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13 Abstract: This paper presents an experimental investigation into structural behaviour 
14 of slender columns of high strength S690 steel welded H-sections under axial 
15 compression. A total of seven slender columns with four sections of different cross-
16 sectional dimensions and two different effective lengths were tested successfully. As 
17 expected, all of these columns failed in overall buckling about minor axes of their cross-
18 sections, similar to those of conventional steel welded H-sections. Hence, these tests 
19 may be regarded to be confirmatory tests to structural behaviour of slender columns of 
20 high strength S690 steel welded H-sections under axial compression. No welding 
21 failure was observed after close inspection to all the columns after tests.
22
23 It should be noted that the measured failure loads of these slender columns were directly 
24 compared with predicted resistances of corresponding sections based on their measured 
25 geometrical and materials properties according to current design rules given in 
26 European, Chinese, and American Steel Codes, namely, EN 1993-1-1, GB 50017-2003, 
27 and ANSI/AISC 360-16 respectively. As effects of residual stresses in S690 steel 
28 welded H-sections were considered to be proportionally less pronounced when 
29 compared with those in S355 steel welded H-sections, their buckling resistances should 
30 be significantly increased when compared with those S355 welded H-sections. It was 
31 found that the current design rules given in both EN 1993-1-1 and GB 50017-2003 
32 underestimated buckling resistances of slender columns of S690 steel welded H-
33 sections significantly, and use of a different buckling curve with an increased structural 
34 efficiency was suggested. However, the predicted resistances of these slender columns 
35 to the current design rules given in ANSI/AISC 360-16 were found to be close to the 
36 measured failure loads. Hence, they were considered to be directly applicable to design 

37 slender columns of S690 steel welded H-sections.
38
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43 1 Introduction
44
45 With advancement of steel production technology in the past two decades, structural 
46 steel materials with high yield strengths and ductility have been available to 
47 construction. Those steel materials with yield strengths higher than 460 N/mm2 are 
48 currently referred as high strength steel materials. High strength steel materials are 
49 widely considered to be able to give efficient structural solutions in heavily load 
50 members, such as columns in high-rise buildings and beam-column frames with long 
51 spanning beams[1] [2] [3] [4]. Compared with conventional steel materials, high 
52 strength steel materials possess excellent strength to self-weight ratios, reduced tensile 
53 to yield strength ratios, and reduced elongations at fracture. These characteristics will 
54 influence behaviour of structural steel members made of high strength steel materials. 
55 Effects of both material and geometrical initial imperfections onto structural stability 
56 of S690 steel sections should be quantified.
57
58 Initial material imperfection in the form of residual stresses is generally considered to 
59 be one of the major factors affecting structural stability of slender columns of S690 
60 steel welded H-sections. According to previous studies on residual stresses in various 
61 welded sections made of high strength steel plates [5] [6] [7] [8] [9] [10] [11] [12] [13] 
62 [14], it was found that the magnitudes of welding induced residual stresses were 
63 generally independent from the yield strengths of the steel plates. Thus, the ratios of 
64 maximum residual stresses to yield strengths of high strength steel plates were 
65 significantly smaller than those of welded sections made of conventional steel materials. 
66 Consequently, it is expected that members made of high strength steel plates will give 
67 higher buckling resistances than those made of conventional steel plates on a 
68 proportional basis.
69
70 Structural behavior of welded sections made of high strength steel plates has been 
71 investigated by many researchers in the past two decades. Rasmussen and Hancock [5] 
72 measured compressive resistances of stocky columns made of S690 steel plates, and 
73 concluded that the plate slenderness limits obtained from welded sections of 
74 conventional steel plates were applicable to those welded sections made of high 
75 strength steel plates. However, Yuan [15] compared deformation capacities of stocky 
76 columns made of steel materials with different steel grades. However, he considered 
77 that the classification limits obtained from sections of conventional steel plates could 
78 not guarantee sufficient deformation capacities to be mobilized in sections made up of 
79 high strength steel plates. 
80
81 Axial buckling behaviour of welded sections made of high strength steel plates was also 
82 examined by Rasmussen and Hancock [6], Li et. al [16], and Ban et al. [17], and it 
83 should be noted that these H-sections buckled about minor axes of their cross-sections. 
84 With the use of substantial restraining beams and bracings, a series of high strength 
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85 S690 steel welded H-sections were conducted by Shi et al. [18]. In these tests, all the 
86 columns were restrained with beams at both ends while out-of-plane and torsional 
87 deformations of the columns were restrained with braces. All of these columns were 
88 found to buckle about major axes of their cross-sections, and failed at buckling 
89 resistances significantly larger than those design values[6] [16] [17] [18]. Such 
90 improvement was attributed to reduced effects from both residual stresses and initial 
91 geometrical out-of-straightness. It should be noted that for those sections made of S460 
92 steel materials, improvement on axial buckling resistances of these sections was found 
93 to be not as significant as those made of S690 and S960 steel materials [19] [20] [21] 
94 [22] .
95
96 Currently, EN 1993-1-1 [23] provides a design method for columns of S235 to S460 
97 steel welded H-sections. To extend the design method to welded H-sections of high 
98 strength steels, EN 1993-1-12 [24] gives supplementary rules for up to S700 steel 
99 sections.  Moreover, ANSI/AISC 360-16 [25] covers up to S690 steel sections (ASTM 

