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Abstract 18 

Rack-supported buildings, also referred to as “clad racks”, are currently gaining popularity in the 19 

logistic industry. The storage rack, usually manufactured from cold-formed steel members, 20 

supports both the building enclosure and the stored goods. Due to combined actions of wind 21 

loading and stored pallets, uprights undergo a combination of biaxial bending and compression. In 22 

this paper, the focus of attention is only on pure biaxial bending capacity of the uprights. 23 

Internationally, the design method for these types of members is formally available in the cold-24 

formed steel structures specifications such as the North American AISI-S100 (2016), Australian 25 

and New Zealand standard AS/NZS 4600:2005 (AS/NZS, 2005) and Eurocode 3 (EN 1993-1-3, 26 

2006). In these specifications, a linear interaction equation is used to account for members subject 27 

to biaxial bending and may be inaccurate. In order to produce safe and economical design 28 

guidelines, the actual interactive relationship between bending about the major and minor axes, 29 

for local and distortional buckling, is experimentally investigated in this study for two types of 30 

storage rack uprights. Biaxial bending responses of regularly perforated and non-perforated 31 

uprights are presented and discussed in this paper. Results show that a nonlinear interactive 32 
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relationship governs the biaxial bending of the studied uprights. Also, the linear interaction 33 

equation in design specifications is conservative and underestimates the biaxial bending capacity 34 

by up to 44% and 68% for local and distortional buckling, respectively. The observed relationship 35 

is discussed thoroughly. Without using the previous interaction relationship, the Direct Strength 36 

Method (DSM) is used to directly predict the local and distortional buckling strengths of the 37 

uprights under biaxial bending. Comparison between the experimental results and the DSM 38 

equations shows better predictions but still underestimates the biaxial bending capacity by up to 39 

27% and 36% for local and distortional buckling, respectively.  40 

 41 

Keywords: Steel storage racks; Biaxial bending; Local buckling, Distortional buckling  42 
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INTRODUCTION 43 

Cold-formed steel storage racks are common structural systems extensively used in industry. Their 44 

applications range from light shelving racks for domestic, archive or shopping to heavy load 45 

bearing industrial systems that can reach up to 30 metres high. They typically consist of upright 46 

frames connected by pallet beams. While the vertical uprights are usually mono-symmetric and 47 

open sections, the horizontal pallet beams are often doubly-symmetric and closed sections 48 

(Baldassino and Bernuzzi, 2000, Freitas, et al., 2005). To ensure fast erection through simple 49 

connections between the uprights and the pallet beams, tab connectors are typically welded to the 50 

ends of the pallet beams and inserted into the perforated uprights. This results in the upright 51 

structural behaviour being further complicated by presence of the regular perforations (Casafont, 52 

et al., 2012, Moen and Schafer, 2010, Moen and Schafer, 2008). Figure 1 (a) shows a typical 53 

selective storage rack. 54 

While steel storage racks are usually free-standing structures built inside an independent building 55 

with seldom connections between the two structures, rack-supported buildings, also referred to as 56 

“clad racks”, are currently gaining popularity in the logistic industry. In this type of buildings, 57 

shown in Figure 1 (b), the storage racks support both the stored goods and the building enclosure, 58 

resulting in more economical buildings and more complex structural systems subjected to a 59 

combination of combined biaxial bending and compression. For biaxial bending only, due to 60 

combined actions of the stored goods, causing the uprights to bend about their axis of symmetry, 61 

and wind loads, acting in the plane of the upright frames and causing the uprights to bend about 62 

the axis perpendicular to their axis of symmetry, the uprights undergo biaxial bending. The main 63 

current cold-formed steel structures design specifications, including the North American 64 

Specification AISI-S100 (2016), the Australian and New Zealand Standard AS/NZS 4600:2005 65 
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(AS/NZS, 2005) and the Eurocode 3 (EN 1993-1-3, 2006), consider a linear interaction equation 66 

to design members undergoing bi-axial bending in the form of: 67 

0.1≤+
by

y

bx

x

M
M

M
M

 
(1) 68 

where Mx and My are the applied moments about the two principal cross-sectional x- and y-axes, 69 

respectively, and Mbx and Mby are the moment capacities about the x- and y-axes, respectively. 70 

However, it is likely that a representative interaction equation is not linear (Put, et al., 1999, 71 

Torabian, et al., 2016, Torabian, et al., 2014a, Torabian, et al., 2015). In order to produce safe and 72 

economical design guidelines, the actual relationship for bending the uprights about their two 73 

principal cross-sectional axes requires further investigation. Moreover, the presence of regular 74 

perforations along the upright length may influence the relationship and also needs to be studied.  75 

The capacity of cold-formed steel beams, bent about one of their principal axes, has been widely 76 

studied by numerous investigators such as Nguyen (2006), Wang and Zhang (2009), Shifferaw 77 

and Schafer (2012), and Pham and Hancock (2013). However, fewer studies have investigated the 78 

biaxial bending behaviour of cold-formed steel sections. Shanmugan et al (1989) studied the 79 

ultimate capacity of thin-walled steel box columns under biaxial loading and presented interaction 80 

diagrams for the studied beam-columns. Duan and Chen (1990) investigated the yield strength of 81 

doubly symmetric steel sections including thin-walled hollow sections under axial force and 82 

biaxial bending. Put et al (1999) experimentally investigated the biaxial bending of cold-formed 83 

steel Z-sections. Interaction design equations were proposed through an extended series of 84 

analytical models depending on the angle between the applied load and web inclination. Bedair 85 

(2011) analytically investigated the structural behaviour of channel members in combined biaxial 86 

bending and compression and presented a method to obtain economical design under this loading 87 

pattern. Torabian et al. (2016, 2014b, 2015) experimentally investigated the behaviour of cold-88 
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formed steel lipped Cee and Zee-sections under axial biaxial bending and compression (beam-89 

column). Test results showed that a non-linear relationship governs the section capacity. The 90 

authors further developed new Direct Strength Method (DSM) equations for beam-column design 91 

through a comprehensive Finite Element (FE) parametric study. The new method was found to be 92 

conservative and predicts, on average, a 20% increase in strength when compared to current design 93 

methods.  94 

For steel storage racks, Kumar and Jayachandran (2016) experimentally investigated the beam-95 

column behaviour of long storage rack uprights subjected to compression and biaxial bending. The 96 

authors evaluated the strength using the current linear interaction equation, as well as the recently 97 

proposed DSM beam-column design equations in Torabian et al (2014a). It was found that the 98 

nonlinear interaction is unconservative in some specimens for linearly varying moment. Recently, 99 

