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storage rack upright frames with channel bracing members 2 
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(2)Department of Civil, Environmental and Mechanical Engineering, University of Trento, Trento, Italy  5 

ABSTRACT:  6 

Accurately determining the transverse shear stiffness of steel storage rack upright frames is essential 7 

in calculating the elastic buckling load, performing earthquake design and serviceability checks. 8 

International racking design specifications recommend different approaches to evaluate this stiffness. 9 

The Rack Manufacturers Institute (RMI) specification conservatively uses an analytical solution 10 

based on Timoshenko and Gere's theory while the European (EN15512) and Australian (AS4084) 11 

specifications recommend experimental testing to be conducted. Previous studies have shown that 12 

Finite Element Analyses (FEA), solely using beam elements, fail to reproduce experimental test 13 

results and may overestimate the transverse shear stiffness by a factor up to 25. This discrepancy is 14 

likely attributed to the local deformations occurring at the bolted joints. In this paper, a model to 15 

capture the transverse shear stiffness of upright frames is developed using shell elements and 16 

advanced FEA. Its accuracy is verified against published experimental test results performed on three 17 

commercially used upright frame configurations with lip-to-lip bracing pattern. The model accurately 18 

reproduces the experimental stiffness, with differences ranging from 2% to 17%. Based on the FE 19 

model, the factors contributing to the transverse shear deformation of the frames are quantified and 20 

discussed for both lip-to-lip and back-to-back bracing patterns. For lip-to-lip upright frames, results 21 

show that the local deformations at the end of bracing members contributes the most to the shear 22 

deformation of the frames. For back-to-back upright frames, bolt bending and axial deformation of 23 

braces contribute the most to the shear deformation of the frames. Results from this paper would 24 

assist the racking industry in improving their products by focusing on the factors influencing the most 25 

the behavior of the frames. 26 
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1. Introduction 29 

Steel storage rack systems, commonly assembled from cold-formed steel profiles, are extensively 30 

used in industry to store goods. Goods are placed on pallets which are positioned on the racks using 31 

forklift trucks. They act as freestanding structures and are designed as lightly as possible, while still 32 

capable of carrying heavy loads [1]. Their popularity lies in their ability to increase storage capacity 33 

by both minimising the floor space and providing a number of different storage configurations [2]. 34 

The most common type of rack is referred to as “selective” storage rack and typically consists of 35 

uprights, pallet beams, bracing members and connectors, as illustrated in Fig. 1 In the down-aisle 36 

direction, the stability of unbraced racks is solely ensured by the base plate-to-floor and pallet beam-37 

to-upright semi-rigid connections [3-6]. In the cross-aisle direction, the stability is ensured by the 38 

upright frames, each consisting of two uprights connected by bracing members, as shown in Fig. 1 39 

and Fig. 2. The bracing members are commonly cold-formed lipped channel-sections bolted to the 40 

upright flanges. Welded connections are also encountered. Other forms of cold formed profiles, such 41 

as circular hollow sections, are also used in practice.  42 

Although, the configuration of steel storage rack structures is simple, as they are assembled from 43 

beams, uprights and bracings, their analysis and design are complicated. Due to the nature of the cold-44 

formed steel elements, their performance is influenced, among others, by local deformations at the 45 

uprights and bracing members at the connections [7]. The base plate-to-floor and beam-to-upright 46 

semi-rigid connections also influence the structural behaviour of the system [8, 9].  47 

The transverse shear stiffness of the upright frames has a significant impact on the behaviour of the 48 

overall structure in the cross-aisle direction. As rack structures are sensitive to second order effects, 49 

precisely determining the shear stiffness is of a great importance for serviceability checks, and to 50 

calculate the elastic buckling loads and earthquake design forces. This is especially relevant for high-51 

bay racks that can reach heights greater than 20 metres and racks supporting the building enclosure 52 

which are subjected to cross-aisle horizontal forces due to wind loading. The shear behaviour of the 53 



upright frames is currently poorly understood and investigations are still needed to advance the 54 

knowledge. 55 

To understand all factors affecting the transverse shear behaviour of bolted cold-formed steel storage 56 

rack upright frames, numerical models able to capture the deformations at the bolted connections are 57 

required [1, 7, 10]. This paper develops and details an advanced Finite Element (FE) model to 58 

accurately predict the transverse shear stiffness of storage rack upright frames with channel bracing 59 

members. The accuracy of the model is verified against experimental tests performed on three frame 60 

configurations in [1] and tested following the two different set-ups. The various factors influencing 61 

the shear stiffness of the rack upright frames with lip-to-lip and back-to-back channel bracing 62 

members are then numerically identified, quantified and discussed. These results would provide rack 63 

manufacturers the possibility to improve their design by targeting the factors influencing the most the 64 

shear stiffness of the frames. 65 

2. Literature review 66 

2.1 Design Specifications 67 

Currently, different approaches are adopted by the three main international storage rack design 68 

specifications AS4084 [11], EN15512 [12] and RMI [13] to determine the shear stiffness of cold-69 

formed steel storage rack upright frames. Timoshenko and Gere’s [14] theory is used in the Rack 70 

