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Abstract: 11 

Experimental and numerical investigations on pre-twisted steel box-section columns are 12 

presented in this paper. A series of tests was conducted to investigate the effects of pre-twisted angle 13 

ratio on the compressive behaviour of steel box-section columns. The pre-twisted angle ratios of 3 °/m 14 

and 15 °/m were considered in the design of column specimens. The column specimens had effective 15 

lengths of 1.5 m and 4.0 m, and cross-section dimensions of 280 × 100 (depth × width) mm and 350 × 16 

120 mm. A non-linear finite element model (FEM) considering geometric imperfections was developed. 17 

The results from the finite element analysis were compared with those from the column tests in terms 18 

of ultimate loads, failure modes and load-deformation curves. After successful verification, the FEM 19 

was employed to conduct an extensive parametric study on the structural behaviour of pre-twisted steel 20 

box-section columns. The key parameters in the parametric study included the pre-twisted angle ratios, 21 

ratios of depth to width in cross section, effective column lengths and end boundary conditions. It was 22 

shown that the pre-twisted angle ratios had little effect on the axial capacity, initial stiffness and lateral 23 

deformation capacity of shorter columns that failed by plastic yielding; however, more significant 24 

effects were found for the longer columns that failed by elastic flexural buckling. Theoretical analysis 25 

on the elastic buckling of pre-twisted steel box-section columns was conducted. Based on which, the 26 

formula for the buckling coefficient (reduction factor) was proposed that was suitable for the prediction 27 

of ultimate strength of pre-twisted steel box-section column. 28 
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1. Introduction 32 

Pre-twisted structural members are widely used in engineering industry [1], such as 33 

propeller, helicopter and wind turbine. These rotating structures are twisted along the 34 

longitudinal direction in order to optimize the aerodynamic performance [2]. Research works 35 

on the nature of pre-twisting and its applications have been studied, including the theories on 36 

the behaviour of pre-twisted beams such as anisotropic beam theory [3], the extension of using 37 

Hamilton’s principle and Galerkin’s method in dynamic problem [4], the extension of the 38 

classical Saint-Venant approach [5]. These theories have been developed and utilized in 39 

different engineering fields, e.g., vibration in thermal environment. 40 

Pre-twisting is a method of applying an angle of twist in the longitudinal direction of the 41 

member, where the principal axes of inertia rotates in accordance with the centroidal axis of 42 

the member. Moreover, the effects of pre-twisting can be explained as a transition between the 43 

weak and strong axes of the member, from which the original weak axis of the member may 44 

be strengthened while the original strong axis of the member may then become weaker after 45 

pre-twisting [5]. Figure 1 illustrates a structural member that has a natural twist in accordance 46 

with the centroidal axis along its longitudinal direction. 47 

In the construction industry, pre-twisted structural members have been increasingly used 48 

due to the development of design, the pursuit of elegance, as well as the innovative concepts 49 

from both engineers and architects. Pre-twisted structural steel members have been used in 50 

engineering structures, such as the Beijing National Stadium known as the “Bird’s Nest”, and 51 

the World Expo Museum in Shanghai. The pre-twisting of the sections along the direction of 52 

the member length may vary in an arbitrary manner [7], e.g., pre-twisted with a constant or 53 

varied angle ratios. Nonetheless, structural performance of pre-twisted members has gained 54 

significant attention. 55 

Investigations on the structural behaviour of pre-twisted column members have been 56 

carried out, but relatively limited. Fischer [8] investigated the influences of different moments 57 

of inertia and boundary conditions on the buckling loads of pre-twisted columns. Frisch-Fay 58 

[9] studied the stability of twisted bar under axial compression load. It was found that the 59 

critical load of the twisted bar was higher than that of the untwisted one. Similarly, the study 60 

on pre-twisted columns conducted by Tabarrok et al. [10] showed that the effects of the natural 61 

twist increased the first buckling load and diminished the second one. These observations were 62 

further proofed by the theoretical analysis carried out by Serra [11] that the pre-twisting can be 63 

taken into consideration as a simple way of strengthening compressed thin columns. 64 
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Effects of pre-twisting on statically determinate and indeterminate slender columns were 65 

investigated by Steinman et al. [12], where the general stability equations applied for a spatial 66 

rod were used as a part of the derived differential equations. The instability of pre-twisted 67 

columns subjected to static and periodic axial loads were investigated by Celep [13], where the 68 

static buckling loads and coefficients of the instability regions were presented. More recently, 69 

Barakat and Abed [14] conducted an extensive experimental investigation on the inelastic axial 70 

capacities of the pre-twisted steel bars, including over 200 specimens with rectangular cross 71 

sections. The data pool was then expanded by using non-linear finite element analysis to 72 

include a wider range of pre-twisting angles up to 270° [15]. Mathematic models were 73 

developed by multiple regression analysis that could predict well the critical loads of the pre-74 

twisted bars. The research work was further extended to the elastic buckling capacities of pre-75 

twisted columns with universal sections, i.e., I sections, by finite element analysis [16]. 76 

However, it should be noted that up to date, there has few investigations on the structural 77 

behaviour of pre-twisted steel box-section columns, which are one of the commonly used 78 

members in steel structures. Furthermore, the current international specifications, such as 79 

Eurocode (Eurocode 3: Design of steel structures) [17], American Specification (Specification 80 

for Structural Steel Buildings. ANSI/AISC 360-16) [18] and Chinese Code (Code for design 81 

of steel structures. GB 50017-2017) [19], do not provide design rules for pre-twisted members, 82 

e.g., tubular columns. In this study, experimental and numerical investigations on pre-twisted 83 

steel box-section columns were carried out. 84 

Firstly, a series of short and long pre-twisted steel columns with box-sections was tested. 85 

The box-sections were fabricated by welding the heat-treated structural steel plates. The grades 86 

of steel plates were Q235 and Q345 with the nominal yield stresses of 235 MPa and 345 MPa, 87 

respectively. Secondly, a verified non-linear finite element model (FEM) was developed to 88 

conduct an extensive parametric study on the structural behaviour of pre-twisted steel box-89 

section columns. The key parameters in the parametric study included the pre-twisted angle 90 

ratios, ratios of section depth to width, effective column lengths and end boundary conditions. 91 

The effects of the key parameters on the structural behaviour of the pre-twisted steel box-92 

section columns were investigated. Lastly, theoretical analysis on the pre-twisted steel box-93 

section columns was conducted. A formula for the stability coefficient (reduction factor) was 94 

proposed for the ultimate loads of pre-twisted steel box-section columns with pin-end boundary 95 

conditions. The purpose of this study is to provide valuable findings on the structural behaviour 96 

of pre-twisted steel box-section columns and facilitate their applications in practice. 97 

 98 
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2. Experimental investigation 99 

2.1 Test specimens 100 

A series of tests was conducted on pre-twisted steel box-section columns. The box-101 

sections were fabricated by welding the heat-treated structural steel plates. The grades of steel 102 

plates were Q235 and Q345 with the nominal yield stresses of 235 MPa and 345 MPa, 103 

respectively. The thicknesses of the steel plates are 10 mm and 16 mm for Q235, and 12 mm 104 

and 20 mm for Q345. The plate thicknesses of 10 mm and 16 mm with grade Q235 were used 105 

to fabricate Section (h×b×tw×tf) 280×100×10×16, while the plate thicknesses of 12 mm and 20 106 

mm with grade Q345 were used to fabricate Section (h×b×tw×tf) 350×120×12×20. In which h 107 

is the overall web depth, b is the overall flange width, tw and tf are the thickness of the web 108 

plate and flange plate, respectively. The symbols of a cross section (h×b×tw×tf) without pre-109 

twisting are defined in Figure 2. The steel plates were pre-deformed by given cross section 110 

angle ratios of 3 °/m or 15 °/m along the member length. After pre-deformed, the steel plates 111 

were positioned to form the box-section by welding. The box-section dimensions (depth × 112 

width) of columns are 280×100 mm and 350×120 mm. Six pre-twisted steel box-section 113 

columns were designed covering different steel grades, column effective lengths (Le), pre-114 

twisted angle ratios (ϕ), section dimensions and slenderness (λ). The angle ratio of 15 °/m was 115 

the maximum ratio that could be manufactured (pre-twisted) in the factory while the smaller 116 

angle ratio of 3 °/m was designed as a comparison. Two nominal lengths (L) of 1220 and 3410 117 

mm were considered for the pre-twisted short and long steel box-section columns, respectively. 118 

The details of the test specimens are shown in Table 1. The columns were labelled by 119 

three segments. For example of Specimen 280×100×10×16-1.5-ϕ3, the first segment means the 120 

column section dimensions of 280×100×10×16 mm; the second segment stands for the 121 

effective length (Le) of 1.5 m for the column specimen; and the last segment means the pre-122 

twisted angle ratio of 3 °/m considered for the column specimen. If it is a steel column without 123 

pre-twisting, then it is indicated by the term of ϕ0. 124 

 125 

2.2 Fabrication of pre-twisted steel box-section column specimens 126 

There are commonly two ways to fabricate a pre-twisted steel box-section column, i.e., 127 

twist a steel box-section column, or deform the steel plates and then assemble the pre-deformed 128 

steel plates to form a pre-twisted box-section column. To minimise the residual stresses and 129 
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the welding deformation developed during the forming process, the second method was used 130 

in this study to fabricate the pre-twisted steel box-section columns. 131 

Firstly, the steel plates were pre-deformed by following the pre-twisted steel box-section 132 

column dimensions and further heat treated (temperature within 500 ~ 900 oC) in the factory. 133 