Bonada et al (2016) experimentally and numerically studied the behaviour of steel storage rack 100 

uprights under compression and bending about their major axes. They concluded that the influence 101 

of the bending moment about the major axis on the load carrying capacity of the upright due to an 102 

eccentrically applied axial force is significant. 103 

This paper presents and discusses the experimental results of seventy-eight biaxial bending tests 104 

performed on two different types of storage rack uprights. In order to investigate both local and 105 

distortional buckling failure modes, two different upright lengths per upright type were considered. 106 

Uprights with and without regular perforations were also investigated to study the effect of the 107 

perforations on the biaxial bending behaviour of the upright. The test results are also compared to 108 

the linear interaction equation currently considered in international design specifications and the 109 

newly proposed DSM for beam-column equations (Torabian, et al., 2014a).  110 
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This study aims to investigate the buckling behaviour of steel storage racks under pure biaxial 111 

bending only. The interaction between axial compression and biaxial bending is not considered 112 

within the scope of this study and requires further investigation, when the pure biaxial bending 113 

behaviour is understood. 114 

 115 

TEST PROGRAM 116 

Tested Uprights 117 

Two different types of rack uprights with different cross-sections, referred herein as “Type A” and 118 

“Type B” and shown in Figure 2, are investigated. These uprights vary in cross-sectional areas and 119 

shapes. Type A upright has a nominal wall thickness of 1.5 mm and a width-to-depth ratio of 0.71, 120 

while Type B upright has a nominal wall thickness of 2.0 mm and a width-to-depth ratio of 0.5. 121 

The main cross-sectional dimensions and properties of the two upright types are given in Figure 2 122 

and Table 1, respectively. Both uprights are commercially available but Type A has been 123 

specifically rolled-formed for the purpose of this research to a thinner thickness than that of the 124 

commercialised uprights. This is to ensure that Type A upright has local and distortional nominal 125 

capacities (Mbl and Mbd) according to the Direct Strength Method (DSM) (Schafer, 2008) in Clause 126 

7.2.2 of the AS/NZS 4600: 2005 (AS/NZS, 2005) which are lower than the yield moment My. On 127 

the contrary, Type B has a compact section with the nominal moment capacities Mbl and Mbd equal 128 

to the yield moment My.  129 

To investigate the effect of perforations on the member capacity and biaxial bending interaction, 130 

Type A uprights were tested with and without regular perforations along their length whereas all 131 

tested Type B uprights were perforated. Both ends of the uprights were welded to 220 mm × 220 132 
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mm square steel plates of 10 mm thickness. Uprights of the same type were rolled-formed from 133 

the same steel coil. 134 

To enforce the uprights failing either in local or distortional buckling, the length of the tested 135 

uprights were determined based on elastic buckling analyses performed using the Finite Element 136 

(FE) package Abaqus (2015). S4R shell elements with a fine mesh density (3 mm x 3 mm) 137 

(Schafer, et al., 2010) were used. The nominal thickness and cross-sectional dimensions were used 138 

in the models. Similar boundary conditions as in the experimental tests were used at the upright 139 

walls (see Section “Biaxial Bending Test Set-up”). Warping was restrained by using end plates 140 

rigidly connected to the ends of the upright (Bonada, et al., 2016, Crisan, et al., 2012, Roure, et 141 

al., 2011). The upright was then simply supported by pinning the end plates at the location of the 142 

upright centroidal axis.  143 

The lengths of the tested uprights (per upright type and buckling mode) were solely determined 144 

from buckling analyses of the non-perforated uprights bent about the x-axis of symmetry, i.e. by 145 

applying a concentrated bending moment at the pinned joints to replicate the test set up described 146 

in later sections. These lengths were then used for all biaxial bending configurations in Section 147 

“Tested Configurations”. The lengths of the uprights based on the FE elastic buckling analyses 148 

were chosen as 400 mm for local buckling to occur, and 1100 mm and 900 mm for distortional 149 

buckling to occur for both Types A and B, respectively. These lengths are short enough to ensure 150 

that global buckling does not occur and therefore the study only focusses on local and distortional 151 

buckling.  152 

Biaxial Bending Test Set-up  153 

A four-point bending test set-up shown in Figure 3 (a) was used to test the uprights under pure 154 

biaxial bending. Both ends of the uprights were bolted to solid pinned connections which were 155 
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connected to two short segments of steel Rectangular Hollow Sections (RHS) to form a beam, as 156 

shown in Figure 3 (b)  (schematic) and Figure 4 (overall view of test rig). The load was applied 157 

using a 500 kN universal MTS testing machine, through a spreader beam, to the steel RHS, as 158 

shown in Figure 3. In order to bend the upright about its two principal cross-sectional axes, the 159 

upright was rotated about its centroidal axis, as shown in Figure 3 (a). The pinned connections (see 160 

Figure 5) were manufactured using heavy duty roller bearings in order to resist the applied bending 161 

moment, while allowing the ends of the uprights to freely rotate about the axis perpendicular to 162 

the applied moment. This testing arrangement creates a statically determinate system. The total 163 

moment M applied to the upright is calculated as follows: 164 

 rigMFLM +=
2

1

 
(2) 165 

where F is the total applied load, L1 = 455 mm is the distance between the supports and the points 166 

of application of the loads, as shown in Figure 3, and Mrig = 0.864 kN.m is the measured moment 167 

applied by the weight of the steel RHS and solid pinned connections to the upright. The moments 168 

Mx and My developed about the x-axis (axis of symmetry) and y-axis (perpendicular to the x-axis), 169 

respectively, are calculated as follows:  170 

 
)cos(αMM x =  and sin( )yM M α=  (3) 171 

where α is the rotational angle of the cross-section about its centroidal axis shown in Figure 3. 172 

To prevent the uprights from uplifting in the tension zone through deformation of the end plates, 173 

thick Cee-shaped steel plates were bolted to the uprights and to the pinned connections shown in 174 

Figure 6. 175 

 176 

Tested Configurations 177 
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In order to obtain a sufficient number of points to apprehend the biaxial bending interaction curve, 178 

seven different bending configurations per upright type were tested as presented in Table 2. Tests 179 

were repeated twice for each configuration and upright type. However, due to the compactness of 180 

the cross-section, Type B uprights, which were tested for local buckling, tended to fail in the 181 

welded zone between the upright and the end plates. Several unsuccessful trials were initially made 182 

to reinforce the weld, resulting in lack of samples to test all configurations twice. However, all 183 

configurations were tested once but Configuration 6 in which was tested twice. In total, 78 valid 184 

tests were performed in displacement control at a stroke rate of 1.25 mm/min for local buckling 185 

and 1.5 mm/min for distortional buckling, so as to reach failure in 10 to 15 mins.  186 