Manufacturers Institute specification [13] in which the upright frame shear deformation is assumed 71 

to purely arise from the axial deformation of the bracing members. In the European design 72 

specification [12], experimental testing of the frame in the longitudinal direction is proposed to 73 

determine the stiffness per unit length. The test set-up consists of an upright frame restrained from 74 

rigid body rotation and with at least two bracing panels. One of the uprights is pinned at one end and 75 

a longitudinal force F is applied at the opposite end of the other upright through its centroidal axis, 76 

as depicted in Fig. 3. The longitudinal displacement of the upright, on which the force is applied, is 77 

recorded and the slope kti of the linear part of the experimental load-displacement curve is calculated. 78 



The stiffness kti is then used in conjunction with Timoshenko and Gere’s [14] theory to estimate the 79 

upright frame transverse shear stiffness Sti as, 80 

 
                        

 (1) 81 

where d is the distance between the centroidal axes of the two uprights and h is the height of the 82 

frame. 83 

The Australian Standard AS4084 [11] proposes the use of the testing method suggested by the 84 

European design specification EN15512 [12] and an alternative approach in which the frame is loaded 85 

in the transverse direction to evaluate the combined shear and bending stiffness, as shown in Fig. 4. 86 

In the alternative approach, the frame is composed of a minimum number of two bracing panels. The 87 

bottom ends of the uprights are pinned to a rigid frame and the top ends of the uprights are prevented 88 

from out-of-plane displacements. A load F is applied to the frame at the elevation of the top horizontal 89 

bracing member. Two displacement transducers are positioned at the elevations of the top (i.e. where 90 

the load F is applied) and bottom horizontal bracing members. The combined bending and shear 91 

transverse stiffness Scti is then calculated as, 92 

                        
 (2) 93 

where kcti is the slope of the experimental load-displacement curve, with the displacement being 94 

calculated as the difference between the two transducers, and h is height of the frame. 95 

2.2 Frame behaviour 96 

Very limited studies have investigated the transverse shear stiffness of cold-formed steel storage rack 97 

bolted upright frames. Rao et al. [15], Sajja et al. [7] and Sajja [10] experimentally and numerically 98 

investigated the shear stiffness of various upright frames. Developed models with beam elements 99 

which included upright bending stiffness, the eccentricity of bracing members and the bending of the 100 

bolt connecting the bracings to the upright, were not able to successfully reproduce the experimental 101 
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test results. The models overestimated the shear stiffness by a factor of 2 to 5. The discrepancy was 102 

attributed to the “torsional distortion” of the uprights, not being considered in the model. It was 103 

recommended that it is essential to consider the contact behaviour between various elements at the 104 

connections to accurately determine the shear stiffness. 105 

To accurately reproduce the frame behaviour, the influence of warping effects must be considered in 106 

FEM modelling of mono-symmetric rack upright sections. This can be done using 7DOFs beam 107 

elements [16, 17, 18, 19] or 3D modelling the uprights with either shell or solid elements. 108 

Gilbert et al. [1] performed 36 tests of bolted upright frames following both the EN15512 [12] and 109 

alternative AS4084 [11] test set-ups. The two methods were compared and the practical use of the 110 

alternative method proposed by the AS4084 was demonstrated. The conclusions were based on three 111 

upright section types and two different bracing cross-sections (CHS and channels), totalling six 112 

different upright frame types. Finite Element models were also developed in Gilbert et al. [1] using 113 

beam elements. Warping effects were considered for the uprights using 7DOFs beam elements. The 114 

analyses overestimated the upright frame shear stiffness by a factor of 9 to 25 for the test set-up in 115 

the EN15512 [12] and 3 to 16 for the alternative test set-up in the AS4084 [11]. This difference was 116 

mainly attributed to the local deformation of the connections between bracing members and uprights, 117 

not being considered in the model.  118 

Sangle et al. [20] conducted elastic stability analysis of upright frames through 3D finite element 119 

analysis and emphasized the need for 3D modelling to study the behaviour of racking systems. Far et 120 

al. [21] numerically and experimentally investigated the shear behaviour of the upright frames. 121 

Developed FE models of the upright frames using solid elements overestimated the shear stiffness by 122 