100 A514 and A709 steel sections) while GB 50017-2003 [26] is only applicable to S235 
101 to S420 steel sections.  As development of these design codes was based on 
102 experimental results conducted with conventional steel materials, there is a concern on 
103 applicability of these codes in designing high strength steel sections [6] [16] [17] [18].
104
105 1.1 Objectives and the scope of work
106
107 In order to promote an effective use of high strength steel sections in building 
108 construction, a comprehensive research programme was undertaken to investigate 
109 structural behaviour of beams and columns made of S690 steel welded H-sections, and 
110 to establish supplementary design rules through calibration against test results. As 
111 effects of residual stresses in S690 steel welded H-sections were considered to be 
112 proportionally less pronounced when compared with those in S355 steel welded H-
113 sections, their buckling resistances should be significantly increased, when compared 
114 with those S355 steel welded H-sections.
115
116 This paper presents an experimental investigation into structural behaviour of slender 
117 columns of high strength S690 steel welded H-sections under axial compression. A total 
118 of seven slender columns with four sections of different cross-sectional dimensions and 
119 two different effective lengths were tested under axial compression. All of them were 
120 designed to undergo overall flexural buckling about minor axes of their cross-sections. 
121 Standard tensile tests were also carried out on coupons cut from S690 steel plates of 
122 various thickness to establish their mechanical properties. After testing, the measured 
123 failure loads of these slender columns would be directly compared with predicted 
124 resistances of corresponding sections based on their measured geometrical and material 
125 properties according to various design rules given in European, Chinese and American 
126 Steel Codes. 
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127
128 It should be noted that these high strength S690 steel welded H-sections are expected 
129 to behave in various ways similar to those of welded H-sections made of conventional 
130 steel materials. Hence, these tests may be regarded to be confirmatory tests to structural 
131 behaviour of S690 steel welded H-sections under axial compression. It is highly 
132 desirable to establish applicability of current design rules given in various codes for 
133 high strength S690 steel welded H-sections under axial compression through calibration 
134 against test results.
135
136 Furthermore, there was a complementary experimental investigation into structural 
137 behaviour of high strength S690 steel welded H-sections under combined compression 
138 and bending [27].  A total of eight slender columns with four sections of different 
139 cross-sectional dimensions and two different effective lengths were tested successfully 
140 under eccentric loads. Applicability of current design rules given in various codes has 
141 also been established with properly selected parameters through calibration against test 
142 results. 
143