According to the dimensions of the pre-twisted steel box-section columns, the steel moulds 134 

were designed and fabricated for assembling the pre-deformed steel plates to form the pre-135 

twisted box-section columns. The coordinates of the moulds were carefully checked such that 136 

the errors were within the limit of ±0.2 mm. Then, one pre-deformed web plate of the steel 137 

box-section column was put into the moulds. The positions of the web were double checked 138 

with the designed coordinates in the moulds, where the errors were controlled within ±1.0 139 

mm. Pyrotechnics heating was adopted to correct the positions of the pre-deformed steel web 140 

such that they were positioned in the accurate coordinates. After that, two pre-deformed flanges 141 

of the box-section columns were then put into positions. The two flanges with the positioned 142 

web formed the U-shape of the pre-twisted sections. In this stage, temporary steel plates were 143 

set in positions inside the pre-twisted steel sections. The pre-deformed web was welded with 144 

the two pre-deformed flanges. The accurate positions of the U-shape were checked against with 145 

the control points. Finally, the last pre-deformed web of the box-section was positioned. Spot 146 

welding was used at certain locations along the column length. The positions of the moulds 147 

and heat input during welding were carefully adjusted such that the deformation due to welding 148 

process was minimized. The accurate positions of the fabricated pre-twisted steel box-section 149 

columns were double checked after welding completed. Similar to the corrections of the pre-150 

deformed steel plates, pyrotechnics heating was also used for the adjustments of the fabricated 151 

column specimens by referring to the coordinates in the moulds. It should be noted that all the 152 

pre-twisted steel box-section column specimens were designed and fabricated such that the 153 

cross sections at the mid-height were not twisted. In other words, twisting of the column 154 

sections may be viewed from the position (un-twisted cross-section) that is at the middle length 155 

towards the two ends. 156 

 157 

2.3 Material properties 158 

The material properties of the steel column specimens were determined by tensile coupon 159 

tests. The plate thicknesses of 10 mm and 16 mm were used to fabricate Section 160 

280×100×10×16, while the plate thicknesses of 12 mm and 20 mm were used to fabricate 161 

Section 350×120×12×20. Tensile coupon specimens were extracted from the original (without 162 
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twisting) steel plates. The specimens were cut in the direction that was perpendicular to the 163 

rolling direction of the steel plates, in accordance with the GB/T 2975-1998 [20]. For each 164 

thickness of the steel plate, three tensile coupon specimens were tested to determine its material 165 

properties. Hence, a total of twelve tensile coupons were tested for the four different 166 

thicknesses of steel plates. The tensile coupon specimens were prepared and tested according 167 

to the GB/T 228-2002 [21]. 168 

A calibrated extensometer of 50 mm gauge length was used to measure the longitudinal 169 

strain of the coupon specimens. A data acquisition system was used to record the load and the 170 

strain readings at regular intervals during the tests. The material properties based on the 171 

averages of the three coupon test results for each plate thickness were summarized in Table 2. 172 

These includes the initial Young’s modulus (E), the yield stress (fy), the tensile strength (fu), 173 

ultimate strain (εu) and the elongation after fracture (εf) based on a gauge length of 50 mm. 174 

 175 

2.4 Test rig and results 176 

Experimental investigation on the pre-twisted steel box-section columns was conducted 177 

by applying axial loads at the column ends. The short columns (Le = 1.5 m) were tested in a 178 

universal testing machine with a capacity of 30000 kN. The long columns (Le = 4.0 m) were 179 

tested by using a 2000 kN servo-controlled hydraulic actuator. The schematic views of the test 180 

setup for short and long columns are illustrated in Figures 3a and 3b, respectively. The steel 181 

end plates with thickness of 30 mm were welded to both ends of the specimens to prevent the 182 

local failure at the specimen ends, and also transfer loads to the cross sections. The steel end 183 

plates were then fixed to the loading plates by bolted connections. For short columns, the 184 

specimen tests were designed with half-rounded supports at both ends, where the short columns 185 

were free in rotation about the minor axis of un-twisted cross section (cross section at mid-186 

height). The column ends were fixed in other degrees of freedom except that the top was free 187 

in vertical direction. The axial load was applied into the column by moving the cross head of 188 

the testing machine. Similar end boundary conditions were applied to the long columns, where 189 

the degree of freedom in rotation about the minor axis of un-twisted cross section was provided 190 

by the pin-end shrank at both ends of the column. The effective lengths (Le) of the short and 191 

long columns were determined by considering the depths of the half-rounded supports and the 192 

distance between the centres of the pins, respectively. Hence, the respective Le of short and 193 

long box-section columns were set as 1.5 m and 4.0 m in this study. Two 50 mm range Linear 194 

Variable Displacement Transducers (LVDTs) were used to measure the column deflections in 195 
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the middle length. At each column end, another two 50 mm LVDTs were set to measure the 196 

rotation of the column about its minor axis. The axial shortening of the columns were obtained 197 

by the four LVDTs at the two ends. 198 

A preload of around 10% of the estimated box-section column capacity was applied to 199 

check the test instrumentations and setup. The box-section column was then un-loaded. In the 200 

real test, the box-section column was loaded by displacement control with a loading rate of 1.0 201 

mm/min until the ultimate load (Pt) was reached. After that, the test was stopped when the load 202 

applied on the box-section column dropped over 15% of the ultimate load (Pt). A data 203 

acquisition system was used to record the applied loads, axial deformations and lateral 204 

deflections at regular intervals during the tests. The ultimate loads (Pt) with the corresponding 205 

end shortenings (δt) and the failure modes of the pre-twisted steel box-section columns were 206 

summarized in Table 3, where the calculated yield strengths (Py) of the cross sections without 207 

pre-twisting were also included. The yield strength (Py) is the sum of the web areas and flange 208 

areas times their respective yield stress in the cross section. Figures 4a and 5a illustrate the 209 

failure modes of short column Specimen 350×120×12×20-1.5-3 and long column Specimen 210 

280×100×10×16-4.0-15, respectively. Figure 6 shows the load versus end shortening curves 211 

for all the tested column specimens. All tested columns showed clear peak loads from the load-212 

deformation curves. The short columns were failed in plastic yielding of the cross section. For 213 

short column, the stresses on the cross section generally reached the yield stress (fy) at the 214 

ultimate point of the column curve (peak load) and small flexural deformation was also 215 

observed at the post-ultimate stage. It should be noted that the yield stress corresponds to the 216 

onset of plasticity, while ultimate stress corresponds to the maximum tensile capacity according 217 

to the steel stress-strain curve obtained from the tensile coupon test. However, the long columns 218 

were failed in elastic flexural buckling, and quite large flexural deformation was observed even 219 

before the ultimate. For both short and long pre-twisted columns, the flexural deformation 220 

mainly occurred in the plane about the weak axis of un-twisted cross section (cross section at 221 

mid-height). It should also be noted that no local buckling was found in the long columns. For 222 

short columns, the pre-twisted steel box-section columns with larger ratio of pre-twisted angle 223 

had similar ultimate loads compared with those with smaller ratio of pre-twisted angle, e.g., 224 

the Pt = 2105 kN for Specimen 280×100×10×16-1.5-15 compared with Pt = 1971 kN for 225 

Specimen 280×100×10×16-1.5-ϕ3. However, the pre-twisted angle ratio could obviously 226 

improve the axial capacities of long pre-twisted steel box-section columns, i.e., the 2000 kN 227 

for Specimen 280×100×10×16-4.0-15 compared with 1436 kN for Specimen 228 
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280×100×10×16-4.0-3. This could be due to that the failure of the long columns were 229 

dominated by flexure buckling about the minor axis. For the column with larger pre-twisted 230 

angle ratio, (i.e., ϕ = 15 °/m compared with ϕ = 3 °/m), the section flexural rigidity of the 231 

column along the longitudinal direction (started from the middle length) was more improved, 232 

by comparing with that of column without pre-twisting for Section 280×100×10×16 in this 233 

study. Hence, the ultimate load corresponding to the flexural buckling failure was improved. 234 

In addition, the pre-twisted column would produce the torsional deformation together with its 235 

axial deformation and flexural deformation. The torsional deformation affected the free 236 

rotation of the pin-ends during testing, which made the columns ends towards fix-end boundary 237 

conditions, resulting in higher flexural buckling load. These will be discussed further in detail 238 

in the later sections of this paper. 239 

 240 

3. Finite element model 241 

3.1 Development of finite element model 242 

The non-linear finite element program ABAQUS Version 6.12 [22] was used to simulate 243 

the structural behaviour of the pre-twisted steel box-section column specimens. The finite 244 

element model (FEM) was developed and analysed in two steps. In the first step, linear 245 

perturbation analysis was performed on FEM with a “perfect” geometry to obtain probable 246 

elastic buckling modes of the pre-twisted steel box-section columns. The elastic section and 247 

member buckling mode patterns were obtained by performing eigenvalue analysis in BUCKLE 248 

procedure. The buckling mode pattern was amplified by a certain magnitude of imperfection 249 

to consider the initial geometric imperfection profile of the steel box-section columns. In the 250 

second step, finite element analysis was performed by considering the non-linearities of both 251 

the geometry and material properties. The ultimate loads, lateral and axial deformations, and 252 

the failure modes of pre-twisted steel box-section columns were obtained. 253 

In the FEM, the measured specimen dimensions and the material properties obtained 254 

from the tensile coupon tests were used. The model was developed based on the centreline 255 

dimensions of the cross sections. The pre-twisting was achieved by checking the “twist, pitch” 256 

option and entering the corresponding pre-twisted ratio when editing the base extrusion. In the 257 

