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11 Abstract: This paper presents a systematic experimental investigation into high 
12 strength Q690 steel welded H-sections under combined compression and bending. A 
13 total of 8 slender columns with four sections of different cross-sectional dimensions 
14 were tested successfully under eccentric loads. All columns failed in overall buckling 
15 about the minor axes of their cross-sections with significant material yielding. In some 
16 cases, plastic local plate buckling in the flange outstands became apparent at failure. 
17 After tests, all the columns were inspected closely, and no fracture in welding was 
18 found. As expected, these high strength Q690 steel welded H-sections were 
19 demonstrated to behave in various ways similar to those of conventional strength steel 
20 welded H-sections. Hence, these tests may be regarded to be confirmatory tests to 
21 structural behavior of Q690 steel welded H-sections under combined compression and 
22 bending.

23 It should be noted that the measured failure loads were compared with the predicted 
24 resistances of these H-sections based on their measured geometrical and material 
25 properties according to various design rules given in EN1993-1-1, ANSI/AISC 360-16 
26 and GB 50017-2003 respectively. Among all these three sets of design rules, EN1993-
27 1-1 is shown to be effective and efficient in predicting resistances for high strength
28 Q690 steel welded H-sections under combined compression and bending with properly 
29 selected parameters. Hence, EN1993-1-1 should be readily adopted by design and 
30 construction engineers in designing these Q690 steel welded H-sections under 
31 combined compression and bending.

32

33 Keywords: High strength steel; Welded H-sections; Combined compression and 
34 bending; Experiment

35 1 Introduction

36 Nowadays, “high strength steel” commonly refers to those steel materials with a yield 
37 strength equal to or higher than 690 N/mm2, i.e. two to three times of conventional steel 
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38 materials with yield strengths of 235 and 345 N/mm2. Compared with those 
39 conventional steel materials, high strength steel materials exhibit a limited degree of 
40 strain hardening after yielding, and a reduced ductility with a smaller elongation at 
41 fracture. Moreover, the values of tensile to yield strength ratios are also decreased. 
42 These differences in the mechanical properties of high strength steel materials may have 
43 significant effects on the structural behavior of steel sections made of high strength 
44 steel materials. In the past decade, high strength steel sections have been used in a 
45 number of projects [1] [2] [3] [4], and their economic benefits have been assessed [5] 
46 [6] to establish overall cost effectiveness in these structures.

47 Steel sections made of high strength steel materials are expected to behave in various 
48 ways, though not identical, similar to those of conventional steel materials.  It is 
49 generally believed that differences in stress-strain curves, effects of welding and 
50 geometrical initial imperfections will have beneficial as well as non-beneficial effects 
51 on the structural behavior of steel sections made of high strength steel materials.

52 1.1 Testing of columns made of high strength steel materials

53 A number of experimental investigations have been conducted on high strength steel 
54 columns under axial compression. Rasmussen and Hancock [7] measured compressive 
55 resistances of welded sections made of 690 N/mm2 steel and concluded that the limiting 
56 plate slendernesses for yielding obtained from sections made of conventional steel 
57 materials were also applicable to similar sections made of high strength steel materials. 
58 Yuan [8] compared deformation capacities of stocky columns made of different steel 
59 materials, and he found that those limiting values for section classification obtained 
60 from sections made up of conventional steel materials could not always guarantee 
61 sufficient deformation capacities when applied directly to high strength steel sections. 

62 Moreover, Rasmussen and Hancock [9], Li et al. [10], and Ban et al. [11] examined 
63 flexural buckling resistances of various welded sections made of 690 and 960 N/mm2 
64 steel materials. All these H-sections were tested with buckling about minor axes of the 
65 cross-sections. It should be noted that a major test programme on high strength steel 
66 welded H-sections buckling about major axes of their cross-sections were conducted 
67 by Shi et al. [12]. In these tests, the section ends were restrained with beams while out-
68 of-plane and torsional deformations were restrained with braces. All these specimens 
69 in the literature [9] [10] [11] [12] were found to buckle with axial resistances 
70 significantly higher than those predicted with codified design rules. These resistance 
71 enhancements were materialized because of the presence of reduced residual stresses 
72 and initial geometrical out-of-straightness as well as the presence of restraints in the 
73 sections. However, for those sections made of 460 N/mm2 steel materials, their 
74 resistance enhancements in axial buckling resistance were found not to be as significant 
75 as those made of Q690 and Q960 steel materials [13] [14] [15] [16].