144 2 Experimental Investigation
145
146 2.1 Overview of test programme
147 A total of seven slender columns of S690 steel welded H-sections were tested under 
148 axial compression. These columns were made from S690 high strength steel plates in 
149 quenched and tempered condition with nominal thicknesses of 6, 10 and 16 mm. Four 
150 sections of different cross-sectional dimensions, namely, Sections H1, H2, H3 and H4 
151 were adopted, and their nominal cross-sectional dimensions are shown in Figure 1.
152
153 It should be noted that:
154 a) For Section H1, only a column with a length of 1610 mm was tested. 
155 b) For each of Sections H2, H3 and H4, a column with a length of 1610 mm and a 
156 column with a length of 2410 mm were tested. 
157
158 Table 1 summarizes measured dimensions of the columns. It should be noted that these 
159 columns were devised in such a way that their slenderness ratios ranged from 0.6 to 1.4, 
160 i.e. within the range of intermediate slenderness.
161
162 2.2 Fabrication of welded H-sections
163 All the steel plates were cut using plasma cutting. Before welding, the steel plates were 
164 tack-welded to form H-sections, and a preheating of 120 °C was applied to the web-to-
165 flange connections to reduce risks of hydrogen induced cracking.
166
167 For each column, the web was connected to the flanges by fillet welds on both sides. 
168 Gas metal arc welding (GMAW) with a fillet leg size of 6 mm was used for Sections 
169 H1 and H2 while submerged arc welding (SAW) with a fillet leg size of 10 mm was 
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170 used for Sections H3 and H4. Each fillet was completed by a single welding pass. It 
171 should be noted that as the electricity parameters fluctuated within a small margin 
172 during welding, average values of various welding parameters are presented in Table 2 
173 together with materials specifications of welding electrodes. SAW was done with an 
174 automatic welding machine by a qualified welding operator while GMAW was done 
175 by a qualified welder. After the column was assembled, a pair of 30 mm thick S355 
176 steel plates were groove welded onto both ends of the column.
177
178 2.3 Standard tensile tests
179 In order to establish material properties of S690 steel plates, nine coupons were 
180 machined from steel plates with nominal thicknesses of 6, 10 and 16 mm. Tensile tests 
181 on carefully machined coupons of these steel plates were carried out in accordance with 
182 EN ISO 6892-1 [28]. Two strain gauges were attached at the mid-section of each 
183 coupon to measure strains in the initial deformation range while digital imaging 
184 technique was employed to measure strains in the large deformation range. 
185 Deformations of the coupons at various loading stages were recorded by a digital 
186 camera, and elongations of the coupons were analysed through reading numbers of 
187 pixels in the digital images.
188
189 All the standard tensile tests were conducted on a MTS Testing Machine with a force 
190 capacity of 50 kN at a deformation rate of 0.25 to 0.3 mm per minute. The tensile tests 
191 were paused 3 times, each for 60 seconds after first yielding of the coupons in order to 
192 obtain lower bound values of the yield strengths, and the stress-strain curves of all the 
193 coupons are plotted onto the same graph for direct comparison as shown in Figure 2. It 
194 is shown that there is a definite yield plateau in each of these measured curves for 
195 various steel plates. Table 3 summarizes various measured material properties of these 
196 steel plates. It should be noted that in EN 1993-1-12, for S460 to S700 steel materials, 
197 the following ductility requirements are specified: i) fu / fy  1.05; ii) elongation at 