ABAQUS [22], the “twist” modifies an extrusion by rotating the sketched profile about an axis 258 

parallel to the direction of extrusion, while the “pitch” defines the extrusion distance in which 259 

the profile would be twisted. The measured engineering stress-strain curves were converted 260 

into real stress-strain curves. The von Mises yield criterion along with the associated flow rule 261 
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was used for the multiaxial stress state [23]. Residual stress for welded steel box sections was 262 

considered in the FEM for the sensitivity study. The models of parabolic profile and polygon 263 

profile for the residual stress in the cross section of steel boxing columns have been investigated 264 

in the reference [24]. Generally, it was found that the residual stress had little effect on the 265 

ultimate capacity of the steel boxing columns under axial loading. In this study, the model of 266 

polygon profile in the reference [24] for welded box sections was adopted in the verification 267 

of the FEM using the ABAQUS (*INITIAL CONDITIONS, TYPE=STRESS) parameter to 268 

assess the influence of the residual stresses. Similarly, it was found that the residual stress had 269 

little effect on the ultimate loads of the pre-twisted steel box-section columns. 270 

The pre-twisted steel box-section column was modelled using the four-node shell (S4R) 271 

element with reduced integration. The finite element mesh size of 10×10 mm (length × width) 272 

was used for all specimens. Such mesh size was selected based on a series of sensitivity studies 273 

by varying the size of the elements to provide both accurate results and less computational 274 

time. In addition, a scale factor of t/500 and 3Le/1000 was chosen for local (section) geometric 275 

imperfection amplitude and for overall (member) geometric imperfection amplitude, 276 

respectively, in modelling the pre-twisted steel box-section columns. The fundamental local 277 

and overall buckling modes obtained in the first step of the analysis were used. Hence, both 278 

local and overall geometric imperfections have been incorporated in the FEM. 279 

The axial compressive force was applied through the end plates of the specimen. The end 280 

plates were modelled using analytical rigid plates because no deformation failure was found in 281 

the end plates in the tests. The “tie constraint pair” was modelled in the interfaces between the 282 

end plates and the ends of column cross section. The end plates were defined as the master 283 

surface while the column cross sections were defined as the slave surface in the FEM. The “tie 284 

constraint” ties two surfaces together, which enable the pair of surfaces shares the same 285 

translational and rotational degrees of freedom. 286 

Following the boundary conditions of the column tests, the top end plate was restrained 287 

against all degrees of freedom, except for the degree of freedom in rotation about the minor 288 

axis of the un-twisted cross section as well as the degree of freedom in translation in the vertical 289 

direction. The bottom end plate was restrained against all degrees of freedom except for the 290 

degree of freedom in rotation about the minor axis of the un-twisted cross section. The 291 

boundary conditions were assigned to the reference points of the end plates. Similar to the 292 

displacement control method used in the pre-twisted column tests, the load was applied to the 293 

specimens by specifying a displacement to the reference point of the analytical rigid plate in 294 

the FEM. 295 
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3.2 Verification of FEM 296 

The ultimate loads (PFEA) predicted from the finite element analysis (FEA) and those 297 

obtained from the tests (Pt) were compared, as shown in Table 4(a). For the short columns, the 298 

mean value of Pt/PFEA is 0.97 with the coefficient of variation (COV) of 0.028. For the long 299 

columns, the results from the FEA are lower than those from the tests. The main reason is that 300 

the torsional deformation at the ends of the long pre-twisted columns was intended to occur 301 

during the tests, which would constrain the rotation of the column ends to some extent (see 302 

Figure 4b). Hence, the pin-end boundary conditions of the column ends about the weak axis 303 

converted to semi-rigid resulting in larger flexural buckling load, where such end boundary 304 

condition effects were not modelled in the analysis. However, the effects of the boundary 305 

conditions will be further analysed in the later paragraph. Nonetheless, it was shown that the 306 

results from the FEA could generally predict the structural behaviour of the pre-twisted steel 307 

box-section columns in terms of the load-end shortening curves and the failure modes. The 308 

load versus end shortening curves between test and FE results were shown in Figure 7(a), where 309 

the initial part of the test curve was well predicted by the FE result. Figure 4 and Figure 5 310 

showed the comparison of failure modes between the tested columns and FEA columns. 311 

In order to investigate the effects of boundary condition on the load-end shortening 312 

response and ultimate load of the pre-twisted members, the rotation stiffness about the minor 313 

axis of the twisted cross section subjected to axial loading was further analysed. In the analysis, 314 

only the rotation stiffness about the minor axis was considered. The seven cases of rotation 315 

stiffness are 0 (pin end), 0.1×106, 0.5×106, 1×106, 5×106, 10×106 (N.m/rad) and ꝏ (fix end). 316 

Two standard springs were assigned to the reference point at each column end for the degree 317 

of freedom in rotation about the minor axis of the cross section. The FE models of the long pre-318 

twisted steel specimens 280×100×10×16-4.0-3 and 280×100×10×16-4.0-15 were used in the 319 

investigation. The obtained ultimate loads were tabulated in Table 4(b). The load-end 320 

shortening curves were plot in Figures 7(b)-(c), for specimens 280×100×10×16-4.0-3 and 321 

280×100×10×16-4.0-15, respectively. It is shown that as the rotation stiffness increased, the 322 

ultimate load of the specimen increased. The ultimate loads of columns with rotation stiffness 323 

of ꝏ (fix end) are 95% and 81% higher than those with rotation stiffness of 0 (pin end), for 324 

specimens 280×100×10×16-4.0-3 and 280×100×10×16-4.0-15, respectively. The stiffer 325 

boundary conditions provided more constrains to the torsional deformation at the ends of the 326 

long pre-twisted columns, hence the column ultimate capacity increased. This explains why the 327 

FE results for specimens 280×100×10×16-4.0-3 and 280×100×10×16-4.0-15 in Table 4(a) 328 



11 
 

underestimate the test ultimate loads of these two columns due to the end boundary conditions 329 

as discussed previously. It should be noted that this study mainly focused on the pre-twisted 330 

steel box-section columns subjected to axial loading, where the columns are free to rotate about 331 

the minor axis of the un-twisted cross section which located at the middle height of the column. 332 

Hence, in the parametric analysis of the paper, the pin end boundary conditions (i.e., rotation 333 

stiffness of 0) about the minor axis of the un-twisted cross section were assigned to the column 334 

ends. 335 

 336 

4. Parametric analysis and discussions 337 

4.1 General 338 

The verified FEM was employed to conduct the parametric study on the structural 339 

behaviour of the pre-twisted steel box-section columns. The key parameters considered in the 340 

specimen designs included the pre-twisted angle ratios (), ratios of overall web depth to 341 

overall flange width (h/b) in the cross section, effective column lengths (Le) and end boundary 342 

conditions. The details of the pre-twisted steel box-section columns are illustrated in Tables 343 

5a-5c. For the key parameter of  with different Le, the specimens of the same Section 344 

280×100×10×16 (h×b×tw×tf) mm were designed (See Table 5a). The specimens were divided 345 

into five groups by the values of Le; For the effects of  with different h/b, five different sections 346 

with the constant values of tw = 10 mm and tf = 16 mm were designed (See Table 5b), where 347 

two different effective column lengths (Le= 1.0 m and Le= 4.0 m) were considered; For the 348 

effects of  with different end boundary conditions, the specimens of the Section 349 

280×100×10×16 mm with Le= 4.0 m were used (See Table 5c). Overall, the pre-twisted angle 350 

ratios were designed to cover a wide range in each column series, e.g., from 0 to 100 °/m. 351 

Generally, pin-end boundary conditions with free rotation about the minor axis of the un-352 

twisted sections were assigned to all the specimens, except for those specimens in Table 5c. 353 

These specimens were assigned pin-end boundary conditions with free rotation about both 354 

minor and major axes of the un-twisted sections. Similar to the test specimens, all the pre-355 

twisted steel box-section column specimens in the parametric study were designed such that 356 

the cross sections at the mid-height of the specimens were un-twisted. The converted real 357 

stress-strain curves of steel plates with thicknesses of 10 mm and 16 mm were used for the 358 

respective webs and flanges in the parametric study. 359 

 360 
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4.2 Effects of  with different Le 361 

The ultimate loads and failure modes of specimens in Table 5a were detailed in Tables 362 

6a-6e. The ultimate loads of columns with pre-twisted angle ratios were normalized with those 363 

of columns without pre-twisting ( = 0) in each series. Figures 8a and 8b illustrated the load-364 

deformation curves for pre-twisted steel box-section column (Section 280×100×10×16 mm) 365 

with effective length (Le) of 1.0 m and 4.0 m, respectively. In each figure, the curves for 366 

columns with different values of  were included. It was shown that the values of  had little 367 

effect on the initial stiffness of the columns regardless of different effective lengths. The values 368 

of  had little effect on the ultimate loads of the relatively short columns (Le = 1.0 m); on the 369 

contrary, for the relatively long columns (Le = 4.0 m), the effects of  on the ultimate loads 370 

were obvious, i.e., the larger values of  up to a certain limit, the larger ultimate loads of 371 

columns were obtained. The reason may be, as discussed in Section 2.4 of this paper, the failure 372 

of the long columns was dominated by the flexure buckling about the minor axis of the un-373 

twisted section. For the columns with larger values of , the section flexural rigidities of the 374 

columns along the longitudinal direction (started from the mid-height) were more increased by 375 

comparing with those of columns without pre-twisting. Hence, the ultimate loads 376 

corresponding to the flexural buckling failure were improved. This will be discussed further in 377 

Section 4.6 of the paper. 378 

Figure 9 shows the effects of  on the ultimate loads of pre-twisted steel box-section 379 

columns for the specimens in Table 5a. The vertical axis plots the ultimate loads of columns 380 

normalized (PFEA) with the ultimate loads of the column without pre-twisting (Pnon-twisted). The 381 

horizontal axis shows the pre-twisted angle ratio () of the columns. In the figure, the columns 382 

with the five different effective lengths (Le) are included. For the relatively short columns (1.0 383 