30%. A simplified modelling approach was also proposed to account for the flexibility in bolted 123 

connections. Roure et al. [22] experimentally and analytically studied the behaviour of upright 124 

frames. Tests were performed on the joints between uprights and braces as well as on the upright 125 

frames. A simple practical design approach was proposed based on an adjusted cross-sectional area 126 

at both ends of the bracing members to consider that the axial stiffness of the bracing members is 127 



affected by the local distortions at the joints. Finite element modelling of storage rack frames using 128 

shell elements was performed and validated against test results by Cardoso and Rasmussen [23]. The 129 

semi-rigid behaviour of connections was implemented in the model by moment-rotation curves 130 

obtained from available component tests. 131 

3. Experimental tests used to verify FE models 132 

As mentioned in the literature review, Gilbert et al. [1] reported tests performed on three different 133 

upright frames with channel bracing members to determine both the shear stiffness 𝑆𝑡𝑖  (Eq (1)) and 134 

the combined transverse bending and shear stiffness, 𝑆𝑐𝑡𝑖  (Eq (2)).  In total 17 tests were performed 135 

both in Australia and Italy with channel bracing members. These tests are used in the present paper 136 

to validate the FE model. The upright frames were assembled from three upright types (referred to as 137 

“Type A”, “Type B” and “Type C”) and with lip-to-lip channel-sections in a Z-pattern, as shown in 138 

Fig. 5. Height of the tested upright frames was equal to 3,432 mm. Depending on the frame 139 

configuration, “d” was equal to 948.9, 953.1 and 933.5 mm for Type A, Type B and Type C upright 140 

frames, respectively. Each configuration was tested following both the EN15512 [12] and the 141 

alternative AS4084 [11] test set-up procedures. Three repeat tests have been performed for each 142 

upright frame configuration. When tested Type A upright frame following the EN15512 [12], only 143 

two tests were performed. The main dimensions of the uprights used are shown in Fig. 6 and the 144 

cross-sectional properties of the uprights and bracing members are presented in Table 1. Type A 145 

upright frames were tested with bracing type C35x20x1.2, while Types B and C upright frames were 146 

tested with bracing type C35x35x1.5. End plates were welded to the ends of the uprights to ensure 147 

easy connection and restrain warping at these locations. For the frames tested following AS4084 [11] 148 

displacement was recorded at each bracing elevation, from LVDT 4 at the bottom bracing elevation 149 

to LVDT 1 at the top bracing elevation, as shown in Fig. 5.  150 

The tests were performed with two different boundary conditions, depending in which country the 151 

tests took place. The test set-up for all the upright frames tested following the alternative method in 152 

the AS4084 [11] and Type A upright frame tested following the method in the EN15512 [12] is shown 153 



in Fig. 7 (a). In these tests, the frames were restrained from lateral out-of-plane displacements at six 154 

locations along the height of the frame, as depicted in Fig. 7 (a). Fig. 7 (b) and (c) shows the vertical 155 

restraint and their schematic view, respectively. Bottom Nylon pads sprayed with silicone were placed 156 

underneath the uprights so as to allow the horizontal displacement of the frame. The top Nylon pads 157 

were pinned above the centroid axis of the uprights. Specifically, the latter pads were loosely 158 

connected to steel square hollow sections (SHS) using steel balls to both avoid out-of-plane 159 

movement and allow the uprights to rotate. The supported steel SHS in Fig. 7 were bolted to the 160 

strong floor through threaded bars. 161 

On the other hand, Fig. 8 (a) shows the experimental test set-up for Types B and C upright frames 162 

following the method in the EN15512 [12] in which the frames were restrained at five locations to 163 

prevent out-of-plane displacement. Fig. 8 (b) shows a schematic view of the vertical restraint at four 164 

locations along the loaded upright. Steel plates were placed underneath the upright and a non-165 

frictional material was inserted between the steel plate and the upright so as to allow the longitudinal 166 

displacement of the upright. The gap between the upright and top steel plate was to allow the upright 167 

to twist without excessive out-of-plane displacement. Fig. 8 (c) shows a schematic view of the vertical 168 

restraint at free end of the pinned upright. This restraint prevented out-of-plane displacement, 169 

horizontal displacement, and rotation about the upright longitudinal axis.  170 

To ensure, full contact between all elements in the experimental tests, preloading was applied. For 171 

Type B and C upright frames tested following the EN15512 setup, the load was applied up to 6 kN, 172 

reversed to 0.5 kN and increased up to failure. For the tests performed following the AS4084 test 173 

setup and Type A upright frames following the EN15512 test setup, the applied load was increased 174 

to either 1 kN or 2 kN (depending on the frame configuration – see [1]) and 3 kN, respectively, and 175 

then reduced to 0 kN before loading to failure. 176 

4. Finite element modelling 177 

A FE model built using the Finite Element software ABAQUS [24] is detailed hereafter to capture 178 

both the global and local deformations of the upright frames. 179 



4.1. Geometry, element types and mesh 180 

Reduced integration four node shell elements, S4R, were used to model the uprights, upright end 181 

plates and bracing members at their wall centre-line. The use of shell elements will allow warping 182 

effects to be considered in the model. Only largest perforations of the uprights were considered in the 183 