198 failure not less than 10 %; and iii) u  15 fy / E. It is shown that all the steel plates 
199 employed in the present study satisfy these ductility requirements.
200
201 2.4 Test set-up and procedures
202 Before testing, the initial out-of-straightness of each column was measured. As shown 
203 in Figure 3, a steel wire was tightened on the top surface of one flange of the column, 
204 and it ran through the middle of the flange from one end of the column to the other end. 
205 Any deviation of the mid-width of the flange at the mid-length was regarded as the 
206 initial out-of-straightness of this flange, and it is denoted as v1. This measurement was 
207 repeated on the other flange to obtain another initial out-of-straightness, v2. The average 
208 value of v1 and v2 was considered to be the initial out-of-straightness of the column, v, 
209 and all of these measurements are presented in Table 4. Due to limitations of the 
210 measurement method, any value smaller than 0.25 mm, that is the radius of the steel 
211 wire, cannot be identified, and this situation is denoted with “--”. It is shown that the 
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212 absolute values of the measured initial out-of-straightness of all the columns are smaller 
213 than Leff / 1000.
214
215 All the tests were conducted with a 1,000 tons Universal Servo Controlled Testing 
216 Machine, and the test set-up is shown in Figure 4.  In each test, a pair of attachments 
217 were connected to both ends of the column through bolts, and these attachments enabled 
218 free rotations of the column ends about minor axes of the cross-sections. It should be 
219 noted that the ends of the attachment were carefully milled into semi-cylinders with a 
220 diameter of 50mm, and they were expected to rotate freely in a matching semi-
221 cylindrical groove with the same diameter. As grease was applied onto the contact 
222 surfaces before testing, friction between these surfaces was eliminated as much as 
223 practically possible. Typical arrangement of strain gauges and displacement transducers 
224 is shown in Figure 5. A total of twelve strain gauges were mounted onto the outer 
225 surfaces of the flanges at three cross-sections of the column, namely, Sections A-A, 
226 B-B and C-C. At each section, four strain gauges were installed 10 mm away from the 
227 flange tips. Displacement transducers DT 1 and DT2 were used to record lateral 
228 deflections of the column at Section B-B in the direction of the major axis of the cross-
229 section. Any difference in the measurements between Transducers DT1 and DT2 gave 
230 a twisting of the column. Transducer DT 3 was used to capture any lateral deflection of 
231 the column along the minor axis at Section B-B while Transducer DT 4 was used to 
232 measure axial deformation of the column.
233
234 For each test, the load was applied at a loading rate of 50 kN/min, and this rate was 
235 maintained until 80% of the predicted resistance was reached. Then, a displacement 
236 control was applied with a rate of 0.2 to 0.5 mm/min. The test would be terminated 
237 when the applied load dropped significantly, and the maximum applied load was taken 
238 as the failure load of the column.
239
240 2.5 Test results
241 All the columns were tested successfully, and all of them failed by overall buckling 
242 about the minor axes of their cross-sections. End rotations of all the columns were 
243 apparent while local plate buckling only took place in Test CH4P.  Typical failure 
244 mode is shown in Figure 6, and the failure loads of all the columns are summarized in 
245 Table 5. Moreover, the applied load versus axial deformation curves for all the columns 
246 are shown in Figure 7. It should be noted that in all cases, the applied loads increased 
247 linearly with an increase of the axial deformations, and decreased sharply after the 
248 failure loads were attained. Moreover, the applied load versus lateral deflection curves 
249 of all the columns are shown in Figure 8. It was evident that in all cases, the columns 
250 began to deflect shortly after the axial loads were applied, and the lateral deflections 
251 increased gradually and linearly with an increase of the applied loads. As the applied 
252 loads approached the failure loads, lateral deflections of the columns developed quickly 
253 together with a sudden drop in the applied loads.
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254
255 The applied load versus longitudinal strain curves at mid-height of all the columns are 
256 shown in Figure 9. In each graph. the curves coincide with each other well at the initial 
257 stage, and this indicates uniform compression. However, as the applied load increases, 
258 these curves begin to separate when the lateral deflection of the column becomes 
259 significant. It is evident that when the applied load approaches the failure load, 
260 compressive strains measured at the flanges are close to or even well exceed the value 
261 of fy / E, and this signifies that the column fails with significant yielding.
262
263 For detailed information of measured residual stresses of these welded sections, refer 
264 to Reference 29. 
265

266 3 Applicability of Codified Design Rules
267 In order to verify applicability of various codified design rules to design slender 
268 columns of S690 steel welded H-sections, all the test data and the measured failure 
269 loads of the slender columns reported above will be adopted to calibrate against relevant 
270 design rules given in EN 1993-1-1, GB 50017-2003, and ANSI/AISC 360-16. It should 
271 be noted that, in both EN 1993-1-1 and GB 50017-2003, multiple curves are available 
272 to evaluate member resistances, depending on steel grades, fabrication procedures, 
273 section types, plate thicknesses and axes of buckling. These curves differentiate among 
274 each other with the use of different imperfection parameters. However, in ANSI/AISC 
275 360-16, only one buckling curve is given. 
276
277 3.1 EN 1993-1-1
278 The design formula for column buckling is given in Cl.6.3.1 of EN 1993-1-1, and it 
279 follows the format of Aryton-Perry formula. A generalized initial imperfection 

280 parameter, , is employed to incorporate effects of initial imperfections such as residual 
281 stresses, initial out-of-straightness and nominal loading eccentricities. It should be 

282 noted that is expressed as

283 (1)0

284 where  is an imperfection factor, and it depends on cross-sectional shape, buckling 

285 plane, plate thickness, and buckling axes;  is a non-dimensional slenderness of the 

286 column under consideration; and  is a parameter to define the length of the plateau 0

287 along which the strength reduction resulted from overall flexural buckling is 
288 insignificant. Table 6 summarizes values of the imperfection factors for buckling design 
289 given in EN 1993-1-1.
290
291 The scope of application of EN 1993-1-1 is extended up to S700 steel materials with 
292 supplementary rules given in EN 1993-1-12. Hence, for design of slender columns of 
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293 S690 steel welded H-sections to be buckled about minor axis, buckling curve c should 
294 be used as recommended in Cl.6.2.3 of EN 1993-1-12. Figure 10 plots these buckling 
295 curves together with the measured resistances for direct comparison. It is shown that all 
296 the test data lie significantly above buckling curve c, and even above buckling curve a0. 
297 This shows that the current design method underestimates the member resistances of 
298 these S690 steel welded H-sections considerably. It should be noted that the test result 
299 of Test CH2P is very high, and it lies close to the elastic buckling curve. A comparison 
300 between the measured and the predicted resistances of the columns are presented in 
301 Table 7. The ratios of the measured to the predicted resistances using buckling curve c, 

