and reduce the plasticity of surface layer metal deformation, known as the cold-forming effect. As indicated in Figure 6, the degree of the cold-forming effect at different positions of the section was different, which is mainly caused by the width–thickness ratio of the plate and the sequence of the cold-formed process. A large width–thickness ratio (such as that of the web) is less affected by the cold-forming effect, and vice versa. However, some parts of the plate were subjected to the cold-forming effect twice (such as the flange) due to bending hardening, and this effect was stronger than that of only one-time parts (such as the curling edge).



Among the three flat plates, the web part exhibited the weakest strengthening because the web width–thickness ratio (h/t) was the largest, far away from the corner parts; hence, the cold bending process had the least influence. The flange was the part most affected by the cold-forming strengthening effect in the flat plate because its width–thickness ratio (b/t) was small, close to both corners, and this was influenced by cold bending in the two corners. The cold-forming effect at the curled edge was intermediate because the width-to-thickness ratio (a/t) of the curled edge was the smallest, and the position from the bending angle was the closest, but it only underwent one-time cold bending.



Based on Figure 6, we can calculate the full section yield load of cold-formed thick-walled channel steel. We only need to know the yield strength of the base metal (fym) and then multiply the strength distribution coefficient of each part by the area of the corresponding part.




4. Axial Compression Tests of Short Columns


To further investigate the cold-forming effect, the axial compression tests of five short columns with the same section as the coupon test were performed. The load-carrying capacity of the full section was obtained by performing these axial compression tests and could verify the accuracy of the yield strength distribution model and the standard calculation.



4.1. Specimen Design


To ensure the comparability of the column test results, the axial compression tests of short columns also used the five kinds of section steel listed in Table 1. The measured parameters of the short columns are presented in Table 3, where L is the measured length of the short column.




4.2. Test Setup and Measurement


4.2.1. Test Setup


The short columns axial compression tests were performed in the Construction Engineering Structure Laboratory of Tongji University, as this facility has a 5000 kN electro-hydraulic servo testing machine. The ends of the short column were milled using a milling machine to ensure that the two end faces of the column were flat. During the tests, the short columns were directly placed on the bottom loading plate of the testing machine, and the upper and lower centroids of the short column were aligned to the center of the loading plate to ensure axial compression. The entire test set-up of the specimen installed on the testing machine is depicted in Figure 7.




4.2.2. Measuring Point Arrangement


The cross-section of the channel member was single axisymmetric, rendering it more complicated to determine its centroid than that of the bisymmetric cross-section. Therefore, the accuracy of short column installation on the test device was ensured by using several strain gauges and displacement meters.



Overall, twelve strain gauges (S1~S12) were arranged on the column, as shown in Figure 8. S1, S3, S5, S7, and S9 were arranged in the middle of each plate, and S2, S4, S6, and S8 were arranged in each corner. To monitor the web deformation, two strain gauges (S11, S12) were arranged at half web height (h/2) from the upper and lower ends. The strain gauges played a central role at the beginning of the test and during the monitoring of the stress state.



Ten displacement meters (D1~D10) were arranged on the column, as depicted in Figure 9. To obtain the load–displacement relationship curve for the entire process of short column compression, four vertical displacement meters (D1~D4) were arranged at each corner of the column to measure the vertical displacement. To measure the horizontal deformation of the column, six horizontal displacement meters (D5~D10) were arranged in the middle of the short column.





4.3. Axial Compression Test Phenomena and Analysis of Results


There were two failure modes in the five specimens of the short column: the distortional buckling failure and full-section yield failure. The width-to-thickness ratio (h/t = 66.7) of the ZC1 web was the largest, which was a distortional buckling failure, while the others were full-section yield failures. Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 display the failure modes of ZC1~ZC5.