FE model.  Bolts, Nylon pads, steel plates and pinned supports were modelled using C3D10 solid 184 

elements. Based on convergence studies performed on a single upright and bracing member, the size 185 

of the S4R elements was found to be about 10 mm × 15 mm for the uprights and 10 mm × 10 mm for 186 

the bracing members to well capture the frame deformation. In the vicinity of the bolted connections, 187 

3 mm × 3 mm mesh size was found to be fine enough to accurately capture the local deformations of 188 

the connections. The mesh size was further refined locally around the bolt holes to account for the 189 

presence of stress concentrations [25]. Five integration points through the thickness of the shell 190 

elements were considered. 191 

4.2. Boundary conditions 192 

Due to the loose connection between the top Nylon pads and the uprights (Fig. 7), the influence of 193 

the top pads on FE response can be physically ignored for all the upright frames tested following the 194 

alternative method in the AS4084 [11] and Type A upright frame tested following the method in the 195 

EN15512 [12]. Only bottom Nylon pads were consequently modelled in the FEA simulations and 196 

fixed to the ground. The interaction between the uprights and bottom pads was modelled using a 197 

frictionless surface-to-surface contact. During tests, upright frames rotate and displace towards the 198 

bottom Nylon pads and remain in contact with them. Therefore, only modelling the bottom pads is 199 

enough to prevent out-of-plane displacements and this was found to accurately represent the effect of 200 

vertical restraint on the frame response, as detailed in Section 5. To apply the lateral load, a rigid plate 201 

was tied to the upright frames at the point of the application of the load to prevent local deformation. 202 

Fig. 9 shows the details of the vertical restraints used in the FE models.  203 

As shown earlier in Fig. 8, the vertical displacement of the frames was restrained at five locations for 204 

Types B and C upright frames tested following the methodology in the EN15512 [12]. Fig. 10 (a) and 205 



(b) details the vertical restraint used in the FE model. For the four restraints located on the loaded 206 

upright, steel plates fixed to the ground. A frictionless surface-to-surface contact was used to model 207 

the interaction between the upright and the steel plates, as shown in Fig. 10 (a). To prevent twisting, 208 

transvers and vertical displacement, the free end of the pinned upright was restrained at specified 209 

points, as shown in Fig. 10 (b).  210 

4.3. Upright and bracing member bolted connections 211 

To replicate the actual behaviour at the bolted connections, the interaction between elements was 212 

modelled using contacts as shown in Fig. 11. Especially, the contacts between (i) the bolts and the 213 

bolt holes, and (ii) upright flange edges and bracing webs were modelled using the node-to-surface 214 

discretization method, with small sliding and zero initial clearance. As noted earlier, the looseness in 215 

the connections can be ignored due to the preloading applied before commencing each test so as to 216 

ensure that all elements were in contact at the beginning of the test. The contacts between (i) the 217 

bracing members and upright flanges, and (ii) the bolt head/nut and uprights were simulated using 218 

the surface-to-surface discretization method with finite sliding. Hard contact with friction coefficient 219 

equal to 0.3 was considered as interaction behaviour for all contacts [26]. The bracing members were 220 

assumed to fit perfectly between the upright flanges, i.e. no gap was considered between these 221 

elements. 222 

4.4. Material properties 223 

The material non-linearity was modelled using the von Mises yield criteria and isotropic hardening. 224 

The stress-strain curves were inputted into ABAQUS as multi-linear curves and derived from tensile 225 

tests on coupons cut from the uprights and bracing members. To account for the change of cross-226 

sectional dimensions of the coupons during testing, true engineering stress and strain were employed 227 

in the numerical model. The nominal stress ( ) and strain ( ) are converted to true stress ( ) and 228 

strain ( ) using the following equations [27, 28]:  229 

      (3) 230 

                     (4) 231 

n n t

t

(1 )t n t  = +

(1 )t nln = +



Fig. 12 shows the -  curves used for all uprights and bracing members. Bolts were modelled 232 

using an elastic perfectly plastic material with yield stress equal to 640 MPa [29]. All other 233 

components including upright end plates and pinned supports (test rig) were modelled as elastic 234 

materials. Table 2 summarises the average measured material properties for all upright types and 235 

bracing members. Three tensile tests were performed per upright type and bracing member. The 236 