76 There were few reports on high strength steel Q690 sections under combined 
77 compression and bending. Usami et al. [17] studied the interaction between local and 



3

78 overall buckling of HT80 steel welded box sections under concentric and eccentric 
79 loads. The test results showed a good agreement with a proposed empirical design 
80 formula. Li et al [18] [19] tested a number of welded H-sections and box-sections made 
81 of Q460 high strength steel materials. All the measured resistances were found to be 
82 higher than predicted resistances using design rules given in the Chinese Steel Code 
83 GB 50017-2003. Yan et al [20] established a numerical model, and the model was 
84 demonstrated to be able to give good predictions to those test results given in [19].

85 1.2 Design rules applicable to slender columns made of high strength steel 
86 materials

87 Currently, there are a number of design methods whose scopes of applicability cover 
88 or may be readily expanded to cover steel sections made of high strength Q690 steel 
89 materials. The European Steel Code EN 1993-1-1 [21] provides a unified design 
90 method for flexural buckling of both rolled and welded sections made of S235 to S460 
91 steel materials. To extend the design method to cover welded sections made of high 
92 strength steel materials, EN 1993-1-12 [22] gives supplementary rules for steel 
93 materials up to S700 in a simple and conservative manner. The American Steel Code 
94 ANSI/AISC 360-16 [23] also covers steel sections made of steel materials up to 690 
95 N/mm2 (ASTM A514 and A709 steel), and it does not differentiate high strength steel 
96 materials from conventional steel materials. On the contrary, the Chinese Steel Code 
97 GB 50017-2003 [24] is only applicable to Q235 to Q420 steel materials as both 
98 experimental evidence and theoretical background of all the design rules are based on 
99 the structural behavior of conventional steel materials. This shortcoming should be 

100 overcome in order to facilitate a wide adoption of steel sections made of Q690 steel 
101 materials in China.

102 1.3 Objectives and scope of work

103 In order to promote a wide application of high strength Q690 steel structures, it is 
104 necessary to investigate experimentally the structural behavior of Q690 steel welded H-
105 sections and to identify or establish supplementary design rules through calibration 
106 against test results.

107 This paper presents a systematic experimental investigation into high strength Q690 
108 steel welded H-sections under combined compression and bending. A total of 8 slender 
109 columns with four sections of different cross-sectional dimensions were tested 
110 successfully under eccentric loads. It should be noted that the experimental 
111 investigation was devised in such a way that the non-dimensional slendernesses of the 
112 columns ranged from 0.6 to 1.8, i.e. within the range of intermediate slenderness. These 
113 high strength Q690 steel welded H-sections are expected to behave in various ways 
114 similar to those of welded H-sections made of conventional steel materials. Hence, 
115 these tests may be regarded to be confirmatory tests to structural behavior of Q690 steel 
116 welded H-sections under combined compression and bending.
117  
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118 After testing, failure loads of these welded H-sections will be compared directly with 
119 predicted resistances of corresponding sections based on their measured geometrical 
120 and material properties according to various design rules given in European, American 
121 and Chinese Steel Codes. It aims to establish the applicability of these design rules for 
122 high strength Q690 steel welded H-sections under combined compression and bending 
123 through calibration against test results.
124

125 2 Experimental Investigation

126 2.1 Test Program

127 A total of 8 slender columns of welded H-sections were tested under eccentric loads, 
128 and hence, these columns were under combined compression and bending about the 
129 minor axes of the cross-sections of the H-sections. These columns were made from high 
130 strength Q690-QT steel plates with nominal thicknesses of 6, 10 and 16 mm. Four 
131 sections of different cross-sectional dimensions, namely, Sections H1, H2, H3 and H4 
132 were involved. The nominal cross-sectional dimensions and their section classifications 
133 according to EN 1993-1-1 and ANSI/AISC 360-16 are shown in Figure 1 while the 
134 measured dimensions and section properties of these four welded H-sections are 
135 summarized in Table 1.
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139 Table 1 Measured dimensions and section properties of welded H-sections

Section

depth

Section

width

Flange

thickness

Web

thickness

Specimen

length

Effective

length
Area

Second

moment

of area

Radius

of

gyration

h b tf tw Ls Leff A Iz iz

Test

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

mm4)
(mm)