 187 

LVDT Frame to Capture Deformations  188 

Three Linear Variable Displacement Transducers (LVDT) were used to measure the cross-189 

sectional deformation at mid-length of each specimen. For each upright type, by using the similar 190 

method reported in Trouncer and Rasmussen (2014), a frame was laser cut out of 4.5 mm thick 191 

acrylic sheets and designed to fit around the upright section . The LVDTs were attached to the 192 

frame and recorded the displacement at the free end of each flange (LVDTs 1 and 3) and at the 193 

middle of the web (LVDT 2) as shown in Figure 7.  As the frame moved with the upright, only the 194 

actual cross-sectional deformation due to local and distortional buckling was recorded.  195 

 196 

Material Properties 197 

Three tensile coupon samples per upright type were waterjet cut from the flat steel coil used to 198 

manufacture the uprights in the rolling direction, i.e. in the longitudinal direction of the uprights. 199 

The coupons were tested according to the Australian standard AS1391 (2007) in a 30 kN LLOYD 200 
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universal testing machine. The strain rates were chosen to best match with the ones experienced 201 

by the uprights tested in Configuration 1 (see Section “Tested configurations”). However, due to 202 

a manipulation error, the strain rate of Type A coupons were 2.3 times higher than the ones 203 

experienced by the uprights during the biaxial bending tests. At the slow stroke rates adopted in 204 

the bending tests (1.25 mm/min for local buckling and 1.5 mm/min for distortional buckling), such 205 

a difference in strain rate marginally affects the measured yield stress of the steel, by no more than 206 

4% (Soroushian and Choi, 1987). Two coupons out of three were fitted with strain gauges, glued 207 

on each face of the coupons to accurately measure the Young’s modulus using the average strain 208 

deformation of the two gauges. 209 

 210 

TEST RESULTS 211 

 212 

Biaxial Bending Response of the Short Uprights  213 

Elastic and inelastic local buckling failures were observed for all 400 mm long specimens. 214 

Typically, local buckling initially occurred in the compression flange for all uprights tested in 215 

Configurations 1, 5, 6 and 7, and in the web tested in Configurations 2, 3 and 4.   216 

Figure 8 (a) plots the deformation of the web (LVDT 2) versus the normalised applied moment 217 

(M/Mmax), where M and Mmax are the applied and maximum recorded moments of the individual 218 

test, respectively, for all tested short uprights and Configuration 2 (i.e. Mx = 2My and web in 219 

compression). Despite being a compact section, Type B uprights have buckling starting at about 220 

M/Mmax = 0.7 and showed a more distinct post buckling behaviour than that of Type A uprights, 221 

where buckling occurred at about M/Mmax = 0.8. Figure 8 (b) plots the cross-sectional opening at 222 

mid-length, as the sum of LVDTs 1 and 3, versus the normalised failure moment (M/Mmax) for all 223 

tested short uprights in Configuration 5 (i.e. Mx = -2My and lip stiffeners in compression). In this 224 
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configuration, Type A uprights showed a larger post buckling behaviour, with buckling starting at 225 

about M/Mmax = 0.7, than that of Type B uprights, where buckling occurred at about M/Mmax = 0.8. 226 

In general, when local buckling occurred in the web, Type B uprights showed more distinct post 227 

buckling behaviour than that of Type A, and the opposite was observed when local buckling 228 

occurring in the flange. The observed failure modes for Type A and B uprights, tested in 229 

Configurations 2 and 5, are shown in Figure 9. The normalised ultimate moment capacities (Mx/Mbx 230 

or My/Mby) for all upright types and associated failure modes are summarised in Table 3. The 231 

moment capacities Mbx and Mby are calculated as the average between two tests, when two tests 232 

were performed. 233 

 234 

Biaxial Bending Response of the Long Uprights  235 

Local, distortional and local-distortional interaction buckling modes were observed in biaxial 236 

bending tests of the 900 mm and 1100 mm long uprights. Typically, Type A uprights failed in 237 

local-distortional buckling interaction, while Type B uprights failed in distortional buckling at an 238 

applied moment close to the first yield moment My. However, when tested with the web in 239 

compression and the lip stiffeners in tension (Configuration 4), all uprights failed in inelastic local 240 

buckling. Table 4 summarises all observed failure modes.  241 

Figure 10 (a) plots the cross-sectional opening, as the sum of LVDTs 1 and 3, versus the 242 

normalised failure moment (M/Mmax) for all tested long uprights and Configuration 1 (i.e. My = 0). 243 

As shown in Figure 10 (a), both Type A and Type B uprights experienced large post-buckling 244 

deformation, with buckling starting at about M/Mmax = 0.6 - 0.7. For Type A uprights, the cross-245 

sectional deformation at mid-length is primarily attributed to the tip of the flange in compression. 246 

Local buckling was initially observed and the deformation continued to increase until distortional 247 

buckling occurred at a deformation equal to about 20-25 mm, which triggered the failure for 248 
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perforated and non-perforated uprights, as shown in Figure 10 (a). In Figure 10 (b) normalised 249 

moments are plotted against deformations for Configuration 6 tests (i.e. My = -2Mx and lip 250 

stiffeners in compression). Contrary to Type B uprights that showed little to no post-buckling 251 

behaviour, Figure 10 (b) indicates that Type A uprights experienced a large post-buckling 252 

deformations, with buckling starting at about M/Mmax = 0.5. This behaviour is somewhat different 253 

to the short tested lengths of upright where post-buckling was observed for Type B uprights. In 254 

general, for long uprights both Type A and Type B showed large post buckling deformations in 255 

Configurations 1, 2 and 3, whereas only Type A showed large post buckling deformation in 256 

Configurations 4, 5, 6 and 7. 257 

Figure 11 (a) and (b) present the local-distortional buckling interactive failure mode for Type A 258 

uprights with perforations and distortional buckling failure mode for Type B uprights, respectively, 259 

tested in Configuration 1. Similarly, Figure 11 (c) and (d) show the local-distortional buckling 260 

interactive failure mode for Type A uprights with no perforations and distortional failure mode for 261 

Type B uprights, respectively, tested in Configuration 6. The average normalised ultimate moment 262 

capacities (Mx/Mbx or My/Mby) for all uprights are tabulated in Table 4. 263 

 264 

Interactive behaviour 265 

As discussed earlier, the North American Specification (AISI-S100 (2016), the Australian 266 

Standard and New Zealand Standards AS/NZS 4600:2005 (AS/NZS, 2005) and the Eurocode 3 267 

(EN 1993-1-3, 2006) design specifications use a linear interaction equation (Eq. (1)) to account 268 

for biaxial bending. Figure 12 shows Eq. (1) versus the normalised biaxial bending experimental 269 

results obtained from the seven different investigated configurations and for the short uprights. 270 