Poisson's ratio was assumed equal to 0.3. 237 

5. Validation of the FE model and comparison with experimental results 238 

To consider all deformations occurring in the frames, nonlinear geometry and material analyses were 239 

ran. Yielding at the bolt holes were found to occur at an early stage of loading (particularly for the 240 

frames tested following the alternative AS4084 test set-up ) and this is captured by the FEA. As the 241 

paper focuses on the initial shear stiffness of the frames, analyses were stopped when the applied load 242 

reached about 65% (AS4084 test set-up) and 60% (EN15512 test set-up) of the experimental failure 243 

load. Note that in terms of failure, the models predict that, similar to the experimental results, Type 244 

A upright frame fails in flexural-torsional buckling of the bracing members while Type B and C 245 

upright frames fail by shearing of the bracing members at the bolt hole. However, due to large local 246 

deformations at the bolt holes for Type B and C upright frames, the FEA stopped converging before 247 

reaching the peak load. Further investigations would be needed outside the scope of this paper to 248 

improve the convergence of the models and consider the high level of nonlinearity involved.  249 

5.1. Tests following the AS4084 test set-up 250 

Fig. 13 to 15 compare the load-deflection curves (deformation taken as the difference between the 251 

displacements at the top and bottom bracing elevations - Fig. 4) between FEA and experimental test 252 

results for the three upright frames configurations. The initial nonlinearity in the experimental load-253 

deflection curves in Figs. 13 to 15 is related to the preloading and unloading phases applied to the 254 

frames before starting the tests as detailed in Section 3. The initial nonlinear response observed in the 255 

FEA load-deflection curve in Fig. 13 is attributed to nonlinear frictional contacts in the model. Table 256 

3 gives the stiffness kcti (Eq. (2)) calculated from both the FEA and experimental results. The stiffness 257 

t t



is calculated by performing a linear regression on the load-deflection curves, i.e. between 1 kN and 3 258 

kN for Type A and C upright frames, and between 1 kN and  2.5 kN for frames with Type B upright 259 

frames. Fig. 13 to 15 and Table 3 show a reasonable agreement between the FEA and experimental 260 

tests. The average difference in stiffness is 7% (with Coefficient of Variation (CoV) equal to 11%) 261 

and reaches up to 17% for Type B upright frame. In terms of accuracy, the present model represents 262 

a significant improvement when compared to published models [1, 7,  21] mentioned in Section 2.2. 263 

Fig. 16 compares the displacements recorded by all LVDTs (Fig. 5) (i.e. at all bracing elevations) 264 

with FEA results for the 1st test performed on Type A upright frame. The FEA is able to well predict 265 

the overall frame displacement.  266 

Fig. 17 compares the FE deformation of the frame to available experimental photos of tested Type A 267 

upright frame. The developed FE model predicts well the overall deformed shape. This uptight frame 268 

fails in flexural-torsional buckling of the diagonal bracing member in compression. Similarly, Fig. 269 

18 compares the FE and experimental overall deformation of Type B upright frame. Due to the 270 

eccentricity between the uprights shear centre and the bracing members at the joints in lip-to-lip 271 

configuration, the uprights twist about their longitudinal axis. Fig. 19 (a) and (b) compare the FE and 272 

experimental overall deformation of Type C upright frame and Fig. 19 (c) and (d) compare the FE 273 

and experimental local deformations at the bolted connections for the latter upright. Similar to Fig. 274 

17, Fig. 18 and 19 show that FEA is able to well capture the global and local behaviour of the upright 275 

frames. The rotations of the top of the frames is also well captured by the FE model, as shown in Figs. 276 

18 and 19. Note, to magnify the deformation of the frame, Fig. 17 to 19 were shown at a FE 277 

displacement greater than the one shown in Fig. 13 to 15. 278 

5.2. Tests following the EN15512 test set-up 279 

Fig. 20 to 22 compare the load-deflection curves, at the load application point of the EN15512 test 280 

set-up, between the FEA and experimental test results for the three types upright frames 281 

configurations. The initial nonlinear responses observed in the FEA load-deflection curves are 282 

attributed to nonlinear frictional contacts in the model, but it manifests differently to Fig. 13 due to 283 



the different boundary conditions. Table 3 gives the stiffness kti (Eq. (1)) calculated for both the FEA 284 

and experimental results. In Table 3, the stiffness were determined by performing a linear regression 285 

on the load-deflection curves, specifically between 5 kN and 12 kN for Type A upright frame, 286 

between  2 kN and 8 kN for Type B upright frame, and between 4 kN and 14 kN for Type C upright 287 

frame. Fig. 20 to 22 and Table 3 show a good agreement between the FEA and experimental tests. 288 