~ 2.0 m), it was found that for the  ranged from 0 to 30 °/m, the differences of ultimate loads 384 

were small, i.e., less than 1.0%. As the  increased, the ultimate loads generally decreased, in 385 

particular for short columns with Le = 1.0 m and Le = 1.5 m. The ultimate loads decreased over 386 

5% when the  = 120 °/m. For the relatively long columns (3.0 ~ 4.0 m), it was shown that the 387 

ultimate loads increased with the larger values of  (see Figure 9), namely, up to  = 110 °/m 388 

for the specimen Series 280×100×10×16-3.0 and up to  = 90 °/m for the specimen Series 389 

280×100×10×16-4.0. This means that for a relatively long column, there is an optimum pre-390 

twisted ratio for obtaining the maximum ultimate load. 391 
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Figure 10 further illustrates the relationship between the ultimate loads of the pre-twisted 392 

steel box-section columns and the column slenderness (λ) under different values of , for those 393 

specimens in Table 5a. The vertical axis plots the ultimate loads (PFEA) of the columns 394 

normalized with the cross section strength (Afy), i.e., PFEA/Afy, where A is the full area of the 395 

cross section. It was found that the relatively small values of  (e.g.,  = 3 and 15 °/m) had 396 

little effect on the ultimate loads of the columns regardless of different column slenderness. 397 

Furthermore, it was shown that the ratios of PFEA/Afy intersected at λ = 50.59 for different values 398 

of , which meant that the columns with the same Le had the similar ultimate loads in this study 399 

when λ = 50.59 regardless of different pre-twisted angle ratios (). Generally, for pre-twisted 400 

steel box-section columns with λ < 50.59, the values of PFEA/Afy decreased as the values of  401 

increased; however, when λ > 50.59, the values of PFEA/Afy increased as the values of  402 

increased. That means the pre-twisting along the steel columns improved the column stability 403 

under axial loading condition, which may be due to the improved section flexural rigidity along 404 

the column length as compared with columns without pre-twisting. 405 

 406 

4.3 Effects of  with different h/b ratios 407 

Tables 7a-7e show the parametric study results of pre-twisted steel box-section columns 408 

(specimens in Table 5b), with the variations of , h/b and Le. The effects of  with different h/b 409 

on the ultimate loads of columns are summarized in Figures 11a and 11b, for Le = 1.0 m and 410 

Le = 4.0 m, respectively. The vertical axis of the figures plots the values of normalized ultimate 411 

loads, i.e., ultimate loads of columns (PFEA) normalized with those of columns without pre-412 

twisting (Pnon-twisted) for the same series. The horizontal axis of the figures shows the pre-twisted 413 

angle ratios (). For the relatively short columns (Le = 1.0 m) with h/b ≤ 2.8 as shown in Figure 414 

11a, it was found that the ratios of h/b had little effect on the ultimate loads when the ratios of 415 

 ≤ 50 °/m. However, when the ratios of  ≥ 50 °/m, the ultimate loads started to decrease, with 416 

the larger ratios of h/b (up to h/b = 2.8) the more decrement of the ultimate loads. For the 417 

relatively long columns (Le = 4.0 m), generally, the larger ratios of h/b (up to h/b = 2.8), the 418 

more increment of the ultimate loads under the same  was, e.g., for  = 100 °/m, the increase 419 

of around 20% for section 150×100×10×16 (h/b = 1.5) compared with that of 22% for section 420 

280×100×10×16 (h/b = 2.8), as shown in Figure 11b. For the ratio of h/b = 1.0, it was shown 421 

that the values of  had little effect on the ultimate loads of the columns. This could be due to 422 

the relatively smaller difference between the area moments of inertial (I) in both major and 423 
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minor axes of the cross sections with h/b = 1.0, where the effect of  on the reduction factors 424 

in the calculation of pre-twisted column strengths is minimised. This would be reflected in the 425 

proposed equation for the new reduction factor of the pre-twisted steel columns in Section 5.2 426 

of this paper. However, it should be noted that for the larger ratios of h/b, the optimum ratios 427 

of  existed for the ultimate load of the columns, e.g., the  = 90 °/m yielded maximum ultimate 428 

load compared with other values of  for the column with h/b = 2.8 and Le = 4.0 m, as shown 429 

in Figure 11b. 430 

 431 

4.4 Effects of  with different boundary conditions 432 

The effects of  with different end boundary conditions were investigated for the 433 

specimens with the same Section 280×100×10×16 mm with h/b = 2.8 and Le = 4.0 m (see Table 434 

5c). The pin-end boundary conditions with free rotation about both minor and major axes of 435 

the sections were assigned to the specimens. The ultimate loads and failure mode were 436 

presented in Table 8. The results in Table 8 were compared with those in Table 6e for the same 437 

specimen series. Note that the specimens in Tables 6e had the pin-end boundary conditions 438 

with free rotation about minor axis of the un-twisted cross sections. The comparisons were 439 

shown in Figure 12. It was found that whether the degree of freedom for rotation about the 440 

major axis of the un-twisted section released or not had little effect on the ultimate loads of the 441 

pre-twisted steel box-section columns. This may be due to the flexural buckling failure mode 442 

about the minor axis at the mid-height dominated the failure of the specimens. 443 

 444 

4.5 Effects of  on warping normal stress of the cross sections 445 

For the pre-twisted steel box-section columns under axial loading with pin-end boundary 446 

conditions, due to the tilting of the force-bearing fibres across the sections, the axial force will 447 

produce bi-moment and torsional moment at sections along the height of the columns. The 448 

internal forces including axial compression force, bi-moment and torsional moment could be 449 

developed at sections along the height of the columns. The total normal stress produced at the 450 

section is the sum of the normal stress due to the axial compression force and the warping 451 

normal stress due to the bi-moment. The associated warping normal stress due to the bi-moment 452 

moment may affect the mechanical behaviour of the columns. There is limited investigation on 453 

the effects of  on the warping stress of the twisted members. Figure 13 illustrates the 454 

distributions of warping normal stresses induced by the bi-moment on the box-section of the 455 
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column. The warping normal stresses equal to zero at the midpoint of the webs and flanges, 456 

and maximum warping normal stresses are found at the corner of the cross section. It is shown 457 

that the warping normal stresses are in anti-symmetric distribution in the cross section, which 458 

indicates that the resultant axial force from the warping normal stress in the cross section equals 459 

to zero.  460 

In this study, the specimens in Table 6a (i.e., specimen series 280×100×10×16-1.0) were 461 

used to investigate the distribution of the warping normal stress under the axial load of 2000 462 

kN. The warping normal stress was obtained by the difference between the total normal stress 463 

and the normal stress due to axial compression force. The maximum warping normal stresses 464 

at different cross sections along the longitudinal direction of the columns were shown in Figure 465 

14 for specimen Series 280×100×10×16-1.0. The vertical axis plots the maximum warping 466 

normal stress while the horizontal axis shows the location along the height of the column, i.e., 467 

in the range of 0.1~0.9 m for Le = 1.0 m. Hence, the effects of ϕ on the distribution of maximum 468 

warping normal stress at sections along the column height were illustrated. It was found that 469 

the maximum warping normal stress of the section increased from the section at the mid-height 470 

of the column to the section at the column ends in both directions for different values of . The 471 

maximum warping normal stress became larger at the same location for the larger value of , 472 

for example, 16.17 MPa for  = 120 °/m compared with 0.26 MPa for  = 3 °/m at the location 473 

of 0.9 m. However, the warping normal stresses of the columns due to the effects of  are quite 474 

small compared with the yield stress of the material (see the values of fy > 235 MPa obtained 475 

from coupon tests in Table 2) and even far smaller than the working stress level of 245 MPa 476 

under the applied axial load of 2000 kN. This means that the warping normal stresses induced 477 

by the pre-twisting of the steel box-section columns are negligible. 478 

 479 

4.6 Effects of  on torsional shear stress 480 

Following the above, the maximum torsional shear stresses on the cross sections along 481 

the longitudinal direction of the columns were investigated. The maximum torsional shear 482 

stress was found at the middle positions of the flanges and webs of the cross sections. The 483 

maximum torsional shear stresses of the webs and flanges at the mid-height of the columns 484 

were obtained and plotted in Figure 15 for sections 280×100×10×16-1.0 and 280×100×10×16-485 

4.0. It was shown that the maximum torsional shear stress increased with the increment of pre-486 

twisted angle ratio (), e.g., for the column Series 280×100×10×16-4.0, the maximum torsional 487 

shear stress of 45.96 MPa for  = 120 °/m compared with that of 1.04 MPa for  = 3 °/m, as 488 
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shown in Figure 15. As expected, the results showed that for a given value of , the effective 489 

lengths (Le) of the column had little effects on the values of maximum torsional shear stress in 490 

the pre-twisted columns (see Figure 15). Furthermore, the maximum torsional shear stress at 491 

the flanges were much larger than those at the webs, and their differences were larger for the 492 

larger value of . However, the torsional shear stresses of the columns due to the effects of  493 

are small compared with the yield stress of the steel plates (see the values of fy obtained from 494 

coupon tests in Table 2). 495 

 496 

4.7 Effects of  on section flexural rigidity 497 

The effects of  on the section flexural rigidity (EI) of the pre-twisted steel box-section 498 

column were investigated, where I is the moment of inertia about the minor axis of the un-499 

twisted section. The specimens shown in Tables 6c-6e with section 280×100×10×16 mm and 500 

h/b = 2.8 were selected. Three different values of Le and nine cases of  for the columns were 501 

considered, i.e., the values of Le were 2.0, 3.0 and 4.0 m, and those of  were 0, 3, 10, 15, 20, 502 