Figure 12 shows that the governing interaction relationship is not linear and that Eq. (1) is 271 
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conservative for all tested uprights. When tested in Configurations 3 and 6, i.e. My = +/-2Mx, the 272 

uprights were usually able to sustain a moment My similar to or greater than the moment capacity 273 

Mby, when solely bent about the y-axis (Configurations 4 and 7). For Configurations 2 and 3 (My 274 

> 0, web in compression), at failure Eq. (1) gives an interaction ratio significantly higher than 275 

unity, ranging from 1.16 (Type B upright tested in Configuration 3) to 1.46 (perforated Type A 276 

upright tested in Configuration 2). For My < 0 (Configurations 5 and 6, lip stiffeners in 277 

compression), Eq. (1) gives a ratio less than that obtained from the My > 0 configurations, but still 278 

higher than unity and ranging from 1.10 to 1.26, both ratios for non-perforated Type A upright 279 

type. 280 

The differences between the actual interactive biaxial moment capacity and Eq. (1) for the short 281 

uprights are summarised in Table 3. 282 

Similar to Figure 12, Figure 13 shows the linear interaction equation (Eq. (1)) versus all normalised 283 

biaxial experimental results obtained for the long uprights (distortional buckling). Similar to the 284 

short uprights, Eq. (1) is conservative and gives an interaction ratio at failure ranging from 1.04 285 

(Type B upright tested in Configuration 5) to 1.69 (perforated Type A upright tested in 286 

Configuration 2) for all biaxial bending configurations. Biaxial bending responses of Type B 287 

uprights tend to be closer (about 14%) to the linear interaction curve than Type A uprights. This 288 

is more highlighted in Configurations 2 and 5 (Mx = +/- 2My). While no main biaxial behavioural 289 

differences between perforated and non-perforated uprights can be observed, Type B uprights tend 290 

to be closer (about 10%) to the linear interaction curve than Type A uprights, especially for long 291 

uprights.  292 

Uprights Type A tested in Configuration 2 (Mx = 2My and web in compression) exhibited a moment 293 

capacity Mx greater (about 15%) than the moment capacity Mbx observed in Configuration 1, i.e. 294 
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when only bent about the x-axis. This can be explained by the different failure modes that are 295 

developed in the cross-section between the two configurations. Configuration 2 principally failed 296 

in local buckling, at a moment similar to the one observed in tests performed on short uprights. 297 

Configuration 1 failed in local-distortional buckling interaction, and therefore at a lower moment 298 

than for pure local buckling (Dinis, et al., 2014). In general, the failure moments for Configurations 299 

2-4 are similar (within 4 %) to the moments obtained from the local buckling tests. The right hand 300 

part of the interaction curve in Figure 13 represents a transition between a local-distortional 301 

buckling interactive mode in Configuration 1 to a pure local buckling mode in Configuration 4. 302 

Similar to the short uprights, in the long uprights when lip stiffeners are in compression 303 

(Configuration 5 and 6), the biaxial bending capacities are closer (about 12%) to the linear 304 

interactive curve.  305 

 306 

Material Properties 307 

Average results of material properties including measured Young’s modulus, yield stress 308 

calculated as 0.2% tensile proof stress and ultimate tensile strength obtained from the tensile 309 

coupon tests are summarized in Table 5. 310 

 311 

DIRECT STRENGTH METHOD EQUATIONS TO PREDICT BENDING CAPACITY 312 

The newly developed DSM equations for beam-columns (Torabian, et al., 2014a), with an axial 313 

force equal to zero, give the classical DSM equations for pure bending ((AS/NZS, 2005) (AISI-314 

S100:(2016). The biaxial bending elastic and yield moments (i.e. calculated about their overall 315 

axis of bending) are used as input in the Equations. This approach in the DSM is used in the 316 

following sections.  317 
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Three different approaches are investigated in this study to compare the test results with DSM 318 

results, namely; (i) By using the DSM equations given in the AS/NZS 4600:2005 (AS/NZS, 2005), 319 

with the nominal member capacity equal to the yield moment for compact cross-sections, (ii) 320 

Through exploiting the inelastic reserve capacity for compact cross-sections, as permitted in the 321 

new AISI-S100 (2016) and (iii) By adopting an extended inelastic reserve strength proposed by 322 

Pham and Hancock (2013). These methods are described in the following Sections. 323 

 324 

DSM Equations 325 

Local Buckling 326 

The DSM nominal member capacity Mbl for local buckling, ignoring inelastic reserve capacity, is 327 

defined as (AISI-S100, 2016, AS/NZS, 2005, Schafer, 2008):  328 

 ybl MM =  if 776.0≤lλ  (4) 329 

 y
y

ol

y

ol
bl M

M
M

M
MM

4.04.0

15.01 


































−=

 

if 776.0>lλ  (5) 330 

where Mol and My are the elastic local buckling moment and yield moment respectively, and lλ is 331 

a non-dimensional slenderness ratio defined as: 332 

ol

y
l M

M
=λ  (6) 333 

Furthermore, the recent AISI-S100 (2016) permits the use of the local inelastic reserve capacity, 334 

i.e. allowing the nominal member capacity to range between My and the plastic moment Mp for 335 

compact cross-sections, i.e.  if λl  ≤ 0.776. When the first yield is in compression: 336 

2(1 1/ )( )bl y yl p yM M C M M= + − −  (7) 337 
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where 338 

0.776 / 3yl lC λ= ≤  (8) 339 

and when the first yield is in tension: 340 

2
3(1 1/ )( )bl yc yl p y ytM M C M M M= + − − ≤  (9) 341 

where  342 

3 8 / 9( )yt y p yM M M M= + −  (10) 343 

and Myc is the moment at which yielding initiates in compression (after yielding in tension). Myc 344 

has been conservatively taken as My herein (AISI-S100, 2016, Torabian, et al., 2014a). 345 

Pham and Hancock (2013) proposed an extended range of the cross-sectional slenderness about 346 

the symmetric axis of bending for which the inelastic strength can be applied. For local buckling, 347 

the inelastic strength can be applied when λl  ≤ 1.55 and Cyl in Eq. (8) becomes: 348 

1.55 / 3yln lC λ= ≤  (11) 349 

and the inelastic local strength is calculated as: 350 

2(1 1/ )( )nyl y yln p yM M C M M= + − −   (12) 351 

Mnyl is then used in the classical DSM Eq. (4-5) instead of My, and λln defined as:  352 

nyl
ln

ol

M
M

λ =  (13) 353 

is used instead of λl to obtain the new nominal member capacity with extended range Mbln. 354 