The average predicted to experiment ratio is 1.00 (with CoV of 6%) and the maximum ratio is 1.07 289 

for Type A upright frame.  290 

Fig. 23 presents the deformed shape of the FEA and experimentally tested Type A upright frame and 291 

shows that the developed FE model predicts well the overall deformed shape. Similar to the AS4084 292 

test setup, this uptight frame fails in flexural-torsional buckling of the diagonal bracing members in 293 

compression. Fig. 24 shows the upright rotation (due to eccentricity between the uprights shear centre 294 

and the bracing members at the joints in lip-to-lip configuration) and the deformation of the bracing 295 

members at the bolted connections for Type B upright frame. Similarly, Fig. 25 shows the local 296 

deformation at the bolted upright-bracing connection for Type C upright frame. Figs 24 to 25 also 297 

show that FE models are able to well capture the global and local deformation of the upright frames 298 

when tested following the EN15512 test set-up. Note, to magnify the deformation of the frame, Fig. 299 

23 to 25 were shown at a FE displacement greater than the one shown in Fig. 20 to 22. 300 

6. Contribution of factors affecting the transverse shear stiffness  301 

6.1 General 302 

The verified FE model is used herein to determine the contribution of factors affecting the shear 303 

stiffness of the frames. The following factors are investigated (a) bolt bending deformation, (b) local 304 

deformation at the bracing member bolt holes, (c) local deformation at the upright bolt holes (d) cross-305 

sectional deformation of the end of the bracing members, (e) cross-sectional deformation of the 306 

uprights in the vicinity of the bolted connection, (f) axial elongation of bracing members and (g) 307 

upright overall bending and shear deformation. 308 



Specifically, the contribution of the previous factors were determined by performing the following 309 

changes to the FE model:  310 

(a) Bolt bending deformation: the bending stiffness of the bolts was increased by multiplying their 311 

Young’s modulus E  by 100 [30], effectively creating rigid bodies. 312 

(b) Local deformation at bolt hole of bracing members: a 2 mm wide circular strip around the upright 313 

holes was modelled with a high Young’s modulus (multiplied by 100). This strip width was found to 314 

be efficient in preventing ovalization of the holes.  315 

(c) Local deformation at bolt hole of uprights: Similar to (b), a 2 mm wide circular strip around the 316 

holes was modelled with a high Young’s modulus (multiplied by 100). 317 

(d) Cross-sectional deformation of bracing members: to prevent the cross-sectional deformation of 318 

the bracing members at the bolted connections (as in Figs 19 (d) and 24 (b)), the ends of the bracing 319 

members were made rigid, by increasing their Young’s modulus by a factor of 100, on a length of 70 320 

mm. 321 

(e) Bracing axial deformation: the Young’s modulus of the entire bracing members was increased by 322 

100 to prevent their axial shortening and elongation. 323 

(f) Cross-sectional deformation of uprights: to prevent the cross-sectional deformation of the uprights 324 

at the connections, the Young’s modulus of the uprights on a length of +/- 75 mm about the bolted 325 

connection, was multiplied by 100. 326 

(g) Upright shear and bending deformation: similar to (e) the Young’s modulus of the entire upright 327 

was multiplied by 100, so the uprights act as rigid bodies. 328 

The contribution of the deformations of bracing members and uprights to the overall shear stiffness 329 

of the upright frames is treated separately in this paper. The combinations of factors analysed are 330 

presented in Table 4. Note that while the influence of the upright and bracing member deformations 331 

are treated separately, preventing the bracing members to deform would have an influence on the 332 

local deformation of the uprights. The same applies to the local behaviour of the bracing members 333 

when preventing the uprights to deform. 334 



Similarly to the model presented in section 4, nonlinear geometry and material analyses are performed 335 

with the Young’s moduli and yield stresses reported in Table 2 used as input. The influence of each 336 

analysed factor on the overall shear stiffness is quantified as: 337 

                        
 (5) 338 

where Sinitial and Smodified are the initial numerical (reported in Table 3) and modified (i.e. with 339 

increased E for selected parts of the frame) shear stiffness of the upright frames, respectively, 340 

calculated from Eqs (2) and (3) for the EN15512 and AS4084 test set-ups, respectively.  341 

The same three upright frame configurations tested in Gilbert et al. [1] with lip-to-lip channel bracing 342 

members, and reported in section 3 are used as a case study in the paper. In addition, to further analyse 343 

the behaviour of the frames, the previous analyses were re-run with back-to-back channel bracing 344 

members. The contribution of the aforementioned factors is analysed for these three frames for both 345 

the AS4084 and EN15512 test set-ups. 346 

6.2. Lip-to-lip bracing configuration 347 

6.2.1 Contribution of factors according to AS4084 test set-up 348 

Table 4 shows the contribution of the analysed factors on the shear stiffness of the upright frames 349 

following the AS4084 test set-up and lip-to-lip bracing configuration. The values in brackets show 350 

the increase in shear stiffness between two consecutive factors. For all upright frames, the effect of 351 

the bolt bending on the frame shear stiffness is less than 5%. This results from the load mainly being 352 

transferred in shear in the bolt from the web of the bracing members to the uprights [7, 21].  353 