30, 60, 90 and 120 °/m. 503 

For the relatively long steel columns without pre-twisting, the overall buckling will occur 504 

about the minor axis of the cross section under axial loading condition. It should be noted that 505 

the flexural rigidity (EIminor) of the cross section was constant along the column height for 506 

columns without pre-twisting. However, for the pre-twisted steel box-section columns, the 507 

flexural rigidity (EI) of the cross section was varied along the column height due to the 508 

changing of area and distance about the neutral axis of the cross section. For the pre-twisted 509 

steel columns, the flexural rigidity (EI) was varied between the minimum of EIminor and the 510 

maximum of EImajor of the cross section, where Imajor is the moment of inertia of the section 511 

about the major axis. Compared with the section flexural rigidity (EIminor) of the steel columns 512 

without pre-twisting that will fail in buckling about the minor axis of the section, the flexural 513 

rigidity of the pre-twisting of the sections along the columns are improved, namely, they are 514 

larger than EIminor. This means that the pre-twisting improves the overall flexural rigidity (about 515 

the minor axis of the un-twisted section) of the columns for the same Le. Hence, the lateral 516 

deformations (about the minor axis) were reduced while the ultimate loads were increased. 517 

Figures 16a-16c show the applied load versus the deflection at the mid-height of the 518 

columns for the Le of 2.0, 3.0 and 4.0 m, respectively. The applied loads were scaled up to 1000 519 

kN. In each figure, the aforementioned nine values of  were included. It was found that the 520 

lateral deflections at the mid-height of the columns were smaller for the pre-twisted steel box-521 
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section columns than those of columns without pre-twisting. For the columns with same value 522 

of Le, the larger value of  generally yielded less lateral deflections under the same axial loading 523 

conditions due to the increased section flexural rigidity with the increment of  for the columns 524 

with the same Le, as discussed previously. However, it should be noted that for the section 525 

flexural rigidity of the columns Series 280×100×10×16-4.0, the Specimen 280×100×10×16-526 

4.090 performed the best (see Figure 16c), i.e., least lateral deflection under the same loading 527 

conditions, which was in accordance with the previously findings (See Figure 9) in Section 4.3 528 

of this paper. 529 

 530 

 531 

5. Loading capacity of pre-twisted steel box-section column 532 

5.1 Design rules in current specifications 533 

To the authors’ knowledge, there are no design rules for the pre-twisted steel box-section 534 

columns. Hence, the current international steel design specifications including EC3-1.1 [17], 535 

ANSI/AISC 360-16 [18] and GB 50017-2017 [19] for steel members without pre-twisting were 536 

used to calculate the nominal loading capacities (Pn) of the pre-twisted steel box-section 537 

columns considered in this study.  538 

For the design of steel welded box-section columns, the reduction factor (𝜑 ) for the 539 

relevant flexural buckling mode about the minor axis of the section should be calculated 540 

according to Section 6.3.1.2 in the EC3-1.1 [17], where the imperfection factor equals to 0.49 541 

with the corresponding buckling curve “c” in Table 6.2 of the EC3-1.1 [17]. Similarly, the GB 542 

50017-2017 [19] provides the calculation of the reduction factor (𝜑) in the Appendix D, where 543 

it is termed as buckling coefficient (reduction factor) of column. In the ANSI/AISC 360-16 544 

[18], the design of steel columns is provided in Section E3, where the loading capacity is 545 

determined based on the limit state of flexural buckling. The loading capacity of the steel 546 

columns calculated by using the ANSI/AISC 360-16 [18] was divided by Afy in this study, in 547 

order to obtain the reduction factor (𝜑). Hence, the reduction factor (𝜑) calculated by using 548 

different design specifications [17-19] for design of steel box-section columns could be directly 549 

compared. 550 

In summary, Equation (1) illustrates the calculation of nominal axial loading capacity (Pn) 551 

of a steel box-section column: 552 

 𝑃𝑛 = 𝜑𝐴𝑓𝑦  (1) 553 
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5.2. Proposed design rules for pre-twisted steel box-section columns 554 

As mentioned before, the current international steel design specifications, including EC3-555 

1.1 [17], ANSI/AISC 360-16 [18] and GB 50017-2017 [19], do not provide design rules for 556 

pre-twisted steel box-section columns. In this study, theoretical analysis on the elastic flexural 557 

buckling of pre-twisted steel box-section columns was conducted. Efforts were made to 558 

develop the new equation that would be consistent with the existing one (See Eq. (1)), where 559 

the term of Afy was retained for pre-twisted steel box-section columns. A formula for the 560 

reduction factor (buckling coefficient) was proposed for the pre-twisted steel box-section 561 

columns, as described in the following. 562 

Assume that when buckling, the buckling direction of the column has a twist angle θ0 563 

with the major axis at the mid-height of the column. The twist angle θ between the buckling 564 

direction and the major axis of any cross section is θ = θ0 + z. Hence, the moment of inertial 565 

about the minor axis for any cross section is shown in Equation (2): 566 

𝐼 = 𝐼𝑥𝑐𝑜𝑠2𝜃 + 𝐼𝑦𝑠𝑖𝑛2𝜃  (2) 567 

where Ix and Iy are the area moments of inertial of the un-twisted section about the minor and 568 

major principal axes (x axis and y axis), respectively;  is the pre-twisted angle ratio; z is the 569 

coordinate along axial axis of the column, where the mid-height section has z=0. Equation (3) 570 

shows the assumed deflection curve of the column with both ends were simply supported: 571 

𝑦 = 𝑎1 sin
𝜋

𝑙
𝑧  (3) 572 

where a1 is a non-dimensional constant value, l is the effective length of the column.  573 

Hence, the strain energy of the column is given in Equation (4): 574 
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Substitute Equations (2)-(3) into Equation (4) yields Equation (5): 576 
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 581 
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The external work (Up) done by the applied load P under axial deformation () is shown in 582 

Equation (6): 583 

𝑈𝑝 = −𝑃∆= −
1

2
𝑃 ∫ 𝑦′2𝑙

0
𝑑𝑧 = −

𝑎1
2𝜋2𝑃

4𝑙
             (6) 584 

Hence, the total potential energy (E) is derived in Equation (7): 585 

𝐸 = 𝑈 + 𝑈𝑝                 (7) 586 

In equilibrium state as expressed in Equation (8), the critical buckling load (Pcr) of the pre-587 

twisted steel box-section column was obtained as shown in Equation (9). 588 

𝑑𝐸
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=
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When  = 0, it is a common column without pre-twisting. The critical buckling load is 591 

shown in Equations (10) and (11). 592 

 𝑙𝑖𝑚
 →0

𝜋2 𝑠𝑖𝑛(𝑙)
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  (11) 594 

It is shown that the Equation (11) yields the same result as the Euler buckling load for common 595 

column without pre-twisting, which depends on the smaller of the area moment of inertial. 596 

When  ≠ 0, the column is pre-twisted with an angle ratio of . The critical buckling load 597 

is shown in Equations (12)－(14). 598 

 𝑃𝑐𝑟 =
1

2
[𝑃𝑐𝑟𝑥 + 𝑃𝑐𝑟𝑦] − |

𝜋2 sin(𝑙)

2𝑙(𝜋2−2𝑙2)
| |𝑃𝑐𝑟𝑥 − 𝑃𝑐𝑟𝑦|  (12) 599 

𝑃𝑐𝑟𝑥 =
𝜋2𝐸𝐼𝑥

𝑙2
 (13) 600 

𝑃𝑐𝑟𝑦 =
𝜋2𝐸𝐼𝑦

𝑙2  (14) 601 

where Ix and Iy are the area moments of inertial of the un-twisted section about the minor and 602 

major principal axes (x axis and y axis), respectively. This means that both the area moments 603 

of inertial about the minor and major axes have contributions to the pre-twisted steel box-604 

section column capacity depends on the value of pre-twisted angle ratio of .  605 

With an analogy to the design of a common steel column without pre-twisting, the new 606 

reduction factor ( 𝜑𝑃 ) was further proposed to consider the effects of initial geometric 607 
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imperfections and residual stresses, as shown in Equation (15). In which x and y are the 608 

reduction factors about the x axis and y axis of the original section. The GB 50017-2017 [19] 609 

was adopted in this study to calculate the values of x and y for steel box-section column. 610 

Hence, the ultimate loads (Pp) of the pre-twisted steel columns with rectangular hollow sections 611 

are predicted by using the Equation (16), which could consider the effect of  on the capacity 612 

of the pre-twisted steel box-section column.  613 

 𝜑𝑝 =
1

2
[𝜑𝑥 + 𝜑𝑦] −

1

2
|𝜑𝑥 − 𝜑𝑦| |

𝜋2 sin(𝑙)

2𝑙(𝜋2−2𝑙2)
|  (15) 614 

 𝑃𝑝 = 𝜑𝑝𝐴𝑓𝑦 (16) 615 

 616 

6. Comparison of reduction factors 617 

The reduction factors (buckling coefficients) of the columns were calculated by using 618 

𝜑 = 𝑃/𝐴𝑓𝑦. The parametric study results of the 60 specimens in Table 5a were used to calculate 619 

the reduction factors (𝜑𝐹𝐸𝐴) for column series with different effective lengths. The reduction 620 

factors calculated from the aforementioned steel design specifications were shown in Figures 621 