 355 

Distortional Buckling 356 

Similarly, the DSM nominal member capacity Mbd for distortional buckling, ignoring inelastic 357 

reserve capacity, is as follows (AISI-S100, 2016, AS/NZS, 2005, Schafer, 2008): 358 
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  ybd MM =  if 673.0≤dλ  (14) 359 
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if 0.673dλ >  (15) 360 

where Mod is the elastic buckling moment for distortional buckling, and dλ is a non-dimensional 361 

slenderness ratio defined as: 362 

od

y
d M

M
=λ

 
(16) 363 

According to AISI-S100 (2016), distortional inelastic reserve capacity is permitted to be taken into 364 

account if λd  ≤ 0.673. The same equations as for local buckling Eqs (7-10) are used with Cyl in Eqs 365 

(7, 9) replaced by: 366 

0.673 / 3yd dC λ= ≤  (17) 367 

For distortional buckling, the inelastic strength with extended range proposed by Pham and 368 

Hancock (2013) can be applied when λd  ≤ 1.45 and Cyd in Eq. (17) becomes: 369 

1.45 / 3ydn dC λ= ≤  (18) 370 

and the inelastic distortional strength is calculated as: 371 

2(1 1/ )( )nyd y ydn p yM M C M M= + − −   (19) 372 

The Mnyd is then used in the classical DSM Eq. (14-15) instead of My, and λdn defined as:  373 

nyd
dn

od

M
M

λ =  (20) 374 

is used instead of λd to obtain the new nominal member capacity with extended range Mbdn. 375 

Moreover, the recent AISI-S100 (2016) considers the following equations for members with holes 376 

failing in distortional buckling: 377 
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bd ynetM M=  if 1d dλ λ≤  (21) 378 

( )2
1

2 1

0.5 0.5

1 0.22

ynet d
bd ynet d d

d d

od od
y

y y

M M
M M

M M M
M M

λ λ
λ λ

− 
= − − ≤ − 

    
 −            

 if 1 2d d dλ λ λ≤ ≤  (22) 379 

where  380 

y
d

crd

M
M

λ =  (23) 381 

30.673( / )d1 ynet yM Mλ =  (24) 382 

2.7
2 0.673 1.7( / ) 0.7d y ynetM Mλ  = −   (25) 383 

[ ]2 2 21 0.22(1/ ) (1/ )d d d yM Mλ λ= −  (26) 384 

Mcrd is elastic distortional buckling moment including effect of holes, and My and Mynet are yield 385 

moment and yield moment of net cross-section, respectively.  386 

Local-Distortional Buckling Interaction 387 

In the experimental tests, local and distortional interactive failure modes were observed. Eqs (4-6, 388 

14-16) cannot fully capture this failure phenomenon (Dinis and Camotim, 2010, Silvestre, et al., 389 

2012). Consequently, the NLD (Nominal Local-Distortional) and NDL (Nominal Distortional-390 

Local) approaches which were proposed to consider this interaction into the DSM by Schafer 391 

(2002) are used herein. The method replaces My by either (i) Mbl obtained from Eqs (4-6) in Eqs 392 

(14–16) (NDL approach) or (ii) Mbd obtained from Eqs (14-16) in Eqs (4-6) (NLD approach).  393 

Therefore, the NLD approach predicts the interactive distortional-local nominal moment capacity 394 

Mbld, when the inelastic reserve capacity is not considered, as: 395 

 bdbld MM =  if 776.0≤ldλ  (27) 396 
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if 776.0>ldλ  (28) 397 

 ol

bd
ld M

M
=λ   (29) 398 

and the NDL approach predicts the interactive local-distortional nominal moment capacity Mbdl 399 

as: 400 

  blbdl MM =  if       673.0≤dlλ   (30) 401 
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bl
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if 673.0>dlλ  (31) 402 

od

bl
dl M

M
=λ

 
(32) 403 

Regarding the inelastic reserve capacity for configurations failing in local-distortional interaction, 404 

the NLD and NDL approaches were adapted to meet the inelastic reserve capacity criterion in 405 

AISI-S100 (2016). For the NDL approach, the nominal member capacity for local buckling Mbl is 406 

calculated following the inelastic reserve capacity equations in the AISI (Eqs. (7-10) and then used 407 

instead of My in the classical DSM equations for distortional buckling (Eqs. (14-16). The opposite 408 

is done for the NLD approach where the nominal member capacity for distortional buckling Mbd, 409 

calculated following the inelastic reserve capacity equations in the AISI (Eqs. (7, 9-10, 17)), is 410 

used instead of My in the classical DSM equations for local buckling (Eqs. (4-6)).  411 

The NLD and NDL approaches were also adapted herein to the extended range in Pham and 412 

Hancock (2013) using the same approach as the one described above. For the NDL approach, My 413 

in the classical DSM equations for distortional buckling is replaced by the nominal member 414 
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capacity for local buckling Mbln calculated from the method described in Pham and Hancock (Eqs. 415 

(11-13)). The opposite applies for the NLD approach. 416 

Elastic Buckling, Yield and Plastic Moments 417 

Elastic buckling moments (Mol and Mod) for each tested configuration were calculated and input in 418 

the DSM expressions running linear buckling analyses (LBA) in Abaqus (2015). A similar model 419 

to the one described in Section “Tested uprights” was used but the measured thickness of the 420 

upright was used instead of the nominal one. Concentrated bending moments about major and 421 

minor axes were applied at pinned boundary conditions to replicate the test set up. To consider the 422 

effect of perforations of the perforated uprights in calculating Mol and Mod, the perforations were 423 

modelled in Abaqus before running the elastic buckling analyses.  424 

For each of tested configurations, My (yield moment) and Mp (plastic moment) were calculated 425 

about the axis about which the combined bending moment was applied using the yield stress 426 

reported in Table 5. For perforated uprights, net cross-sectional areas were used to calculate My 427 

and Mp. 428 

 429 

Comparison of Direct Strength Method Design with Test Results 430 

Local Buckling 431 

Table 3 provides the elastic local slenderness and the average ratio of the experimental biaxial 432 

failure moment (Mexp) to the DSM predicted moment (MDSM), with and without the inelastic reserve 433 

capacity, for all experiments performed on short uprights. Figure 14 (a) also graphically compares 434 

the DSM local buckling curve to local buckling tests results (normalized to My and Mnyl). As shown 435 

in Table 3, the DSM without the inelastic reserve capacity typically conservatively estimates the 436 

bending capacity of non-perforated Type A uprights with the experimental to predicted capacity 437 

ratios ranging between 1.12 (Configuration 1) and 1.63 (Configuration 4). For perforated Type A 438 
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uprights, it also results in conservative predictions with experimental to predicted capacity ratios 439 