From Table 4, the effect of the local deformation at the bracing holes contributes the most to the shear 354 

stiffness for Type A and C upright frames (about 14%). This is explained by higher contact stress at 355 

bracing holes when compared to Type B upright frames due to (i) thinner bracing members used for 356 

Type A upright frames and (ii) a slender cross-section for Type C uprights which is prone to cross-357 

sectional deformation, therefore leading to significant deformations of the uprights at the connections 358 

and high contact forces between the bolts and other elements. This is observed in the FEA by 359 
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plastification occurring at the bracing holes earlier for Types A and C than for Type B upright frames.  360 

The cross-sectional deformation at the ends of the bracing members is found to contribute the most 361 

to the shear stiffness of the frames, especially for Type B upright frames, with the stiffness being 362 

increased by more than 85%. This is attributed to Type B upright being a compact cross-section, 363 

therefore not prone to cross-sectional deformation, and forcing the bracing members to deform with 364 

the upright when it is twisting (Fig. 18). Consequently, local deformation is mainly concentrated to 365 

the flanges of the bracing members. The axial stiffness of the bracing members was found to 366 

contribute more to the overall stiffness of the frame for Type A upright frames (12%) than for Types 367 

B and C.  368 

Regarding the deformation of the uprights, the local deformation at the holes and the cross-sectional 369 

deformation at the connections contribute more to the shear stiffness of the frame for Type C upright 370 

frames than for the other two types. This is due to a slender upright cross-section and consequently 371 

significant cross-sectional deformation of the uprighs at the connections. Having rigid uprights 372 

increases the shear stiffness by 57% and 63% for Types A and B upright frames, respectively. For 373 

Type C upright frames, the upright bending stiffness contributes to the overall stiffness, about 14%.  374 

6.2.2 Contribution of factors according to EN15512 test set-up 375 

In general, when tested using the EN15512 test set-up, the analysed factors contribute to the overall 376 

shear stiffness of the frames following a similar trend than when tested following the AS4084 test 377 

set-up. For Type C upright frames, the axial deformation of bracing members contributes more to the 378 

frame shear stiffness, about 11%, when compared to the AS4084 test set-up. For Type A upright 379 

frames, the local deformation of the upright affects more the overall shear stiffness when tested 380 

following the EN15512 test set-up (about 29%) than when tested following the AS4084 test set-ups 381 

(about 6%). The contribution of the upright bending stiffness is also different between the two test 382 

set-up for Types B and C upright frames. The differences above are attributed to the different loading 383 

directions between the two test set-ups, resulting in different deformations of the frames.  384 

6.3 Contribution of factors affecting the transverse shear stiffness of back-to-back upright frames 385 



6.3.1 Contribution of factors according to AS4084 test set-up 386 

Back-to-back bracing configurations typically show higher shear stiffness than lip-to-lip bracing 387 

configurations [7, 15, 21].  Table 5 shows the contribution of the analysed factors on the shear 388 

stiffness of the back-to-back upright frames following the AS4084 test set-up. The effect of bolt 389 

bending on the shear stiffness is significant due to the back-to-back bracing pattern, now, resulting in 390 

high bending moments in the bolts. This effect is less pronounced for Type A upright frames due to 391 

shorter bolts being used when compared to Type B and C upright frames. 392 

Similar to the lip-to-lip configurations, the effect of the local deformation at the bracing holes 393 

contributes to the frame shear stiffness more for Types A and C upright frames than for Type B. 394 

Cross-sectional deformation at the ends of the bracing members contributes to the shear stiffness 395 

more for Type B upright frames (about 40%) than for the other two types. Unlike the lip-to-lip upright 396 

frames, the axial stiffness of the bracing members is found to significantly contribute to the overall 397 

stiffness of the frame, especially for Type A (141%) upright frames.  398 

Regarding the deformation of the uprights and similar to lip-to-lip upright frames, effect of the local 399 

deformation at the holes and cross-sectional deformation at the connections contribute more to the 400 

shear stiffness, about 7% and 19% respectively, for Type C upright frames than for the other two 401 

types. Upright bending stiffness contributes the most to the shear stiffness for Type A upright frames 402 