17a-17d. In the calculations, the nominal dimensions of the cross section and the material 622 

properties of steel plate 10 mm and 16 mm (see Table 2) were used. The terms of 𝜑𝐸𝐶3, 𝜑𝐴𝐼𝑆𝐶 623 

and 𝜑𝐶𝑁 mean the calculated values from the EC3-1.1 [17], ANSI/AISC 360-16 [18] and GB 624 

50017-2017 [19], respectively. It should be noted that the current steel design specifications 625 

[17-19] do not provide design rule for the pre-twisted steel columns. Hence, the results for the 626 

steel columns without pre-twisting were used for the pre-twisted steel columns. In addition, the 627 

proposed Eq. (15) in this study was also used to calculate the reduction factors (𝜑𝑃) for the 628 

columns. 629 

The reduction factors of 𝜑𝐹𝐸𝐴 were compared with those calculated by using the current 630 

steel design specifications [17-19], as well as those calculated by the proposed Eq. (15) for the 631 

60 column specimens. The mean values of 𝜑𝐹𝐸𝐴/𝜑𝐸𝐶3 , 𝜑𝐹𝐸𝐴/𝜑𝐴𝐼𝑆𝐶 , 𝜑𝐹𝐸𝐴/𝜑𝐶𝑁  and 632 

𝜑𝐹𝐸𝐴/𝜑𝑃 are 1.15, 1.01, 1.06 and 0.99, with the corresponding coefficient of variation (COV) 633 

of 0.106, 0.054, 0.069 and 0.049. Overall, it is shown the calculated values from the current 634 

steel design specifications are conservative, where the calculated values from the EC3-1.1 [17] 635 

are the most conservative. The ANSI/AISC 360-16 [18] provides the best calculated values 636 

compared with those calculated by using EC3-1.1 [17] and GB 50017-2017 [19], as the mean 637 

value of 𝜑𝐹𝐸𝐴/𝜑𝐴𝐼𝑆𝐶 is more close to 1.00 with smaller value of COV 0.054. However, it was 638 
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shown from the Figures 17a-17d that constant value of reduction factor (EC3, AISC and CN) 639 

obtained from the current international steel design specifications [17-19] cannot used to 640 

calculate the reduction factor (FEA) that obtained from the numerical study, while the 641 

calculated reduction factor (p) by using the proposed Eq. (15) can generally match well with 642 

the FEA, in particular in Figures 17b-17d. Furthermore, it was found that the calculated values 643 

by the proposed Eq. (15) were more accurate than those calculated by using the design codes 644 

[17-19], with the smallest value of COV of 0.049. However, it should be noted that the noted 645 

that the reliability of the proposed Eq. (15) is unknown for the pre-twisted angle ratio larger 646 

than 15 degree/m (i.e., ϕ > 15 °/m) since the FEA results for this range are not sufficiently 647 

validated as discussed in Section 3.2. 648 

 649 

7. Conclusions 650 

This paper firstly presented a series of column tests conducted on pre-twisted steel box-651 

sections. The box-sections were fabricated by welding the pre-deformed heat-treated structural 652 

steel plates. The grades of steel plates were Q235 and Q345 with the nominal yield stresses of 653 

235 MPa and 345 MPa, respectively. Six pre-twisted steel box-section columns were designed 654 

that covering different steel grades, column effective lengths (Le), pre-twisted angle ratios (ϕ), 655 

section dimensions and slenderness (λ). 656 

Secondly, a non-linear finite element model (FEM) was developed and verified against 657 

the test results in terms of ultimate loads, failure modes and load-deformation curves. After 658 

successful verification, the FEM was employed to conduct an extensive parametric study on 659 

the structural behaviour of pre-twisted steel box-section columns. The key parameters in the 660 

parametric study included the pre-twisted angle ratios (ϕ), ratios of section depth to width (h/b), 661 

effective column lengths (Le) and end boundary conditions. Findings from the experimental 662 

investigation and numerical analysis are summarized in the following: 663 

⚫ It was found that the ϕ has little effect on the ultimate load and initial stiffness of 664 

short columns. 665 

⚫ For the long pre-twisted columns failed in flexural buckling, the larger ϕ generally 666 

yielded larger ultimate loads due to the improved section flexural rigidity (EI) along 667 

the column length as compared with that of columns without pre-twisting. However, 668 

the optimum ratios of  existed for the largest ultimate loads among long pre-twisted 669 

columns. 670 

⚫ The warping normal stress and shear stress of the columns due to the effects of  671 
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were small compared with the yield stress of the material, and had negligible effects 672 

on the ultimate loads of the pre-twisted steel box-section columns. 673 

⚫ Generally, the pre-twisting improved the section flexural rigidity (EI) of the box-674 

section column. Hence, the lateral deformations at the mid-height of the columns 675 

were reduced while the ultimate loads were increased. 676 

Lastly, theoretical analysis on the elastic flexural buckling of pre-twisted steel box-677 

section columns was conducted. A formula for the reduction factor (buckling coefficient) was 678 

proposed. The reduction factors calculated by using the formula, and those calculated by using 679 

the European Code [17], American Specification [18] and Chinese Standard [19] for the design 680 

of steel structures were compared with those obtained from the parametric study for pre-twisted 681 

steel box-section columns. 682 

⚫ Overall, it was shown that the calculated values from the current steel design 683 

specifications were conservative. Specially, the calculated values from the EC3-1.1 684 

[17] were found the most conservative while the ANSI/AISC 360-16 [18] provided 685 

the most accurate calculated values. 686 

⚫ It was found that the calculated values by using the proposed formula generally were 687 

more accurate than those calculated by the current design specifications [17-19]. 688 

⚫ The proposed formula in this study is suitable for the prediction of ultimate strengths 689 

of pre-twisted steel box-section columns without the failure of local buckling, where 690 

the steel columns satisfy the limits of  ≤ 120 °/m, h/b = 2.8 and Le ≤ 4.0 m. However, 691 

it should be noted that the reliability of the proposed formula for the pre-twisted 692 

angle ratio larger than 15 degree/m (i.e., ϕ > 15 °/m) need be further investigated 693 

since the FEA results for this range are not sufficiently validated. 694 
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Figure 1: Pre-twisted steel box-section column 789 
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Figure 2: Symbols of a cross section 796 
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(a) Short column 810 
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(b) Long column 816 
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Figure 3: Schematic view of test setup for steel columns 819 
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                       828 

(a) Failure in test                       (b) Failure in FEA 829 

 830 

Figure 4: Comparison of test and numerical failure mode for Specimen  831 

350×120×12×20-1.5-3 832 
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(b) Failure in FEA 841 
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Figure 5: Comparison of test and numerical failure mode for Specimen 843 

280×100×10×16-4.0-15 844 
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Figure 6: Load-end shortening curves of tested specimens 848 
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(a) Comparison of load-end shortening curves obtained from tests and FEA 851 
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(b) Effects of boundary conditions on the behaviour of specimen 280×100×10×16-4.0-3 854 
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(c) Effects of boundary conditions on the behaviour of specimen 280×100×10×16-4.0-15 856 

Figure 7: Investigation of load-end shortening curves obtained from FEA 857 
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a) Le = 1.0 m  860 
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b) Le = 4.0 m 862 

Figure 8: Load-end shortening curves for specimens with Section 280×100×10×16 mm 863 
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Figure 9: Effects of ϕ on the ultimate loads of columns for Section 280×100×10×16 mm with 876 

different Le 877 
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Figure 10: Effects of ϕ on the ultimate loads of columns for Section 280×100×10×16 mm 901 

with different member slenderness ratios 902 
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a) Le = 1.0 m 917 
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b) Le = 4.0 m 919 

Figure 11: Effects of ϕ on the ultimate loads of columns for sections with different ratios of 920 

h/t 921 

 922 



34 
 

 923 

 924 

 925 

 926 

 927 

 928 

 929 

 930 

 931 

0 20 40 60 80 100 120 140
300

600

900

1200

1500

1800

  Free about minor axis (L
e
 = 4.0 m)

  Free about both axes (L
e
 = 4.0 m)

 

 

L
o
ad

  
(k

N
)

  (

m)

 932 
 933 

Figure 12: Effects of ϕ on the ultimate loads of columns for Section 280×100×10×16 with 934 

different boundary conditions 935 
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Figure 13: Distributions of warping normal stresses on box-section  974 
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Figure 14: Effects of ϕ on the distribution of maximum warping normal stress at sections 1002 

along the longitudinal direction of columns for Series 280×100×10×16-1.0 1003 
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Figure 15: Effects of ϕ on maximum torsional shear stress in the section of columns for 1027 

Section 280×100×10×16 mm 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 



38 
 

0.0 0.2 0.4 0.6 0.8 1.0
0

200

400

600

800

1000

   

m         


m       


m

   

m       


m      


m

   

m       


m      


m

L
o

ad
  

(k
N

)

Deflection  (mm)

 

 

 1040 

a) Le = 2.0 m 1041 
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b) Le = 3.0 m 1044 
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c) Le = 4.0 m 1056 

 1057 

Figure 16: Load-lateral deflection curves at mid-length of column specimens with different ϕ 1058 

for Section 280×100×10×16 1059 
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a) Le = 1.0 m 1073 
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c) Le = 3.0 m 1078 
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d) Le = 4.0 m 1081 

Figure 17: Comparison of reduction factors for columns with Section 280×100×10×16 1082 
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 1083 
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 1085 

 1086 

 1087 

 1088 

Table 1: Dimensions of pre-twisted steel box-section columns  1089 

Specimens Steel grade h 

(mm) 

b 

(mm) 

tw 

(mm) 

tf 

(mm) 

L  

(°/m)   (mm) 