ranging between 1.04 (Configuration 1) and 1.44 (Configuration 3). For perforated Type B 440 

uprights, the method gives ratio ranging from 0.99 (Configuration 5) to 1.52 (Configuration 6). On 441 

average, the DSM without the inelastic reserve capacity conservatively estimates the bending 442 

capacity by about 29% with Coefficient of Variation (CoV) of 15% for all tested uprights and is 443 

generally more accurate in predicting the moment capacity when bending solely occurs about the 444 

major axis than about any other axis, with the worse prediction occurring for bending about the 445 

minor axis.  446 

For Type A uprights, the observed experimental ultimate bending moment was found to be 447 

between My and Mp for 10 configurations out of 14. However, for all configurations but six, the 448 

slenderness ratio lλ is greater than 0.776 and therefore the use of the DSM, with and without 449 

considering the AISI-S100 (2016) inelastic reserve capacity, gives the same results for these  450 

configurations (see Table 3). Overall, considering the inelastic reserve capacity for Type A 451 

uprights only results in a marginal improvement of the DSM predictions. For all configurations, 452 

considering the AISI-S100 (2016) inelastic reserve capacity underestimates the bending capacity 453 

by 22% on average with CoV of 10%. For Type B uprights, the AISI-S100 (2016) inelastic reserve 454 

capacity can be used for all 7 configurations resulting in only underestimating the bending capacity 455 

by 2% on average with CoV of 14%. This is a significant improvement, as when the inelastic 456 

reserve capacity is ignored the DSM overestimates the bending capacity by 26% on average with 457 

CoV of 16%. 458 

Regarding the DSM predictions using the extended range of the inelastic reserve strength,             459 

Table 3 and Figure 14 show that the proposed method in Pham and Hancock (2013) provides better 460 

strength predictions as compared to the DSM equations with and without the AISI-S100 (2016) 461 
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inelastic reserve capacity. On average for all configurations and upright types, this method 462 

overestimates the capacity by experimental to predicted ratios equal to 1.00 and CoV of 12%. 463 

However, for Type B upright, it underestimates the bending capacity by 9%. As can be seen in 464 

Figure 14 (a),  for short Type B uprights tested in Configurations 2 and 5, the proposed method in 465 

Pham and Hancock (2013) is quite unconservative and underestimates the bending capacity by 466 

25%. This likely results from the sections reaching their maximum capacity for these two 467 

configurations due to localised failure at the perforations (as shown in Figure 9 (b)), and at an 468 

applied moment close to or slightly greater than My. As Type B upright is a stocky section, the 469 

proposed DSM predicts a large post-buckling reserve capacity that does not develop in practice. It 470 

is worth mentioning that, for perforated Type A uprights tested in Configurations 2 and 5, similar 471 

localised failure at the holes were observed. Yet, the cross-sections are more slender than Type B 472 

cross-sections and the proposed DSM predicts a capacity with little inelastic reserve capacity and 473 

therefore similar to the test results. More investigations need to be performed on the influence of 474 

the holes on the inelastic reserve capacity. 475 

 476 

Distortional Buckling 477 

Table 4 provides the elastic local and distortional slenderness and the ratio Mexp/MDSM, with and 478 

without the inelastic reserve capacity, for all experiments performed on long uprights. Figure 14 479 

(b) compares the DSM distortional buckling curve to distortional buckling tests results normalized 480 

to My and Mnyd. As shown in Figure 15 (a) the DSM interactive distortional-local buckling (NLD) 481 

curve is compared to uprights test results normalized to Mbd , Mbd with AISI inelastic reserve 482 

capacity and Mbdn. Figure 15 (b) plots local- distortional buckling (NDL) curve compared to 483 

uprights test results normalized to Mbl , Mbl with AISI inelastic reserve capacity and Mbln. For each 484 
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configuration, the DSM equations corresponding to the observed mode in Table 4 and reported in 485 

Section “DSM equations” were used. In Table 4, the minimum of the two NLD and NDL 486 

approaches is reported. According to Table 4, the DSM without considering the inelastic reserve 487 

capacity typically conservatively estimates the bending capacity of non-perforated Type A 488 

uprights by an experimental to predicted ratio up to 1.77 (Configuration 4). For perforated Type 489 

A uprights, the method provides better predictions but still results in typically conservative 490 

predictions with experimental to predicted ratios ranging between 0.97 (Configuration 1) to 1.53 491 

(Configuration 3). For Type B uprights, the experimental to predicted ratios vary from 0.85 492 

(Configuration 5) to 1.49 (Configuration 4). It should be noted that for the perforated Type B 493 

uprights failing in distortional buckling, using Eqs (14-16) with My replaced by Mnyet results in 494 

slightly better predictions (3%) than using Eqs (21-26). Therefore, Eqs (14-16) have been used 495 

herein to predict distortional buckling moments. For all configurations and upright types, the DSM 496 

results in an average experimental to predicted ratio of 1.28 with a CoV of 19% when the inelastic 497 

reserve capacity is ignored. Similar to the results for local buckling, the DSM without considering 498 

the inelastic reserve capacity better predicts the bending capacity for bending about major axis.  499 

For Type A uprights failing in interactive local-distortional buckling, the observed ultimate 500 

bending moment for 4 configurations out of 12 was found to be between My and Mp. However, and 501 

similar to local buckling predictions, the slenderness ratios lλ  and dλ  are greater than 0.776 and 502 

0.673, respectively, for 7 configuration out of 12, therefore preventing the use of the AISI-S100 503 

(2016) inelastic reserve capacity in the DSM, when using the NLD or NDL approach. This leads 504 

to an average underestimation of the bending capacity of 24% with CoV of 12%. For Type B 505 

uprights failing in distortional buckling, the AISI-S100 (2016) inelastic reserve capacity can be 506 
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used and the DSM underestimates the bending capacity by an average of 9%, compared to an 507 

average of 24% when the inelastic reserve capacity is ignored.  508 

Similar to local buckling and as also can be seen in Figure 14 and Figure 15, the DSM predictions 509 

using the extended range of the inelastic reserve strength proposed by Pham and Hancock (2013) 510 

provides better strength predictions compared to the other two DSM predictions investigated 511 

herein. On average, this method overestimates the capacity about 3% with a CoV of 13%. For 512 

Type B uprights, the method underestimates the bending capacity by 6% on average. However, as 513 

can be seen in Figure 14 and similar to short uprights,  for long Type B uprights tested in 514 

Configurations 2 and 5 failing in distortional buckling the proposed method in Pham and Hancock 515 