EH1P 140.0 119.6 9.90 5.83 1612 1992 3070 2.83 30.4

EH1Q 141.2 119.8 9.91 5.85 2410 2790 3085 2.84 30.3

EH2P 170.0 149.3 9.90 5.81 1613 1993 3827 5.49 37.9

EH2Q 170.0 149.7 9.92 5.85 2410 2790 3847 5.54 38.0

EH3P 231.8 201.5 15.98 9.92 1613 1993 8422 21.81 50.9

EH3Q 231.7 200.7 15.97 9.95 2412 2792 8397 21.54 50.6

EH4P 284.2 250.1 15.97 9.92 1611 1991 10490 41.66 63.0

EH4Q 282.0 249.9 15.93 9.93 2410 2790 10448 41.47 63.0

140 2.2 Fabrication of welded H-sections

141 All the steel plates were cut to size using a high power flame plasma cutting machine. 
142 Before welding, the steel plates were tack welded to form H-sections, and a pre-heating 
143 of 120 °C was applied to web-to-flange junctions to facilitate quality welding.  For 
144 each section, the web was connected to the flanges with fillet welds on both sides of 
145 the web. Gas metal arc welding (GMAW) with a fillet size of 6 mm was used for 
146 Sections H1 and H2 while submerged arc welding (SAW) with a fillet size of 10 mm 
147 was used for Sections H3 and H4. The fillet sizes were assigned to be the same of the 
148 web thicknesses of the H-sections to ensure structural adequacy. Each fillet was formed 
149 in a single run which was staggered with a length of 500 to 600 mm along the column 
150 length to minimize distortion due to welding. Both material specifications of the 
151 welding electrodes and the welding parameters are shown in Table 2. As the electricity 
152 parameters fluctuated during welding, average values were taken. After the H-section 
153 was assembled, a pair of Q345 steel 30 mm thick plates were welded onto both ends of 
154 the H-section. Moreover, triangular stiffeners were welded at both ends to strengthen 
155 the connections locally between the endplates and the flanges of the H-section.

156
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157

158 Table 2 Technical information on welding

Material specification of welding electrodes Welding parameters

Section
Welding

method
Trade

mark

Diameter

(mm)

Yield

strength

(N/mm2)

Tensile

strength

(N/mm2)

Voltage

(V)

Current

(A)

Speed

(mm/s)

Fillet

size

(mm)

H1 & H2 GMAW CHW-80C1 1.2 660 760 30 240 4.1 6

H3 & H4 SAW CHW-S80 4.0 680 760 36 450 6.1 10

159

160 2.3 Mechanical Properties

161 In order to obtain the material properties of Q690 steel plates, a total of nine tensile 
162 tests were carried out in accordance with EN ISO 6892-1 [25]. The stress-strain curves 
163 for all the tensile tests are plotted in Figure 2. It is found that for all the Q690 steel 
164 plates with different thicknesses, no definite plateau after yielding is present, and strain 
165 hardening occurs shortly after yielding takes place. The measured material properties 
166 are summarized in Table 3.

167 It should be noted that EN 1993-1-12 specifies the following ductility criteria for steel 
168 materials with steel grades from S460 up to S700: i) fu / fy  1.05; ii) elongation at 

169 failure not less than 10 %; and iii) u  15 fy / E. It is shown that all the steel plates 
170 satisfy these ductility criteria, and they are readily qualified to be high strength steel 
171 materials to EN 1993-1-12. 
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173 Figure 2 Stress-strain curves of Q690 steel plates
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175 Table 3 Mechanical properties of Q690 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

Strain
at fu

u

Elongation
at fracture

A
(%)

T06-A 210 771 819 1.06 0.059 15.5

T06-B 210 764 810 1.06 0.060 15.3

T06-C 209 763 817 1.07 0.058 16.0
6

Average 210 766 815 1.06 0.059 15.6

T10-A 212 753 788 1.05 0.065 18.2

T10-B 214 758 796 1.05 0.078 18.9

T10-C 211 756 794 1.05 0.067 18.7
10

Average 212 756 793 1.05 0.070 18.6

T16-A 208 800 855 1.07 0.064 19.7

T16-B 206 797 833 1.05 0.065 17.9

T16-C 212 804 843 1.05 0.068 19.3
16

Average 209 800 844 1.05 0.066 19.0

176

177 2.4 Test Setup

178 All the tests were conducted with a 1,000 tons universal servo-controlled testing 
179 machine, and the general test setup is shown in Figure 3. A pair of attachments were 
180 connected to both ends of the H-sections through bolts. These attachments provided an 
181 eccentricity of about 100 mm along the minor axes of the H-sections for the applied 
182 loads to act upon. They also enabled the H-sections to rotate freely at both ends about 
183 the minor axes of the sections.