When the peak load was reached, the displacement meter readings of D6, D8, and D10 of ZC1 were significantly larger than those of other horizontal directions, which indicated clear distortional buckling. The horizontal displacement meter readings of other thick-walled columns were small and were full-section yield failures. When the load was applied to the ultimate bearing capacity of the short columns, all exhibited obvious surface iron peeling except for ZC1. The test phenomena suggested that the thick-walled columns were in a full-section compression state, and the plate had no obvious local buckling deformation. The strain gauge readings indicated that the strain of ZC1 was less than the yield strain, while the strains of others were greater than the yield strain. All the test results revealed that different failure modes were affected by the width–thickness ratio of the column plate.




4.4. Stress–Strain Relationship Curves


The load–displacement curves (N–Δ) and the nominal stress–strain curves (σ–ε) of the short-column specimen are depicted in Figure 15, where the nominal stress was obtained by dividing the test load by the cross-sectional area. From the figure, the following conclusions are drawn:




	(1)

	
The sections of ZC2 and ZC3 are the same; only the strength grade of materials differs, which leads to the curve of ZC3 being higher than that of ZC2, although the trend is close.




	(2)

	
The width-to-thickness ratio of specimen ZC4 is slightly larger than that of ZC5, so the curve of ZC4 decreases slightly faster after the peak point but slower than ZC1, ZC2, and ZC3.




	(3)

	
Compared with the other four full-section yield failure specimens, the curve of ZC1 displays a sudden drop after the peak, and the stress peak point cannot reach the material yield strength (see Table 2), exhibiting obvious instability failure characteristics.











5. Comparison of Different Results


To verify the accuracy of the yield strength distribution model in Figure 6 and compare the applicability of the codes [15,19,20], the calculation results were compared with the short column test results. The comparison results are listed in Table 4. In the table, ft is the average yield strength test value of the whole section, fmod is the yield strength calculated using the distribution model, f1 is the yield strength calculated using the Chinese standard formula [15], f2 is the yield strength calculated using the North American standard formula [19], and f3 is the yield strength calculated using the European standard formula [20].



The following conclusions can be drawn from Table 4:




	(1)

	
Compared with the yield strength of the base metal, the yield strength of the whole section of the short column increased by 2.8–10.2%. Therefore, it is reasonable to consider the increase in yield strength caused by the cold-forming effect when we calculate the yield strength of the cold-formed thick-walled steel.




	(2)

	
The results calculated using the distribution model and different codes were close to the results for the short columns test. Their mean values were greater than 1.0 and between 1.004 and 1.097, which was slightly unsafe, but the coefficient of variation was small, and the calculation results were stable.




	(3)

	
The mean value calculated using the distribution model was 1.039, which was smaller than the North American standard formula [19] and the European standard formula [20] but larger than the Chinese standard formula [15]. The above results suggest that the distribution model proposed in this paper is feasible.




	(4)

	
With respect to the different codes in various countries, the mean value of the calculation results of the Chinese code, 1.004, was the smallest, and the dispersion coefficient was also small, so the Chinese code is optimal in terms of applicability.










6. Conclusions


Material properties tensile tests were conducted on each part of five cold-formed channel steel sections, and axial compression tests were completed on five short columns with corresponding sections. By comparing the test results with the yield strength distribution model proposed in the article and the formula calculation results for different codes, the following main conclusions can be drawn:




	(1)

	
The ratio of the yield strength of the plate parts to the base metal varied between 1.01 and 1.15, indicating that the strengthening degree of the plate parts was not obvious. The ratio of the yield strength of the corner parts to the base metal varied between 1.42 and 1.65; therefore, the degree of strengthening of the corner parts was much higher than that of the plate parts.




	(2)

	
The width–thickness ratio (h/t) of the plate greatly influenced the shape of the stress–strain relationship curve of the short column. When the width–thickness ratio of the column was less than 34, such as in specimen ZC2, the curve slowly decreased after reaching the peak load and had good ductility. By contrast, when the width-to-thickness ratio was greater than 71, such as in specimen ZC1, local buckling had an obvious influence on the bearing capacity of the specimen, and column ductility was poor.




	(3)

	
The yield strength of the short column was 2.8–10.2% higher than that of the base metal; hence, it is reasonable to consider the cold-forming strengthening effect in cold-formed thick-walled steel.