(2013) is quite unconservative and underestimates the bending capacity by 26%, due to localised 516 

failure at the perforations.  517 

 518 

SUMMARY AND CONCLUSION 519 

This paper presented biaxial bending experimental results on tests performed on cold-formed steel 520 

storage rack uprights. In total, 78 tests were performed on two upright types, with and without 521 

regular perforations. Accuracy of the (i) linear biaxial bending design equation in international 522 

design specifications (AISI-S100 (2016), AS/NZS 4600:2005 (AS/NZS, 2005)  and EN 1993-1-3 523 

(2006)) and (ii) the DSM for biaxial bending were evaluated. Tests were performed for local and 524 

distortional failure modes only. The biaxial bending interaction relationship was found to be highly 525 

nonlinear and the existing linear design equation to be significantly conservative. Failure was 526 

found to occur at ratios given by the linear design equation ranging from 1.00 to 1.68. The DSM 527 

calculated using the biaxial elastic buckling moment in the nominal moment capacity equations 528 

either with or without considering the inelastic reserve capacity prescribed in the AISI-S100 529 
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(2016), was found to underestimate the biaxial bending capacity for the majority of the tested 530 

configurations, especially when bending about the minor axis is dominant. On average, the 531 

experimental to predicted ratio was 1.17 when considering the inelastic reserve capacity and 1.29 532 

when not taking that into consideration. When using the extended inelastic reserve capacity range 533 

proposed by Pham and Hancock (2013), the DSM inelastic reserve strength equations give better 534 

predictions with an average experimental to predicted ratio of 1.02. More rack types with different 535 

cross-sections are required to be tested in order to extend the outcomes of this study.  536 
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 542 

NOTATION 543 

The following symbols are used in this paper: 544 

F  total applied load 
L1  distance between the supports and the points of application of the loads 
M  total moment applied to the upright 
Mbd DSM nominal member capacity for distortional buckling 
Mbdn DSM nominal distortional member capacity with extended range  
Mbdl DSM nominal interactive local-distortional moment capacity  
Mbl  DSM nominal member capacity for local buckling 
Mbld DSM interactive distortional-local moment capacity  
Mbln DSM nominal local member capacity with extended range  
Mbx and Mby  moment capacities about the x- and y-axes 
Mcrd  elastic distortional buckling moment including effect of holes 
Mnyd inelastic distortional strength 
Mnyl inelastic local strength 
Mod  elastic buckling moment for distortional buckling 
Mol  Elastic buckling moment for local buckling 
Mp plastic moment 
Mrig  moment applied by the weight of the steel RHS and solid pinned connections 

to the upright. 
Mx and My  applied moments about the two principal cross-sectional x- and y-axes 
My  yield moment  
Myc  moment at which yielding initiates in compression 
Mynet  yield moment of net cross-section 
α  rotational angle of the cross-section about its centroidal axis 

dλ  elastic distortional non-dimensional slenderness ratio 

dlλ   elastic interactive local-distortional non-dimensional slenderness ratio  

dnλ   inelastic distortional non-dimensional slenderness ratio  

lλ  elastic local non-dimensional slenderness ratio 

ldλ   elastic interactive distortional-local non-dimensional slenderness ratio  
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lnλ   inelastic local non-dimensional slenderness ratio  
 545 
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 627 

Table 1: Nominal cross-sectional properties of tested uprights 628 
Upright Thickness 

(mm) Depth (mm)  Width 
(mm) 

Gross area / 
Net area 

Second moment of area 
Ix  / Iy 

Type A 1.5 140 100 1.108 2.52 
Type B 2.0 120 60 1.124 5.05 

 629 
 630 

Table 2: Tested biaxial bending configurations 631 
Configuration 1 Configuration 2 Configuration 3 Configuration 4 

Mx > 0 and My = 0 
 

Mx > 0, My > 0 and 
Mx = 2My 

 

Mx > 0, My > 0 and 
My = 2Mx 

Mx = 0 and My > 0 
 

  
  

 

 Configuration 5 Configuration 6 Configuration 7 
 Mx > 0, My < 0 and 

Mx = -2My 
Mx > 0, My < 0 and 

My = -2Mx 
 

Mx = 0 and My < 0 
 

 

 

 

 

 

Mx > 0 generates compression in the top flange (as drawn), My > 0 generates compression in the web and My < 0 632 
generates compression in the lip stiffeners 633 
 634 

 635 
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            Table 3: Comparison of experimental results with DSM for local buckling tests (L=400 mm for all uprights) 636 

 
   Normalised test 

results                        DSM 

Upright Type 
Number of 

tests 
performed 

Configuration Failure(1)  

Mode λl   Mx/Mbx My/Mby 
Eq. (1) 

(Linear) 

MExp/MDSM 
(No 

reserve)(2) 

MExp/MDSM 
(With 

reserve)(3) 

MExp/MDSM 
(Pham and 
Hancock)(4) 

Type A- non 
Perforated 

2 1 L 0.69 1.00 0 1.00 1.12 1.08 0.95 
2 2 L 0.58 0.80 0.62 1.42 1.24 1.12 0.99 
2 3 L 0.52 0.29 0.96 1.25 1.58 1.27 1.06 
2 4 L 0.52 0.00 1.00 1.00 1.63 1.30 1.08 
2 5 L 1.02 0.63 0.62 1.25 1.16 1.16 1.07 
2 6 L 0.97 0.21 0.90 1.11 1.33 1.33 1.11 
2 7 L 0.91 0 1.00 1.00 1.41 1.41 1.17 

Type A- 
perforated 

2 1 L 0.80 1.00 0 1.00 1.04 1.04 0.94 
2 2 L 0.77 0.83 0.61 1.44 1.13 1.13 1.00 
2 3 L 0.56 0.31 0.97 1.28 1.44 1.19 0.96 
2 4 L 0.57 0 1.00 1.00 1.41 1.17 0.94 
2 5 L 1.06 0.65 0.56 1.21 1.08 1.08 1.00 
2 6 L 1.00 0.25 0.92 1.17 1.37 1.37 1.16 
2 7 L 0.95 0 1.00 1.00 1.37 1.37 1.14 

Type B-
Perforated 

1 1 L 0.37 1.00 0 1.00 1.20 1.06 1.00 
1 2 L 0.42 0.57 0.72 1.29 1.03 0.83 0.75 
1 3 L 0.40 0.18 0.98 1.16 1.32 1.00 0.89 
1 4 L 0.41 0.00 1 1.00 1.29 1.03 0.92 
1 5 L 0.48 0.55 0.61 1.16 0.99 0.83 0.74 
2 6 L 0.41 0.21 0.99 1.20 1.52 1.19 1.03 
1 7 L 0.39 0 1 1.00 1.47 1.17 1.05 