280×100×10×16-1.5-3 Q235 280 100 10 16 1220 3 

280×100×10×16-1.5-15 Q235 280 100 10 16 1220 15 

350×120×12×20-1.5-3 Q345 350 120 12 20 1220 3 

350×120×12×20-1.5-15 Q345 350 120 12 20 1220 15 

280×100×10×16-4.0-3 Q235 280 100 10 16 3410 3 

280×100×10×16-4.0-15 Q235 280 100 10 16 3410 15 

 1090 

 1091 

 1092 

Table 2: Material properties of steel sheets 1093 

Thickness (mm) E (GPa) fy (MPa) fu (MPa) εu (%) εf (%) 

10 196 284.9 440.0 23.3 33.1 

12 195 382.6 534.3 19.5 26.6 

16 196 272.1 433.2 24.3 38.3 

20 197 344.0 547.2 18.3 29.9 

 1094 

 1095 

 1096 

 1097 

Table 3: Test results of pre-twisted steel box-section columns 1098 

Specimen labelling 
Test Section yielding 

Failure mode 
Pt (kN) δt (mm) Py (kN) 

280×100×10×16-1.5-3 1971 4.10 2039 Plastic yielding 

280×100×10×16-1.5-15 2105 3.87 2039 Plastic yielding 

350×120×12×20-1.5-3 4120 4.94 4050 Plastic yielding 

350×120×12×20-1.5-15 4156 4.42 4050 Plastic yielding 

280×100×10×16-4.0-3 1436 3.98 2039 Flexure buckling 

280×100×10×16-4.0-15 2000 6.77 2039 Flexure buckling 

 1099 

 1100 

 1101 

 1102 

 1103 

 1104 
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 1105 

 1106 

 1107 

 1108 

 1109 

 1110 

 1111 

Table 4(a): Comparison of test and numerical results for pre-twisted steel members 1112 

Specimen labelling Fabrication Failure mode Pt (kN) PFEA (kN) Pt/PFEA 

280×100×10×16-1.5-3 

Steel box-section  

pre-twisted 

 in factory 

Yielding 

1971.0 2088.0 0.94 

280×100×10×16-1.5-15 2105.0 2088.0 1.01 

350×120×12×20-1.5-3 4120.0 4277.0 0.96 

350×120×12×20-1.5-15 4156.0 4230.0 0.98 

280×100×10×16-4.0-3 
Flexure buckling 

1436.0 1167.0 1.23* 

280×100×10×16-4.0-15 2000.0 1210.0 1.65* 

    Mean 0.97 

    COV 0.028 

Note: “*” not included in the comparison. 1113 

 1114 

 1115 

 1116 

 1117 

 1118 

 1119 

Table 4 (b): Effects of boundary conditions on the ultimate loads pre-twisted steel members 1120 

Cases Boundary conditions 280×100×10×16-4.0-3 280×100×10×16-4.0-15 

 Spring stiffness (N.m/rad) PFEA (kN) Pt/PFEA PFEA (kN) Pt/PFEA 

FE-1 0 1167 1.23 1210 1.65 

FE-2 0.1×106 1213 1.18 1299 1.54 

FE-3 0.5×106 1422 1.01 1354 1.48 

FE-4 1×106 1621 0.89 1561 1.28 

FE-5 5×106 2076 0.69 2052 0.97 

FE-6 10×106 2207 0.65 2129 0.94 

FE-7 ∞ 2277 0.63 2185 0.92 

 1121 

 1122 

 1123 

 1124 

 1125 

 1126 

 1127 
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 1128 

 1129 

 1130 

 1131 

 1132 

 1133 

 1134 

 1135 

Table 5: Key parameters on the structural behaviour of pre-twisted steel columns 1136 

 1137 

 1138 

(a) Investigation on the effects of ϕ with different Le 1139 

Section Le (m)  (°/m) 

280×100×10×16 

1.0 

0, 3, 10, 15, 20, 

30, 40, 50, 60, 70, 

80, 90, 100, 110, 120 

1.5 

2.0 

3.0 

4.0 

 1140 

 1141 

(b) Investigation on the effects of ϕ with different h/t 1142 

Section h/t Le (m)  (°/m) 

100×100×10×16 1.0 

1.0, 4.0 
0, 20, 40, 60, 

80, 90, 100 

120×100×10×16* 1.2 

150×100×10×16 1.2 

200×100×10×16 2.0 

280×100×10×16 2.8 

Note: “*” investigated with effective length of 4.0 m. 1143 

 1144 

 1145 

(c) Investigation on the effects of ϕ with different boundary conditions 1146 

Section Le (m) Degree of freedom in rotation  (°/m) 

280×100×10×16 4.0 
Free about minor axis; 0, 3, 15, 20, 40, 

60, 80, 100, 120 Free about both major and minor axes 

 1147 

 1148 

 1149 

 1150 

 1151 

 1152 

 1153 

 1154 
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 1155 

 1156 

 1157 

 1158 

 1159 

 1160 

 1161 
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Table 6: Effects of  on column behaviour for Section 280×100×10×16 mm with different Le 1166 

 1167 

(a) Le = 1.0 m with λ = 25.30 1168 

Specimen labelling PFEA (kN) Normalized # Failure mode 

280×100×10×16-1.0-0 2235.6 1.000 Plastic yielding 

280×100×10×16-1.0-3 2245.1 1.004 Plastic yielding 

280×100×10×16-1.0-10 2236.0 1.000 Plastic yielding 

280×100×10×16-1.0-15 2243.3 1.003 Plastic yielding 

280×100×10×16-1.0-20 2241.7 1.003 Plastic yielding 

280×100×10×16-1.0-30 2236.2 1.000 Plastic yielding 

280×100×10×16-1.0-40 2233.1 0.999 Plastic yielding 

280×100×10×16-1.0-50 2221.2 0.994 Plastic yielding 

280×100×10×16-1.0-60 2211.1 0.989 Plastic yielding 

280×100×10×16-1.0-70 2199.2 0.984 Plastic yielding 

280×100×10×16-1.0-80 2179.8 0.975 Plastic yielding 

280×100×10×16-1.0-90 2165.3 0.969 Plastic yielding 

280×100×10×16-1.0-100 2149.6 0.962 Plastic yielding 

280×100×10×16-1.0-110 2133.3 0.954 Plastic yielding 

280×100×10×16-1.0-120 2115.3 0.946 Plastic yielding 

Note: “#” means the ultimate loads of columns normalized by the ultimate loads of the column without 1169 

pre-twisting. 1170 
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 1182 

 1183 

 1184 

 1185 

 1186 

 1187 

 1188 

 1189 

 1190 

 1191 

 1192 

(b) Le = 1.5 m with λ = 37.94 1193 

Specimen labelling PFEA (kN) Normalized Failure mode 

280×100×10×16-1.5-0 2163.5 1.000 Plastic yielding 

280×100×10×16-1.5-3 2163.6 1.000 Plastic yielding 

280×100×10×16-1.5-10 2164.7 1.001 Plastic yielding 

280×100×10×16-1.5-15 2166.1 1.001 Plastic yielding 

280×100×10×16-1.5-20 2167.6 1.002 Plastic yielding 

280×100×10×16-1.5-30 2170.7 1.003 Plastic yielding 

280×100×10×16-1.5-40 2166.0 1.001 Plastic yielding 

280×100×10×16-1.5-50 2158.1 0.998 Plastic yielding 

280×100×10×16-1.5-60 2147.9 0.993 Plastic yielding 

280×100×10×16-1.5-70 2133.1 0.986 Plastic yielding 

280×100×10×16-1.5-80 2118.8 0.979 Plastic yielding 

280×100×10×16-1.5-90 2105.6 0.973 Plastic yielding 

280×100×10×16-1.5-100 2085.1 0.964 Plastic yielding 

280×100×10×16-1.5-110 2065.9 0.955 Plastic yielding 

280×100×10×16-1.5-120 2055.4 0.950 Plastic yielding 
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 1209 

 1210 

 1211 

 1212 

 1213 

 1214 

 1215 

 1216 

 1217 

 1218 

 1219 

(c) Le = 2.0 m with λ = 50.59 1220 

Specimen labelling PFEA (kN) Normalized Failure mode 

280×100×10×16-2.0-0 1925.6 1.000 Flexure buckling 

280×100×10×16-2.0-3 1925.8 1.000 Flexure buckling 

280×100×10×16-2.0-10 1927.5 1.001 Flexure buckling 

280×100×10×16-2.0-15 1929.5 1.002 Flexure buckling 

280×100×10×16-2.0-20 1931.8 1.003 Flexure buckling 

280×100×10×16-2.0-30 1936.3 1.006 Flexure buckling 

280×100×10×16-2.0-40 1940.1 1.008 Flexure buckling 

280×100×10×16-2.0-50 1943.1 1.009 Flexure buckling 

280×100×10×16-2.0-60 1945.1 1.010 Flexure buckling 

280×100×10×16-2.0-70 1945.4 1.010 Flexure buckling 

280×100×10×16-2.0-80 1944.0 1.010 Flexure buckling 

280×100×10×16-2.0-90 1939.0 1.007 Flexure buckling 

280×100×10×16-2.0-100 1929.6 1.002 Flexure buckling 

280×100×10×16-2.0-110 1914.4 0.994 Flexure buckling 

280×100×10×16-2.0-120 1893.4 0.983 Flexure buckling 
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 1236 