	(4)

	
The average value of the ratio between the calculated results of the yield strength distribution model and the short column test results was 1.039, demonstrating that the distribution model proposed in this paper is reasonable and feasible.




	(5)

	
In every country code used to calculate the equivalent yield strength of cold-formed thick-walled steel, the average value of the ratio of their calculated results to the test results was slightly greater than 1.0. Among these, the Chinese code was the smallest, 1.004 and therefore can be used in the calculation of the cold-formed thick-walled steel well.
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Figure 1. Symbols for section sizes and coupons in a typical location. 
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Figure 2. Size diagrams for material specimen fabrication (unit: mm): (a) flat-plate specimen; (b) corner specimen. 
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Figure 3. Fabricated material specimens: (a) front side; (b) reverse side. 
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Figure 4. Specimen fractures: (a) overall fracture; (b) part fracture. 
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Figure 5. Stress–strain curves of different sections: (a) Section C-1; (b) Section C-2; (c) Section C-3; (d) Section C-4; (e) Section C-5. 
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Figure 6. Yield strength distribution model for cold-formed channel steel sections. 
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Figure 7. The entire test set-up. 
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Figure 8. Arrangement of strain gauges: (a) vertical arrangement; (b) Section 1-1. 
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Figure 9. Arrangement of displacement meters: (a) vertical arrangement; (b) horizontal arrangement in middle height of column. 
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Figure 10. Failure mode of ZC1: (a) ultimate failure state; (b) final failure mode. 
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Figure 11. Failure mode of ZC2: (a) ultimate failure state; (b) final failure mode. 
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Figure 12. Failure mode of ZC3: (a) ultimate failure state; (b) final failure mode. 
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Figure 13. Failure mode of ZC4: (a) ultimate failure state; (b) final failure mode. 






Figure 13. Failure mode of ZC4: (a) ultimate failure state; (b) final failure mode.



[image: Buildings 13 01201 g013]







[image: Buildings 13 01201 g014 550] 





Figure 14. Failure mode of ZC5: (a) ultimate failure state; (b) final failure mode. 
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Figure 15. Relationship curves of short columns: (a) the load–displacement curves (N-Δ); (b) the nominal stress–strain curves (σ-ε). 
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Table 1. Parameters of steel sections in the tests.
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	Section No.
	h (mm)
	b (mm)
	a (mm)
	t (mm)
	Steel Grade





	C-1
	200
	70
	20
	3
	Q235B



	C-2
	250
	80
	50
	8
	Q235B



	C-3
	250
	80
	50
	8
	Q345B



	C-4
	360
	140
	80
	12
	Q235B



	C-5
	350
	140
	90
	16
	Q235B
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Table 2. Summary of material property test results for various parts.






Table 2. Summary of material property test results for various parts.





	
Specimen

No.

	
Sampling

Position

	
fy (MPa)

	
fu (MPa)

	
δc (%)

	
E × 105 (MPa)