302 , are shown to range from 1.22 to 1.49 while the ratios of the measured to the t
EC3,c

303 predicted resistances using buckling curve a0, , are shown to range merely t
EC3,a0

304 from 1.02 to 1.18. Hence, buckling curve a0 may be safely adopted for design of slender 
305 columns of S690 steel welded H-sections.
306
307 3.2 Design to GB50017-2003
308 In GB 50017-2003, the buckling curves are determined by a set of imperfection factors, 
309 1, 2 and 3, which depend on cross-sectional shape, buckling axis, etc. When 
310 , the reduction factor,  , is given by  0.215

311 (2)2
11

312 When , the formula for the reduction factor follows the format of Aryton- >  0.215
313 Perry formula. A generalized initial imperfection factor, , is employed to estimate 
314 effects of initial imperfections such as residual stresses, initial out-of-straightness and 

315 nominal loading eccentricities. However, being different from EN 1993-1-1, is given 
316 by: 

317 (3)1 32

318 There are a total of four buckling curves, and the corresponding imperfection factors 
319 are presented in Table 8.  It should be noted that GB50017 is not intended to be used 
320 to design S690 steel welded H-sections.
321
322 Figure 11 plots the measured resistances together with various buckling curves given 
323 in GB 50017 for direct comparison. It is shown that all the measured resistances are 
324 well above buckling curve b, and even buckling curve a. Comparison between the 
325 measured and the predicted resistances using buckling curves b and a are summarized 
326 in Table 9. Except Test CH2P, the ratios of the measured to the predicted resistances 

327 using buckling curve b,  are found to be significantly larger than unity, ranging t
GB,b

328 from 1.15 to 1.36, while the ratios of the measured to the predicted resistances using 

329 buckling curve a, , are found to be moderately larger than unity, ranging from t
GB,a
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330 1.07 to 1.22. Hence, buckling curve a may be safely adopted for design of slender 
331 columns of S690 steel welded H-sections. 
332
333 3.3 Design to ANSI/AISC 360-16
334 It should be noted that ANSI/AISC 360-16 is generally applicable up to S690 steel 
335 sections, and there is only one buckling curve for designing of all columns. This 
336 buckling curve is based on the numerical results using an initial out-of-straightness of 
337 Leff / 1500. The reduction factor,  , is given by
338  

339 (4)
5.1for 

1
877.0

5.10for exp658.0

2

2

340
341 Figure 12 plots the measured resistances together with the buckling curve in ANSI for 
342 direct comparison, and it is shown that all the measured resistances lie above the 
343 buckling curve. Comparison between the measured and the predicted resistances is 
344 summarized in Table 10, and the ratios of the measured to the predicted resistances are 
345 found to be moderately larger than unity, ranging from 1.08 to 1.18. Therefore, this 
346 buckling curve is considered to be readily applicable to design of slender columns of 
347 S690 steel welded H-sections.
348
349

350 4 Conclusions
351
352 A total of seven slender columns of high strength S690 steel welded H-sections were 
353 tested successfully under axial compression. As expected, these columns were 
354 demonstrated to behave essentially similar to those welded H-sections made of 
355 conventional steel materials. All of them failed in overall buckling about minor axes of 
356 their cross-sections. Hence, these tests may be regarded to be confirmatory tests to 
357 structural behavior of high strength S690 steel welded H-sections under axial 
358 compression.  
359
360 All the measured failure loads were compared with the predicted resistances of these 
361 slender columns according to current design rules given in EN 1993-1-1, GB 50017-
362 2003 and ANSI/AISC 360-16. As effects of residual stresses in S690 steel welded H-
363 sections were considered to be proportionally less pronounced when compared with 
364 those in S355 steel welded H-sections, their buckling resistances should be significantly 
365 increased when compared with those S355 steel welded H-sections.  It was found that 
366 the current design rules in both EN 1993-1-1 and GB 50017-2003 underestimated 
367 buckling resistances of slender columns of S690 steel welded H-sections significantly, 
368 and use of a different buckling curve with an increased structural efficiency was 
369 suggested. However, the predicted resistances of these slender columns to the current 
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370 design rules in ANSI/AISC 360-16 were found to be close to the measured failure loads, 
371 and hence, they were considered to be directly applicable to design slender columns of 
372 S690 steel welded H-sections.
373
374 Consequently, the experimental investigation presented in this paper together with that 
375 presented in Reference 27 will provide physical evidence and confirmatory test data for 
376 establishment of supplementary design rules for S690 steel welded H-sections.
377
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13 Figure 6 Typical failure mode of slender columns under axial compression
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19 Figure 9 Applied load versus longitudinal strain curves at mid-height of slender columns
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1 Table 1 Measured dimensions of slender columns