184 A total of twelve strain gauges were mounted onto the outer surfaces of the flanges of 
185 the H-sections at three cross-sections, namely, Sections A-A, B-B and C-C. At each 
186 section, four strain gauges were installed 10 mm away from the edges of the flanges. 
187 Displacement transducers DT1, DT2, DT3 and DT4 were used to measure lateral 
188 deflections of the H-sections at these three sections along the direction of the major 
189 axes of their cross-sections. It should be noted that any difference in the measurements 
190 between Transducers DT2 and DT3 would give a twisting of the H-sections along their 
191 longitudinal axes. Transducer DT5 was used to capture any lateral deflection of the H-
192 section along the minor axes at Section B-B for a monitoring purpose while Transducer 
193 DT6 was used to measure axial deformations of the H-sections.
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195 Figure 3 Test setup for welded H-sections under eccentric loads

196 2.5 Initial out-of-straightness

197 Before testing, the initial out-of-straightness of each H-section was measured. A steel 
198 wire was attached onto the surface of one flange of the H-section, and it ran through 
199 the centreline of the flange from Section A-A to Section C-C. Any deviation of the 
200 flange at the mid-height of the H-section was regarded as the initial out-of-straightness 
201 of this flange, v1. Measurement was repeated on the other flange to obtain v2 . The 
202 average value of v1 and v2 was considered to be the initial out-of-straightness, v , of the 
203 H-section, and these measurements for all H-sections are summarized in Table 4. Due 
204 to limitations of the measuring method, any value of measurement smaller than the 
205 radius of the steel wire, i.e. 0.25 mm, could not be recognized, and this situation is 
206 denoted with “---”.  Thus, it is shown that the absolute values of the measured out-of-
207 straightness of all the H-sections are smaller than 1.0 mm, or 1/1000 of their effective 
208 lengths, Leff. Thus, the magnitudes of these initial out-of-straightnesses would have very 
209 little effects on buckling behavior of the H-sections. In general, quality of the 
210 workmanship in fabricating these high strength Q690 steel welded H-sections was 
211 considered to be high, and readily achieved in modern fabrication shops.
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212 Table 4 Initial out-of-straightness at mid-height of welded H-sections

Test
v1

(mm)

v2

(mm)

v

(mm)

Leff

(mm)

| v | / Leff

( 10-3)

EH1P --- +0.3 +0.2 1992.0 0.1

EH1Q -0.5 -0.5 -0.5 2790.1 0.2

EH2P +0.2 --- +0.1 1993.3 0.1

EH2Q -0.5 -0.5 -0.5 2790.3 0.2

E3HP --- --- 0 1993.3 0.0

E3HQ -1.5 -0.5 -1.0 2791.6 0.4

E4HP -0.5 -0.5 -0.5 1990.5 0.3

E4HQ --- --- 0 2790.1 0.0

213 Notes:
214 a) “---” represents a value smaller than 0.25, and it may be taken to be 0.
215 b) v = (v1 + v2) / 2.
216 c) The signs of these values indicate the positions of the deviations.

217 2.6 Test procedure

218 In the initial stage of testing, a load was applied at a loading rate of 30 to 105 kN/min 
219 onto the H-sections, depending on their cross-sectional areas. Under this loading 
220 condition, the average stress rate for each H-section was kept to be smaller than 
221 10 N/mm2/min. This loading rate was maintained until 80% of the predicted failure load 
222 (or resistances) of each H-section was attained. Refer to Section 4 for details of the 
223 relevant design rules in predicting failure resistances of the H-sections. Then, a 
224 displacement control was adopted with a deformation rate of 0.5 mm/min. Under this 
225 displacement rate, the average strain rate for each H-section was smaller than 0.00025 
226 / min., and hence, these tests should be regarded as static tests. In general, the test would 
227 be terminated after the applied load attained its maximum value, and dropped to 85% 
228 of the maximum value.

229

230 3 Test Results

231 All the H-sections were tested successfully, and experimental results of all these tests 
232 are presented in this section. 

233 3.1 Failure modes and failure loads

234 All the H-sections failed in overall flexural buckling about the minor axes of their cross-
235 sections as shown in Figure 4. There was also local plate buckling in the flange 
236 outstands of some of the H-sections, as shown in Figure 5. The failure loads, Ntest , of 
237 all the H-sections are summarized in Table 5. It should be noted that after testing, all 
238 the welded H-sections were inspected closely, and no welding fracture was found in 
239 any of the welded H-sections.
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(a) Test EH1P (b) Test EH1Q (c) Test EH2P (d) Test EH2Q

(e) Test EH3P (f) Test EH3Q (g) Test EH4P (h) Test EH4Q

240 Figure 4 Overall flexural buckling of welded H-sections under eccentric loads
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a) Test EH3P b) Test EH4P

241 Figure 5 Local plate buckling in welded H-sections

242 Table 5 Test results of welded H-sections under combined compression and 
243 bending

Test
Ntest

(kN)
Failure Mode z z

Section 
Classification

EH1P 328 FB with LPP 1.26 66

EH1Q 250 FB 1.77 92
1

EH2P 527 FB with LPP 1.01 53

EH2Q 418 FB 1.42 74
3

EH3P 1698 FB with LPP 0.77 39

EH3Q 1376 FB with LPP 1.08 55
2

EH4P 2662 FB with LPP 0.62 32

EH4Q 2276 FB with LPP 0.87 44
3

244 Note: “FB” stands for flexural buckling and “LPP” stands for local plate buckling.

245 3.2 Load-deformation relationships

246 For all welded H-sections, lateral deflections of the flanges at mid-height was recorded 
247 by Transducers DT2 and DT3. Hence, the average values of these two transducer 