	
fy/fym

	
fu/fum

	
δc/δm

	
E/Em






	
C-1

	
M0

	
290.0

	
406.2

	
37.9

	
2.04

	
—

	
—

	
—

	
—




	
W1

	
293.4

	
422.0

	
34.2

	
2.13

	
1.01

	
1.04

	
0.90

	
1.04




	
F1

	
291.5

	
429.4

	
32.5

	
2.08

	
1.01

	
1.06

	
0.86

	
1.02




	
F2

	
296.3

	
422.5

	
31.6

	
2.05

	
1.02

	
1.04

	
0.83

	
1.00




	
J1

	
292.7

	
403.0

	
30.6

	
2.06

	
1.01

	
0.99

	
0.81

	
1.01




	
J2

	
293.7

	
418.0

	
29.4

	
2.13

	
1.01

	
1.03

	
0.78

	
1.05




	
C1

	
431.8

	
559.4

	
15.7

	
2.03

	
1.49

	
1.38

	
0.41

	
1.00




	
C2

	
436.1

	
561.6

	
15.6

	
2.05

	
1.50

	
1.38

	
0.41

	
1.00




	
C3

	
422.5

	
536.3

	
14.8

	
2.06

	
1.46

	
1.32

	
0.39

	
1.01




	
C4

	
419.9

	
527.8

	
14.3

	
2.05

	
1.45

	
1.30

	
0.38

	
1.00




	
C-2

	
M0

	
270.3

	
439.6

	
31.8

	
2.02

	
—

	
—

	
—

	
—




	
W1

	
281.8

	
441.2

	
30.8

	
2.14

	
1.04

	
1.00

	
0.97

	
1.06




	
F1

	
310.7

	
465.5

	
30.2

	
2.02

	
1.15

	
1.06

	
0.95

	
1.00




	
F2

	
296.5

	
445.9

	
32.8

	
2.09

	
1.10

	
1.01

	
1.03

	
1.03




	
J1

	
303.6

	
461.5

	
30.1

	
2.14

	
1.12

	
1.05

	
0.95

	
1.06




	
J2

	
293.8

	
419.8

	
30.3

	
2.16

	
1.09

	
0.96

	
0.95

	
1.07




	
C1

	
416.3

	
548.8

	
12.6

	
2.11

	
1.54

	
1.25

	
0.40

	
1.05




	
C2

	
421.1

	
566.9

	
18.0

	
2.10

	
1.56

	
1.29

	
0.57

	
1.04




	
C3

	
406.7

	
543.4

	
16.4

	
2.11

	
1.50

	
1.24

	
0.52

	
1.04




	
C4

	
407.4

	
533.1

	
17.5

	
2.07

	
1.51

	
1.21

	
0.55

	
1.02




	
C-3

	
M0

	
371.2

	
516.3

	
25.9

	
2.05

	
—

	
—

	
—

	
—




	
W1

	
379.1

	
497.2

	
28.2

	
2.09

	
1.02

	
0.96

	
1.09

	
1.02




	
F1

	
379.4

	
494.0

	
28.0

	
2.08

	
1.02

	
0.96

	
1.08

	
1.01




	
F2

	
397.0

	
515.2

	
30.1

	
2.08

	
1.07

	
1.00

	
1.16

	
1.01




	
J1

	
374.5

	
500.1

	
28.6

	
2.07

	
1.01

	
0.97

	
1.10

	
1.01




	
J2

	
385.9

	
494.5

	
29.4

	
2.06

	
1.04

	
0.96

	
1.14

	
1.01




	
C1

	
547.5

	
596.2

	
13.8

	
2.20

	
1.47

	
1.15

	
0.53

	
1.07




	
C2

	
527.8

	
590.4

	
13.9

	
2.11

	
1.42

	
1.14

	
0.54

	
1.03




	
C3

	
557.0

	
630.1

	
14.3

	
2.20

	
1.50

	
1.22

	
0.55

	
1.07




	
C4

	
571.2

	
626.6

	
14.9

	
2.16

	
1.54

	
1.21

	
0.58

	
1.05




	
C-4

	
M0

	
274.6

	
435.9

	
39.8

	
2.10

	
—

	
—

	
—

	
—




	
W1

	
286.2

	
458.5

	
33.2

	
2.12

	
1.04

	
1.05

	
0.83

	
1.01




	
F1

	
289.8

	
457.6

	
34.1

	
2.11

	
1.06

	
1.05

	
0.86

	
1.00




	
F2

	
291.3

	
461.7

	
29.2

	
2.14

	
1.06

	
1.06

	
0.73

	
1.02




	
J1

	
285.6

	
458.2

	
32.8

	
2.03

	
1.04

	
1.05

	
0.82

	
0.97




	
J2

	
288.5

	
460.9

	
15.8

	
2.05

	
1.05

	
1.06

	
0.40

	
0.97




	
C1

	
429.0

	
585.0

	
15.0

	
2.04

	
1.56

	
1.34

	
0.38

	
0.97




	
C2

	