 1237 

 1238 

 1239 
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 1241 

 1242 

 1243 

 1244 

 1245 

 1246 

(d) Le = 3.0 m with λ = 75.89 1247 

Specimen labelling PFEA (kN) Normalized Failure mode 

280×100×10×16-3.0-0 1453.7 1.000 Flexure buckling 

280×100×10×16-3.0-3 1455.2 1.001 Flexure buckling 

280×100×10×16-3.0-10 1464.3 1.007 Flexure buckling 

280×100×10×16-3.0-15 1474.3 1.014 Flexure buckling 

280×100×10×16-3.0-20 1484.4 1.021 Flexure buckling 

280×100×10×16-3.0-30 1504.5 1.035 Flexure buckling 

280×100×10×16-3.0-40 1524.7 1.049 Flexure buckling 

280×100×10×16-3.0-50 1546.2 1.064 Flexure buckling 

280×100×10×16-3.0-60 1569.8 1.080 Flexure buckling 

280×100×10×16-3.0-70 1596.2 1.098 Flexure buckling 

280×100×10×16-3.0-80 1626.4 1.119 Flexure buckling 

280×100×10×16-3.0-90 1658.6 1.141 Flexure buckling 

280×100×10×16-3.0-100 1683.6 1.158 Flexure buckling 

280×100×10×16-3.0-110 1686.0 1.160 Flexure buckling 

280×100×10×16-3.0-120 1672.2 1.150 Flexure buckling 
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 1263 
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 1274 

(e) Le = 4.0 m with λ = 101.18 1275 

Specimen labelling PFEA (kN) Normalized Failure mode 

280×100×10×16-4.0-0 1163.3 1.000 Flexure buckling 

280×100×10×16-4.0-3 1166.7 1.003 Flexure buckling 

280×100×10×16-4.0-10 1190.9 1.024 Flexure buckling 

280×100×10×16-4.0-15 1210.1 1.040 Flexure buckling 

280×100×10×16-4.0-20 1226.7 1.055 Flexure buckling 

280×100×10×16-4.0-30 1253.1 1.077 Flexure buckling 

280×100×10×16-4.0-40 1273.4 1.095 Flexure buckling 

280×100×10×16-4.0-50 1287.8 1.107 Flexure buckling 

280×100×10×16-4.0-60 1313.7 1.129 Flexure buckling 

280×100×10×16-4.0-70 1361.8 1.171 Flexure buckling 

280×100×10×16-4.0-80 1406.4 1.209 Flexure buckling 

280×100×10×16-4.0-90 1422.0 1.222 Flexure buckling 

280×100×10×16-4.0-100 1414.7 1.216 Flexure buckling 

280×100×10×16-4.0-110 1396.6 1.201 Flexure buckling 

280×100×10×16-4.0-120 1370.5 1.178 Flexure buckling 
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Table 7: Effects of  on column behaviour for specimens with different ratios of h/b and Le 1302 

 (a) Section 100×100×10×16 mm with h/b = 1.0 1303 

Specimen labelling λ PFEA (kN) Normalized Failure mode 

100×100×10×16-1.0-0 28.97 1194.1 1.000 Plastic yielding 

100×100×10×16-1.0-20  1194.0 1.000 Plastic yielding 

100×100×10×16-1.0-40  1193.5 0.999 Plastic yielding 

100×100×10×16-1.0-60  1192.8 0.999 Plastic yielding 

100×100×10×16-1.0-80  1191.8 0.998 Plastic yielding 

100×100×10×16-1.0-90  1191.2 0.998 Plastic yielding 

100×100×10×16-1.0-100  1190.4 0.997 Plastic yielding 

100×100×10×16-4.0-0 115.89 516.2 1.000 Flexure buckling 

100×100×10×16-4.0-20  517.2 1.002 Flexure buckling 

100×100×10×16-4.0-40  519.2 1.006 Flexure buckling 

100×100×10×16-4.0-60  522.6 1.012 Flexure buckling 

100×100×10×16-4.0-80  525.4 1.018 Flexure buckling 

100×100×10×16-4.0-90  526.3 1.020 Flexure buckling 

100×100×10×16-4.0-100  526.6 1.020 Flexure buckling 
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 1318 

 1319 

 1320 
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 1322 

 1323 

 1324 
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 1327 

 1328 

 1329 

(b) Section 150×100×10×16 mm with h/b = 1.5 1330 

Specimen labelling λ PFEA (kN) Normalized Failure mode 

150×100×10×16-1.0-0 27.29 1468.5 1.000 Plastic yielding 

150×100×10×16-1.0-20  1468.1 1.000 Plastic yielding 

150×100×10×16-1.0-40  1466.8 0.999 Plastic yielding 

150×100×10×16-1.0-60  1464.3 0.997 Plastic yielding 

150×100×10×16-1.0-80  1462.0 0.996 Plastic yielding 

150×100×10×16-1.0-90  1460.5 0.995 Plastic yielding 

150×100×10×16-1.0-100  1456.1 0.992 Plastic yielding 

150×100×10×16-4.0-0 109.16 704.4 1.000 Flexure buckling 

150×100×10×16-4.0-20  724.8 1.029 Flexure buckling 

150×100×10×16-4.0-40  762.2 1.082 Flexure buckling 

150×100×10×16-4.0-60  800.9 1.137 Flexure buckling 

150×100×10×16-4.0-80  831.4 1.180 Flexure buckling 

150×100×10×16-4.0-90  839.9 1.192 Flexure buckling 

150×100×10×16-4.0-100  843.4 1.197 Flexure buckling 
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 1346 

 1347 

 1348 

 1349 

 1350 
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 1356 

(c) Section 200×100×10×16 mm with h/b = 2.0 1357 

Specimen labelling λ PFEA (kN) Normalized Failure mode 

200×100×10×16-1.0-0 26.28 1746.0 1.000 Plastic yielding 

200×100×10×16-1.0-20  1745.2 1.000 Plastic yielding 

200×100×10×16-1.0-40  1736.9 0.995 Plastic yielding 

200×100×10×16-1.0-60  1733.0 0.993 Plastic yielding 

200×100×10×16-1.0-80  1726.8 0.989 Plastic yielding 

200×100×10×16-1.0-90  1722.7 0.987 Plastic yielding 

200×100×10×16-1.0-100  1717.6 0.984 Plastic yielding 

200×100×10×16-4.0-0 105.19 889.0 1.000 Flexure buckling 

200×100×10×16-4.0-20  931.8 1.048 Flexure buckling 

200×100×10×16-4.0-40  986.3 1.109 Flexure buckling 

200×100×10×16-4.0-60  1024.1 1.152 Flexure buckling 

200×100×10×16-4.0-80  1040.0 1.170 Flexure buckling 

200×100×10×16-4.0-90  1041.1 1.171 Flexure buckling 

200×100×10×16-4.0-100  1038.3 1.168 Flexure buckling 
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 1374 

 1375 

 1376 

 1377 

 1378 

(d) Section 280×100×10×16 mm with h/b = 2.8 1379 

Specimen labelling λ PFEA (kN) Normalized Failure mode 

280×100×10×16-1.0-0^ 25.30 2235.6 1.000 Plastic yielding 

280×100×10×16-1.0-20^  2241.7 1.003 Plastic yielding 

280×100×10×16-1.0-40^  2233.1 0.999 Plastic yielding 

280×100×10×16-1.0-60^  2211.1 0.989 Plastic yielding 

280×100×10×16-1.0-80^  2179.8 0.975 Plastic yielding 

280×100×10×16-1.0-90^  2165.3 0.969 Plastic yielding 

280×100×10×16-1.0-100^  2149.6 0.962 Plastic yielding 

280×100×10×16-4.0-0# 101.18 1163.3 1.000 Flexure buckling 

280×100×10×16-4.0-20#  1226.7 1.055 Flexure buckling 

280×100×10×16-4.0-40#  1273.4 1.095 Flexure buckling 

280×100×10×16-4.0-60#  1313.7 1.129 Flexure buckling 

280×100×10×16-4.0-80#  1406.4 1.209 Flexure buckling 

280×100×10×16-4.0-90#  1422.0 1.222 Flexure buckling 

280×100×10×16-4.0-100#  1414.7 1.216 Flexure buckling 

Note: “^”: presented in Table 6 (a); “#”: presented in Table 6 (e). 1380 

 1381 
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(e) Section 120×100×10×16 mm with h/b = 1.2 1385 

Specimen labelling λ PFEA (kN) Normalized Failure mode 

120×100×10×16-4.0-0 112.73 591.5 1.000 Flexure buckling 

120×100×10×16-4.0-20  599.9 1.014 Flexure buckling 

120×100×10×16-4.0-40  617.3 1.044 Flexure buckling 

120×100×10×16-4.0-60  636.3 1.076 Flexure buckling 

120×100×10×16-4.0-80  651.5 1.101 Flexure buckling 

120×100×10×16-4.0-90  656.2 1.109 Flexure buckling 

120×100×10×16-4.0-100  658.8 1.114 Flexure buckling 
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 1393 

 1394 

 1395 

 1396 

 1397 

 1398 

 1399 

 1400 

Table 8: Effects of  on column behaviour for specimens with pin-end boundary conditions and free 1401 

rotation about both major and minor axes 1402 

 1403 

Specimen labelling λ PFEA (kN) Normalized Failure mode 

280×100×10×16-4.0-0 101.18 1163.3 1.000 Flexure buckling 

280×100×10×16-4.0-3  1164.5 1.001 Flexure buckling 

280×100×10×16-4.0-15  1185.5 1.019 Flexure buckling 

280×100×10×16-4.0-20  1197.8 1.030 Flexure buckling 

280×100×10×16-4.0-40  1252.4 1.077 Flexure buckling 

280×100×10×16-4.0-60  1293.2 1.112 Flexure buckling 

280×100×10×16-4.0-80  1405.2 1.208 Flexure buckling 

280×100×10×16-4.0-100  1409.5 1.212 Flexure buckling 

280×100×10×16-4.0-120  1362.0 1.171 Flexure buckling 

 1404 