248 readings were regarded as the lateral deflections, y, of the welded H-sections. The 
249 relationships between the applied load, N, and the lateral deflection, y, of all welded 
250 H-sections are shown in Figure 6. It should be noted that the maximum differences 
251 between these two transducer readings were found to be smaller than 0.2 mm 
252 throughout the testing, and hence, twisting of the H-sections at mid-height of the welded 
253 H-sections was considered to be insignificant in the present tests.

254 Moreover, axial deformations of the welded H-sections, x, were measured with 
255 Transducer DT6. The relationships between the applied load, N, and the axial 

256 deformation, x of all the welded H-sections are shown in Figure 7.

257 It is shown that both the lateral deflections, y, and the axial deformations, x, increase 
258 almost linearly with an increase of the applied load, N, up to failure in all tests. After 
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259 the failure loads, Ntest , were attained, unloading took place gradually with further 
260 deformations in all the welded H-sections.  In general, all of these load deformation 
261 relationships are considered to be similar to those slender columns of welded H-sections 
262 made of conventional steel materials.

263
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264 Figure 6 Relationships between applied loads and lateral deflections for welded 
265 H-sections under combined compression and bending



14

0

200

400

600

0 20 40 60

Axial Deformation, x (mm)

0

200

400

600

0 20 40 60

Axial Deformation, x (mm)

a) Test EH1P b) Test EH1Q

0

200

400

600

0 20 40 60

Axial Deformation, x (mm)

0

200

400

600

0 20 40 60

Axial Deformation, x (mm)

x

N

N

c) Test EH2P d) Test EH2Q

0

1000

2000

3000

0 20 40 60

Axial Deformation, x (mm)

0

1000

2000

3000

0 20 40 60

Axial Deformation, x (mm)

e) Test EH3P f) Test EH3Q

0

1000

2000

3000

0 20 40 60

Axial Deformation, x (mm)

0

1000

2000

3000

0 20 40 60

Axial Deformation, x (mm)

g) Test EH4P h) Test EH4Q

266 Figure 7 Relationships between applied loads and axial deformations for welded 
267 H-sections under combined compression and bending
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268 3.3 Relationship between applied loads and axial strains

269 For each H-section, there were a total of twelve strain gauges mounted onto the outer 
270 surfaces of their two flanges, and these strain gauges were divided into a group of 4 
271 strain gauges at three different cross-sections, namely Sections A-A, B-B and C-C. It 
272 is interesting to plot development of these axial strains measured at these three cross-
273 sections during load application. Figure 8 plots relationships between the applied load, 

274 N, and the axial strains, x , at various cross-sections of Test EH3P for easy comparison.  
275 It should be noted that under the presence of combined compression and bending at 
276 mid-height of the welded H-section, i.e. Section B-B, measured resultant axial stresses 
277 from Strain Gauges SG 6 and 8 are found to be in compression while those from Strain 
278 Gauges SG 5 and 7 are in tension. As the applied load increases, the strain readings of 

279 these four strain gauges exceed the value of the yield strain, y , (or fy / E ).  Hence, 
280 yielding occurs, leading the H-section to fail in an elastro-plastic manner.

281

282
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283 Figure 8 Relationships between applied load and axial strains of welded H-
284 sections – test EH3P
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285 3.4 Initial loading eccentricity

286 The initial loading eccentricities at Section A-A, eA, and Section C-C, eC, are defined 
287 as the eccentricities of the rotation centers at the H-section ends with respect to the line 
288 passing through the centerline of the flange at Sections A-A and C-C before loading 
289 respectively, as shown in Figure 9. The measured initial loading eccentricities, eA and 
290 eC, for the welded H-sections in an elastic stage were obtained by using the applied load 
291 readings, and the corresponding strain readings and lateral deflections under the applied 
292 load at Sections A-A and C-C respectively. For Section A-A, the strain distribution of 
293 the whole cross-section was obtained using strain readings measured by Strain Gauges 
294 SG5, SG6, SG7 and SG 8. The stress distribution at this cross-section was then obtained 
295 by using the stress-strain curves obtained from the coupon tests, and hence, the 
296 corresponding internal moment under the applied load, MA,SG was computed 
297 accordingly. Consequently, the initial loading eccentricity at Section A-A, eA was 
298 readily obtained through equilibrium consideration as follows:

299 (1)A
SGA

A d
N

M
e ,

300 where N is the applied load in the initial loading stage, dA is the corresponding lateral 
301 deflection at Section A-A under the applied load, N. The initial loading eccentricity at 
302 Section C-C, eC was obtained from a similar process. Table 6 summarizes the initial 
303 loading eccentricities of all the welded H-sections. The average value of the initial 
304 loading eccentricities of each welded H-section was employed to calculate the first 
305 order applied moment in subsequent analyses and calibration.
306
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307

308 Table 6 Loading Eccentricities of all the welded H-sections

Test

Section A-A

eA

(mm)

Section C-C

eC

(mm)

Average

(eA+eC)/2

(mm)

EH1P +101.5 +101.4 +101.5

EH1Q +96.4 +95.8 +96.1

EH2P +106.0 +101.6 +103.8

EH2Q +98.4 +101.0 +99.7

E3HP +100.1 +96.2 +98.2

E3HQ +101.9 +102.9 +102.4

E4HP +97.8 +102.3 +100.1

E4HQ +99.1 +98.0 +98.6

309

310

N

dA
eA

dC

eC

(eA+eC)/2vB

N

A line passing through the 
centerline of the flange at 

Sections A-A and C-C

Before loading

Under the 
applied load, N

311 Figure 9 Measurement of loading eccentricity

312
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313 4 Applicability of Design Rules

314 Applicability of design rules given in EN 1993-1-1, ANSI/AISC 360-16 and GB 50017-
315 2003 for welded H-sections under combined compression and bending is assessed 
316 through calibration against the test results. In these design rules, effects of axial 
317 compression and bending moments are summed up linearly while non-linear effects of 
318 applied bending moments are accounted for by interaction factors. In general, two 
319 formulae should be satisfied, each of which corresponds to member buckling about a 
320 principal plane. However, as there was no applied moment about the major axes of the 
321 cross-sections of the H-sections, lateral-torsional buckling did not occur in the tests.  
322 Hence, the critical formula is the one corresponding to flexural buckling of the H-
323 sections under bending about minor axes.

324 4.1.1 EN 1993-1-1

325 According to EN 1993-1-1, members which are subjected to combined compression 
326 and bending should satisfy:

327 (2)1
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329 where NEd, My,Ed, Mz,Ed are the design values of the compression force and the 
330 moments about the major (y) and the minor (z) axes 
331 along the member, respectively;
332 NRk, My,Rk, Mz,Rk are the characteristic values of resistances to 
333 compression force and the bending moments about the 
334 major (y) and the minor (z) axes, respectively;
335 , are the moments due to the shift of the centroidal axes Ed,yM Ed,zM

336 for class 4 sections;
337 , are the reduction factors due to flexural buckling about y z

338 the major (y) and the minor (z) axes, respectively;
339 is the reduction factor due to lateral-torsional buckling;LT

340 kyy, kyz, kzy, kzz are the interaction factors; and
341 is the partial factor for resistance of members to 1M

342 instability assessed by member checks.
343

344 The reduction factors  and  in the first terms in Equations (3) and (4) are y z

345 determined by a suitable selection of flexural buckling curves. According to the 
346 complementary rules in EN 1993-1-12 for high strength Q690 steel welded H-sections, 
347 a curve “c” is recommended to calculate the flexural buckling resistances of the H-
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348 sections for buckling about the minor axes of the cross-sections. The interaction factors 
349 kyy, kyz, kzy, and kzz in the second and the third terms may be obtained from two different 
350 approaches given in Annexes A and B respectively. It should be noted that the main 
351 difference between these two approaches is the way of presenting different structural 
352 effects. As Annex A emphasizes transparency, each structural effect is accounted for 
353 by an individual factor. However, Annex B works with simplicity and allows some 
354 structural effects to be combined into a global factor. Based on these two approaches, 
355 the design resistance NEC3,c for all the H-sections were calculated through iterations.
356

357 In the calculations, measured dimensions and mechanical properties as well as total 
358 initial geometrical imperfections were adopted. All the moment resistances of the H-
359 sections are given by their plastic moduli even though Sections H2 and H4 are 
360 considered to be merely class 3 sections. Table 7 summarizes both the failure loads Ntest 
361 and the design resistances NEC3,c of the H-sections. It should be noted that:

362 According to the approach given in Annex A, the values of Ntest / NEC3,c are 
363 found to range from 1.06 to 1.11 with an average value at 1.09. 

364 According to the approach given in Annex B, the values of Ntest / NEC3,c are 
365 found to range from 1.10 to 1.24 with an average value at 1.20. 

366 Comparison between the test and the design resistances may be illustrated through 
367 plotting test values onto the graphs of normalized interaction curves according to the 
368 approaches in Annexes A and B for each of the four H-sections in Figure 10. As shown 
369 in the graphs, Annex B tends to give more conservative results when compared with 
370 Annex A.