Section
Depth

Section
Width

Flange
Thickness

Web
Thickness

Specimen
Length

Effective
Length

Cross 
sectional 

Area

Second
moment of area

Radius of
Gyration

h b tf tw Ls Leff A Iz iz z z
Test

(mm) (mm) (mm) (mm) (mm) (mm) (mm2) ( 106 mm4) (mm)

CH1P 141.3 119.6 9.93 5.81 1614.5 1994.5 3079 2.8 30.3 66 1.27

CH2P 170.0 149.0 9.92 5.84 1612.5 1992.5 3833 5.5 37.8 53 1.02

CH2Q 168.4 149.7 9.94 5.83 2414.0 2794.0 3840 5.6 38.0 74 1.41

CH3P 231.2 200.4 16.01 9.93 1616.0 1996.0 8393 21.5 50.6 39 0.77

CH3Q 232.1 200.0 15.98 9.94 2414.0 2794.0 8379 21.3 50.4 55 1.09

CH4P 281.0 250.1 15.99 9.92 1611.5 1991.5 10466 41.7 63.1 32 0.62

CH4Q 281.3 249.8 15.99 9.93 2411.0 2791.0 10465 41.6 63.0 44 0.87

2
3 Notes: a) The first character “C” of the designation denotes “Centrically loaded columns”.
4 b) The second and the third characters of the designation denote the sectional designation.
5 c) The fourth character of the designation denotes different effective lengths of the 
6 specimens.

7



2

8 Table 2 Welding parameters for fabrication of S690 steel welded H-sections

Electrode Welding Parameters

Sections
Welding
method Trade

mark
Diameter

(mm)

Yield 
strength
(N/mm2)

Tensile 
strength
(N/mm2)

Voltage
(V)

Current
(A)

Speed
(mm/s)

Fillet 
size

(mm)

Line heat 
input 

energy
(kJ/mm)

H1, H2 GMAW CHW-80C1 1.2 660 760 30±1 240±10 4.1±0.5 6 1.76±20%

H3, H4 SAW CHW-S80 4.0 680 760 36±1 450±15 6.1±0.2 10 2.66±10%

9

10 Table 3 Material properties of S690 steel plates

Nominal  
thickness

t
(mm)

Coupon

Young’s  
modulus

E
(kN/mm2)

Yield
strength

fy

(N/mm2)

Tensile
strength

fu

(N/mm2)

Ratio

fu/fy

Elongation
at fracture

(%)

Strain under 
tensile 

strength

u

u  15 
fy/E

T06-A 210 771 819 1.06 15.5 0.059 Yes

T06-B 210 764 810 1.06 15.3 0.060 Yes

T06-C 209 763 817 1.07 16.0 0.058 Yes

6

Average 210 766 815 1.06 15.6 0.059 Yes

T10-A 212 753 788 1.05 18.2 0.065 Yes

T10-B 214 758 796 1.05 18.9 0.078 Yes

T10-C 211 756 794 1.05 18.7 0.067 Yes

10

Average 212 756 793 1.05 18.6 0.070 Yes

T16-A 208 800 855 1.07 19.7 0.064 Yes

T16-B 206 797 833 1.05 17.9 0.065 Yes

T16-C 212 804 843 1.05 19.3 0.068 Yes

16

Average 209 800 844 1.05 19.0 0.066 Yes

11

12

13
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14 Table 4 Initial out-of-straightness of slender columns

Initial Out-of-straightness
Test

v1

(mm)
v2

(mm)
v=(v1+v2)/2

(mm)

Leff

(mm)
|v|/Leff

(×10-3)