409.9

	
583.3

	
15.9

	
2.08

	
1.49

	
1.34

	
0.40

	
0.99




	
C3

	
422.5

	
585.9

	
15.9

	
2.09

	
1.54

	
1.34

	
0.40

	
0.99




	
C4

	
420.4

	
584.5

	
29.4

	
2.06

	
1.53

	
1.34

	
0.74

	
0.98




	
C-5

	
M0

	
296.9

	
438.7

	
33.3

	
2.08

	
—

	
—

	
—

	
—




	
W1

	
302.8

	
428.2

	
26.7

	
2.12

	
1.02

	
0.98

	
0.80

	
1.02




	
F1

	
307.9

	
427.4

	
26.0

	
2.06

	
1.04

	
0.97

	
0.78

	
0.99




	
F2

	
306.8

	
430.9

	
25.5

	
2.10

	
1.03

	
0.98

	
0.77

	
1.01




	
J1

	
303.6

	
436.5

	
25.9

	
2.13

	
1.02

	
0.99

	
0.78

	
1.02




	
J2

	
306.0

	
430.6

	
25.5

	
2.10

	
1.03

	
0.98

	
0.77

	
1.01




	
C1

	
471.6

	
557.0

	
11.9

	
2.08

	
1.59

	
1.27

	
0.36

	
1.00




	
C2

	
491.1

	
551.6

	
10.6

	
2.05

	
1.65

	
1.26

	
0.32

	
0.99




	
C3

	
474.2

	
555.4

	
10.5

	
2.09

	
1.60

	
1.27

	
0.31

	
1.01




	
C4

	
473.7

	
575.9

	
10.7

	
2.06

	
1.60

	
1.31

	
0.32

	
0.99
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Table 3. Parameters of short columns.






Table 3. Parameters of short columns.





	
Columns No.

	
Dimension

	
Outer Radius

R (mm)

	
Length

L (mm)

	
Steel Grade




	
h (mm)

	
b (mm)

	
a (mm)

	
t (mm)






	
ZC1

	
202.8

	
70.8

	
20.2

	
2.85

	
5.6

	
601

	
Q235B




	
ZC2

	
253.5

	
80.5

	
50.1

	
7.43

	
14.9

	
748

	
Q235B




	
ZC3

	
255.2

	
80.7

	
50.3

	
7.81

	
15.1

	
749

	
Q345B




	
ZC4

	
361.1

	
141.5

	
83.9

	
11.33

	
22.4

	
1053

	
Q235B




	
ZC5

	
343.5

	
144.8

	
97.1

	
15.51

	
30.1

	
1052

	
Q235B
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Table 4. Comparison between test results with the proposed yield strength distribution model and formulas for the main codes.






Table 4. Comparison between test results with the proposed yield strength distribution model and formulas for the main codes.





	
Columns No.

	
Base Metal

	
Columns Test

	
Distribution Model

	
GB [15]

	
AISI [19]

	
BS EN [20]




	
fym (MPa)

	
ft (MPa)

	
ft/fym

	
fmod (MPa)

	
fmod/ft

	
f1

(MPa)

	
f1/ft

	
f2 (MPa)

	
f2/ft

	
f3 (MPa)

	
f3/ft






	
ZC2

	
270.3

	
297.9

	
1.102

	
297.8

	
1.000

	
288.9

	
0.970

	
314.5

	
1.056

	
322.2

	
1.082




	
ZC3

	
371.2

	
381.6

	
1.028

	
410.3

	
1.075

	
394.4

	
1.033

	
404.7

	
1.061

	
417.9

	
1.095




	
ZC4

	
274.6

	
295.7

	
1.077

	
302.2

	
1.022

	
292.8

	
0.990

	
307.7

	
1.040

	
322.3

	
1.090




	
ZC5

	
296.9

	
316.3

	
1.065

	
335.6

	
1.061

	
323.8

	
1.024

	
331.1

	
1.047

	
354.3

	
1.120




	
Average value

	
—

	
—

	
1.049

	
—

	
1.039

	
—

	
1.004

	
—

	
1.051

	
—

	
1.097




	
Coefficient of

variation

	
—

	
—

	
0.033

	
—

	
0.033

	
—

	
0.030

	
—

	
0.009

	
—

	
0.015
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