371 It should be noted that in order to improve structural efficiency of the design rules, 
372 curve “a” is suggested to be used in the flexural buckling design of the welded H-
373 sections to give the axial buckling resistances NEC3,a of the sections under combined 
374 compression and bending. The values of NEC3,a are also summarized in Table 7 for 
375 direct comparison with those of NEC3,c .  It should be noted that:

376 According to the approach given in Annex A, the values of Ntest / NEC3,a are 
377 found to range from 1.02 to 1.07 with an average value at 1.05. 

378 According to the approach given in Annex B, the values of Ntest / NEC3,a are 
379 found to range from 1.03 to 1.16 with an average value at 1.11. 

380 Hence, by selecting a proper parameter in designing flexural resistances of the H-
381 sections, the approaches in both Annexes A and B are shown to be significantly 
382 improved in giving conservative and yet efficient resistances for high strength Q690 
383 steel welded H-sections under combined compression and bending about minor axes. 
384 The use of curve “a” in designing flexural resistances of welded H-sections is also 
385 supported by other researchers [9] [10] [12] as structural effects of residual stresses are 
386 proportionally less pronounced in these sections, when compared with those of 
387 conventional steel materials.
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388

389 Table 7 Calibration of EN 1993-1-1 for Q690 steel welded H-sections under 
390 combined compression and bending

EN 1993-1-1: Annex A EN 1993-1-1: Annex B

Test
Ntest

(kN)
NEC3,c

(kN)

Ntest

NEC3,c

NEC3,a

(kN)

Ntest

NEC3,a

NEC3,c

(kN)

Ntest

NEC3,c

NEC3,a

(kN)

Ntest

NEC3,a

EH1P 328 66 1.26 295 1.11 306 1.07 272 1.21 293 1.12

EH1Q 250 92 1.77 231 1.08 240 1.04 227 1.10 238 1.05

EH2P 527 53 1.01 477 1.10 495 1.07 425 1.24 461 1.14

EH2Q 418 74 1.42 386 1.08 402 1.04 362 1.15 393 1.06

EH3P 1698 39 0.77 1599 1.06 1666 1.02 1424 1.19 1523 1.12

EH3Q 1376 55 1.08 1250 1.10 1310 1.05 1129 1.22 1238 1.11

EH4P 2662 32 0.62 2481 1.07 2579 1.03 2185 1.22 2303 1.16

EH4Q 2276 44 0.87 2075 1.10 2179 1.04 1848 1.23 2018 1.13

Average --- --- --- --- 1.09 --- 1.05 --- 1.20 --- 1.11

391

392
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394 Figure 10 Normalized interaction curves to EN 1993-1-1
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396 4.1.2 ANSI/AISC 360-16

397 ANSI/AISC 360-16 is applicable to steel grades up to 690 N/mm2 (ASTM A514 and 
398 A709 steel). For doubly and singly symmetric members subject to combined 
399 compression and bending, the following equations in ANSI/AISC 360-16 should be 
400 satisfied:
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403 where Pr is the design axial force;
404 Pc is the axial buckling resistance;
405 Mrx, Mry are the design moments about the major (x) and the minor (y) axes 
406 respectively; and
407 Mcx, Mcy are the moment resistances about the major (x) and the minor (y) 
408 axes respectively.
409 It should be noted that the design axial forces, Pr,ANSI , for all the H-sections are 
410 calculated through iterations. Comparison between the test resistances Ntest and the 
411 design resistances Pr,ANSI is shown in Table 8, and corresponding normalized interaction 
412 curves are plotted in Figure 11. It is found that the design rules in ANSI/AISC 360-16 
413 tend to provide close but slightly un-conservative predictions to the failure loads of high 
414 strength Q690 steel welded H-sections under combined compression and bending about 
415 minor axes.

416 Table 8 Calibration of ANSI/AISC 360-16 for Q690 steel welded H-sections 
417 under combined compression and bending

ANSI/AISC 360-16

Test
Ntest

(kN) Pr,ANSI

(kN)

Ntest

Pr,ANSI

EH1P 328 66 1.26 335 0.98

EH1Q 250 92 1.77 256 0.98

EH2P 527 53 1.01 515 1.02

EH2Q 418 74 1.42 426 0.98

EH3P 1698 39 0.77 1713 0.99

EH3Q 1376 55 1.08 1409 0.98

EH4P 2662 32 0.62 2449 1.09

EH4Q 2276 44 0.87 2182 1.04

Average --- --- --- --- 1.01
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419 Figure 11 Normalized interaction curves to ANSI/AISC 360-16
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421 4.1.3 GB 50017-2003