CH1P +0.9 +0.7 +0.8 1994.5 0.4

CH2P +0.6 -- +0.3 1992.5 0.2

CH2Q -1.0 -0.9 -1.0 2794.0 0.4

CH3P +0.6 -- +0.3 1996.0 0.2

CH3Q -0.7 -0.3 -0.5 2794.0 0.2

CH4P -0.5 -0.5 -0.5 1991.5 0.3

CH4Q -0.6 -1.0 -0.8 2791.0 0.3

15
16 Notes: a) “+” and “-” indicate positions of initial out-of-straightness on the right and the left of the centerline 
17 respectively.
18 b) “--” indicates a value smaller than 0.25 mm.

19

20 Table 5 Failure loads of slender columns

Test
Section 

Classification z z
Failure
Mode

Ntest

(kN)

CH1P 1 66 1.27 MB 1284

CH2P 3 53 1.02 MB 2714

CH2Q 74 1.41 MB 1510

CH3P 2 39 0.77 MB 5924

CH3Q 55 1.09 MB 4644

CH4P 3 32 0.62 MB 7739

CH4Q 44 0.87 MB 7284

21 Note: “MB” denotes member buckling.

22
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23 Table 6 Imperfection factors for buckling design to EN 1993-1-1

Buckling curve a0 a b c d

Imperfection factor 0.13 0.21 0.34 0.49 0.76

24
25

26 Table 7 Comparison on buckling resistances for slender columns to EN 1993-1-1

Test
Ntest

(kN)
Nc,Rd

(kN) t =
Ntest

Nc,Rd

EC3,c
t

EC3,c
EC3,a0

t

EC3,a0

CH1P 66 1.27 1284 2342 0.55 0.40 1.38 0.53 1.04

CH2P 53 1.02 2714 2915 0.93 0.53 1.75 0.71 1.31

CH2Q 73 1.41 1510 2920 0.52 0.35 1.49 0.44 1.18

CH3P 39 0.77 5924 6623 0.89 0.68 1.31 0.87 1.03

CH3Q 55 1.09 4644 6611 0.70 0.49 1.43 0.66 1.06

CH4P 32 0.62 7739 8259 0.94 0.77 1.22 0.92 1.02

CH4Q 44 0.87 7284 8257 0.88 0.62 1.42 0.82 1.08

27

28

29 Table 8   Imperfection factors for buckling design to GB 50017-2003

a b c d
Buckling curve

  1.05  >  1.05   1.05  >  1.05

1 0.410 0.650 0.730 1.350

2 0.986 0.965 0.906 1.216 0.868 1.375
Imperfection

Factors

3 0.152 0.300 0.595 0.302 0.915 0.432

30



5

31 Table 9  Comparison on buckling resistances for slender columns to GB 50017

Test
Ntest

(kN)

Affy,f+Awfy,w

(kN)
t =

Ntest

Affy,f + Awfy,w
GB,b

t

GB,b
GB,a

t

GB,a

CH1P 66 1.27 1284 2342 0.55 0.45 1.22 0.51 1.08

CH2P 53 1.02 2714 2915 0.93 0.59 1.57 0.68 1.37

CH2Q 73 1.41 1510 2920 0.52 0.38 1.36 0.43 1.22

CH3P 39 0.77 5924 6623 0.89 0.74 1.20 0.83 1.07

CH3Q 55 1.09 4644 6611 0.70 0.55 1.28 0.63 1.11

CH4P 32 0.62 7739 8259 0.94 0.82 1.15 0.89 1.05

CH4Q 44 0.87 7284 8257 0.88 0.68 1.29 0.78 1.13

32
33
34
35 Table 10 Comparison on buckling resistances for slender columns to ANSI/AISC 360-16
36

Test
Ntest

(kN)

Affy,f+Awfy,w

(kN)
test =

Ntest

Affy,f + Awfy,w
ANSI

test

ANSI

CH1P 66 1.27 1284 2342 0.55 0.51 1.08

CH2P 53 1.02 2714 2915 0.93 0.65 1.43

CH2Q 73 1.41 1510 2920 0.52 0.44 1.18

CH3P 39 0.77 5924 6623 0.89 0.78 1.15

CH3Q 55 1.09 4644 6611 0.70 0.61 1.15

CH4P 32 0.62 7739 8259 0.94 0.85 1.10

CH4Q 44 0.87 7284 8257 0.88 0.73 1.21

37