       Average 1.29 1.15 1.00 
       CoV 0.14 0.14 0.12 

(1) L = Local buckling; (2) No inelastic reserve capacity; (3) Inelastic reserve capacity as in AISI-S100 (2016); (4) Extended reserve strength in  637 
Pham and Hancock (2013)  638 
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Table 4: Comparison of experimental results with DSM for distortional buckling tests (L=1100 mm for Type A and L=900 mm for Type B uprights) 639 

 
        Normalised      

test results                  DSM 

Upright Type 
Number of 

tests 
performed 

Configuration Failure(1)  

Mode λl λd Mx/Mbx My/Mby 
Eq. (1) 

(Linear) 

MExp/MDSM 
(No 

reserve)(2) 

MExp/MDSM 
(With 

reserve)(3) 

MExp/MDSM 
(Pham and 
Hancock)(4) 

Type A- non 
Perforated 

2 1 L+D 0.72 0.80 1.00 0 1.00 1.01 1.01 0.93 
2 2 L+D 0.58 0.58 0.99 0.58 1.57 1.26 1.19 1.01 
2 3 L+D 0.52 0.58 0.37 0.93 1.30 1.65 1.49 1.16 
2 4 L 0.52  0 1.00 1.00 1.77 1.41 1.17 
2 5 L+D 1.06 1.01 0.65 0.68 1.33 1.20 1.20 1.14 
2 6 L+D 1.00 0.90 0.22 0.98 1.20 1.29 1.29 1.16 
2 7 L+D 0.94 0.85 0 1.00 1.00 1.23 1.23 1.09 

Type A- 
perforated 

2 1 L+D 0.80 0.83 1.00 0 1.00 0.97 0.97 0.90 
2 2 L+D 0.77 0.64 1.07 0.61 1.68 1.19 1.19 1.06 
2 3 L+D 0.57 0.64 0.40 0.96 1.36 1.53 1.46 1.13 
2 4 L 0.58  0 1.00 1.00 1.52 1.26 1.01 
2 5 L+D 1.10 1.03 0.66 0.57 1.23 1.12 1.12 1.07 
2 6 L+D 1.03 0.91 0.24 0.87 1.11 1.24 1.24 1.12 
2 7 L+D 0.99 0.86 0 1.00 1.00 1.28 1.28 1.15 

Type B-
Perforated 

2 1 D - 0.60 1.00 0 1.00 1.02 0.99 0.89 
2 2 D - 0.49 0.67 0.62 1.29 1.00 0.88 0.75 
2 3 D - 0.47 0.24 0.95 1.19 1.47 1.23 1.02 
2 4 L 0.48 - 0 1.00 1.00 1.49 1.24 1.09 
2 5 D - 0.71 0.55 0.51 1.06 0.85 0.85 0.72 
2 6 D - 0.58 0.23 0.91 1.14 1.39 1.28 1.01 
2 7 L 0.40 - 0 1.00 1.00 1.48 1.17 1.10 

 Average 1.16 1.28 1.19 1.03 
CoV 0.17 0.19 0.14 0.13 

(1) L = Local buckling, D = Distortional, L+D = Local-Distortional interaction; (2) No inelastic reserve capacity; (3) Inelastic reserve capacity as in 640 
AISI-S100 (2016); (4) Extended reserve strength in Pham and Hancock (2013) 641 
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 642 

Table 5: Measured material properties of tested uprights 643 
Upright E (MPa) Fy (MPa)  Fu (MPa) 
Type A 194645 436.3 509.3 
Type B 199497   424.7 478.3 

 644 
  645 
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 646 
 647 

   648 
 (a) (b) 649 
 650 

Figure 1: (a) Typical selective storage rack structure (Gilbert, et al., 2012) and (b) clad rack in construction  651 

(Courtesy Modulblok) 652 

 653 
(a)  (b) 654 

Figure 2: Cross-sections (a) Upright Type A (b) Upright Type B 655 
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 656 

(b) 657 

Figure 3: Experimental four-point bending test setup – Schematic view, (a) side view and (b) top view 658 
 659 

(a) 
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 660 
Figure 4: Experimental test setup – photo 661 

 662 

 663 

 664 
Figure 5: Solid pinned connection  665 
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 666 

Figure 6: Cee-shaped plates bolted with the uprights to the pinned connections to prevent uplift in the tension zone  667 

 668 

 669 
 (a) (b) 670 

Figure 7: Transducer frame to measure cross-sectional deformations at mid-length (a) Type A (b) Type B uprights 671 
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 672 
 (a) (b) 673 

Figure 8: Short upright deformations (a) Web deformation (LVDT 2) tested in Configuration 2 (Mx = 2My)  674 
(b) Cross-sectional opening (LVDTs 1+3) tested in Configuration 5 (Mx =-2My) (see Table 2 for configurations) 675 

  676 
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  677 
 (a)  (b) 678 
 679 

  680 
 681 

 (c) (d) 682 
Figure 9: Local buckling failure modes (a) Non-perforated Type A upright - Configuration 2 (Mx = 2My) (b) Type B 683 

upright - Configuration 2 (Mx = 2My) (c) Perforated Type A upright - Configuration 5 (Mx =  -2My) (d) Type B 684 
upright - Configuration 5  (Mx = -2My) (see Table 2 for configurations) 685 

  686 
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 687 
 688 

689 
(a) (b) 690 

Figure 10: Cross-section deformation (LVDT 1 + LVDT 3) for all long uprights (a) Configuration 1(My = 0) 691 
 (b) Configuration 6 (My = -2Mx) (see Table 2 for configurations) 692 

  693 
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 694 
 695 

 696 

 697 
 698 
 (a) (b)  699 

   700 
 (c) (d) 701 
 702 
Figure 11: (a) Local-distortional buckling interactive failure mode for perforated Type A upright - Configuration 1 703 
(My = 0) (b) Distortional failure mode for Type B upright - Configuration 1 (My = 0) (c) Local-distortional buckling 704 
interactive failure mode for perforated Type A upright - Configuration 6 (My = -2Mx) (d) Distortional failure mode 705 

for Type B upright - Configuration 6 (My = -2Mx)  (see Table 2 for configurations) 706 
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 707 
Figure 12: Biaxial bending interaction points for local buckling – All uprights 708 

 709 

 710 
Figure 13: Biaxial bending interaction points for distortional buckling - All uprights 711 
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 712 

(a) 713 

 714 

(b) 715 
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Figure 14: Comparison of the DSM predictor curves with test data, (a) Local buckling tests (b) Distortional buckling 716 

tests 717 

 718 

(a) 719 
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 720 
(b) 721 

Figure 15: Comparison of the DSM predictor curves with test data- (a) NLD (b) NDL approaches  722 
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