422 It should be noted that Q690 steel is beyond the scope of GB 50017-2003, and hence, 
423 it is necessary to verify its applicability to design Q690 steel materials. For members 
424 under combined compression and bending, the following equations in GB 50017-2003 
425 should be satisfied: 

426 (6)f
W

M

N

N
8.01W

M

A

N

yby

yty

Ex
xx

xmx

x
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428 where N is the design value of the compression force;
429 Mx, My are the design moments about the major (x) and the minor (y) axes, 
430 respectively;
431 , are the reduction factors for flexural buckling about the major (x) x y

432 and the minor (y) axes, respectively;
433 is the reduction factor for lateral-torsional buckling;bx

434 =1.0 ;by

435 = ;ExN 2
x

2 1.1/EA
436 = ;EyN 2

y
2 1.1/EA

437 , are the slendernesses for flexural buckling about the major (x) and x y

438 the minor (y) axes, respectively;
439 A is the cross-sectional area;
440 Wx, Wy are the elastic moduli about the major (x) and the minor (y) axes, 
441 respectively;
442 , are equivalent uniform in-plane moment factors about the major mx my

443 (x) and the minor (y) axes, respectively;
444 , are equivalent uniform out-of-plane moment factors about the tx ty

445 major (x) and the minor (y) axes, respectively;
446 , are factors considering material plasticity when bending about the x y

447 major (x) and the minor (y) axes, respectively;
448 =1.0 for members susceptible to torsional deformation;
449 =0.7 for members not susceptible to torsional deformation;
450 f design yield strength of the steel material; and
451 E is the Young’s modulus of the steel material.
452
453 A curve “b” is recommended to calculate flexural resistances of welded H-sections 
454 made of Q420 steel, the highest steel grade incorporated in GB50017-2003. The 
455 corresponding design resistances NGB,b are adopted for calibration against the test 
456 results. In addition, a curve “a” is also permitted in the code, and the corresponding 
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457 design resistances NGB,a are also adopted for calibration. It should be noted that both 
458 the design resistances NGB,a and NGB,b are obtained through iterations. Comparison 
459 between the failure loads and the design resistances are shown in Table 9 while 
460 normalized interaction curves are plotted in Figure 12. It is found that the test results 
461 are significantly higher than the design resistances obtained with either curve “b” or 
462 curve “a”. 

463

464 Table 9 Calibration of GB 50017-2003 for Q690 steel welded H-sections under 
465 combined compression and bending

GB 50017-2003

Test
Ntest

(kN) NGB,b

(kN)

Ntest

NGB,b

NGB,a

(kN)

Ntest

NGB,a

EH1P 328 66 1.26 268 1.23 275 1.19

EH1Q 250 92 1.77 218 1.15 223 1.12

EH2P 527 53 1.01 425 1.24 437 1.21

EH2Q 418 74 1.42 361 1.16 371 1.13

EH3P 1698 39 0.77 1380 1.23 1419 1.20

EH3Q 1376 55 1.08 1149 1.20 1191 1.16

EH4P 2662 32 0.62 2062 1.29 2110 1.26

EH4Q 2276 44 0.87 1860 1.22 1930 1.18

Average --- --- --- --- 1.21 --- 1.18

466

467
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469 Figure 12 Normalized interaction curves to GB 50017-2003

470

471 5 Conclusions

472 A total of 8 high strength Q690 steel welded H-sections were tested successfully under 
473 combined compression and bending about minor axes. All of them failed in overall 
474 flexural buckling about the minor axes of their cross-sections with significant material 
475 yielding. In some cases, local plate buckling occurred in the flange outstands of the H-
476 sections. No welding fracture was found in all the H-sections after testing. As expected, 
477 these high strength Q690 steel welded H-sections were demonstrated to behave in 
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478 various ways similar to those of conventional strength steel welded H-sections. Hence, 
479 these tests may be regarded to be confirmatory tests to structural behavior of Q690 steel 
480 welded H-sections under combined compression and bending. 

481 Applicability of design rules given in EN 1993-1-1, ANSI/AISC 360-16 and GB 50017-
482 2003 to high strength Q690 steel welded H-sections under combined compression and 
483 bending about minor axes was examined through calibration against test results. It 
484 should be noted that the measured failure loads were compared with predicted 
485 resistances of these H-sections based on their measured geometrical and material 
486 properties according to various design rules. Among all these three sets of design rules, 
487 EN1993-1-1 was shown to be effective and efficient in predicting resistances for high 
488 strength steel Q690 steel welded H-sections under combined compression and bending 
489 with properly selected parameters. Hence, EN1993-1-1 should be readily adopted by 
490 design and construction engineers in designing these Q690 steel welded H-sections 
491 under combined compression and bending about minor axes.
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