(about 55%) and the least for Type C upright frames (about 25%).  In overall, the upright bending 403 

stiffness contributes the most to the shear stiffness of upright frames for all upright types. Compared 404 

to lip-to-lip upright frames, back-to-back frames show less local deformations of the uprights at the 405 

bolted connections. 406 

6.3.2 Contribution of factors according to EN15512 test set-up 407 

Similar to lip-to-lip upright frames, when tested using the EN15512 test set-up, the contribution of 408 

the analysed factors to the overall shear stiffness of the frames presents a similar trend as when tested 409 

following the AS4084 test set-up. When compared to the AS4084 test set-up, the local deformation 410 

at the bolt holes of the bracing members is insignificant and about 3% for all upright frames. Unlike 411 



AS4084 test set-up, the local deformation at the ends of bracing members contributes more to the 412 

shear stiffness for Type A upright frames than Types B and C. The differences above are attributed 413 

to different deformations of the frames due to different loading directions between the two test set-414 

ups. 415 

6.4 Improvement of the transverse shear stiffness of the upright frames  416 

The contribution of the factors affecting the most the transverse shear stiffness of the frames, and 417 

reported in Tables 4 and 5, provides rack manufacturers the possibility to identify and focus on the 418 

key factors to efficiently improve the upright frame performance. For the configurations analysed, 419 

the following structural improvements could be performed: 420 

• For the upright frames with lip-to-lip bracing members, as the local deformation at the end of 421 

the bracing members contributes the most to the overall shear stiffness of the frames, 422 

preventing this local deformation through thicker or stiffer braces would be the most efficient 423 

solution to increase the shear stiffness. Increasing the second moment of area of the upright 424 

through a redesigned cross-section would also impact on the value of the shear stiffness. 425 

• For the upright frames with back-to-back bracing members, as the axial deformation of the 426 

bracing members contributes the most to the overall shear stiffness of the frames, increasing 427 

axial stiffness through braces with larger cross-sectional area would be the most efficient 428 

solution to improve the shear stiffness of the frame. Similar to lip-to-lip upright frames, 429 

thicker braces would also prevent local deformation at the end of bracing members.    430 

 431 

7. Conclusion 432 

In this paper, an advanced shell Finite Element model of bolted cold-formed steel storage rack upright 433 

frames, with channel-bracing members, was developed for both lip-to-lip and back-to-back bracing 434 

configurations. The nonlinear interaction (contact) behaviour between components at the bolted 435 

connections was modelled to capture the local deformation at these locations. Results show that the 436 

FE model is able to accurately capture the shear stiffness of the frames when compared to published 437 



experimental tests, with differences ranging from 2% to 17%. The model was then used to quantify 438 

the contribution of factors influencing the transverse shear stiffness of six configurations of upright 439 

frames, including the deformation of the bolts, bracing members and uprights. Analyses were ran by 440 

deforming the frame following the testing methods in the AS4084 and EN15512 specifications. 441 

Results showed that plastification at the bolt holes starts at an early stage of loading and particularly 442 

for the frames tested following the alternative AS4084 test set-up. For lip-to-lip upright frames, (i) 443 

effect of bolt bending on the shear stiffness is insignificant and is less than 5%. (ii) local deformation 444 

at the end of the bracing members contributes the most to the overall shear stiffness of the frames, 445 

about 62% on average for both the AS4084 and EN15512 test set-ups, and (iii) effect of the upright 446 

bending stiffness on the shear stiffness is significant, about 44% on average for both the AS4084 and 447 

EN15512 test set-ups. For back-to-back upright frames, (i) bolt bending significantly influences the 448 

shear stiffness, 68% on average for the two test set-ups, (ii) unlike the lip-to-lip frames, axial 449 

deformation of bracings significantly influence the frame shear stiffness, about 81% on average for 450 

both the AS4084 and EN15512 test set-ups, and (iii) effect of upright bending stiffness on shear 451 

stiffness is significant, about 35% on average for both the AS4084 and EN15512 test set-ups.  452 
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Table 1   521 

Cross-sectional properties of the uprights and bracing members 522 

Member 
Gross area 

(mm2) 

Imajor axis 

(mm4) 

Iminor axis 

(mm4) 

J 

(mm4) 

Iwarping 

(mm6) 

Upright Type A 484.0 4.34 × 105 1.91 × 105 491.9 2.21 × 108 

Upright Type B 674.0 1.34 × 106 2.60 × 105 802.2 6.00 × 108 

Upright Type C 784.6 2.01 × 106 7.73 × 105 991.6 5.80 × 109 

C35 × 20 × 1.2 100.0 1.83 × 104 4.60 × 103 47.5 1.79 × 106 

C35 × 35 × 1.5 168.6 3.49 × 104 2.43 × 104 125.4 8.45 × 106 

 523 

  524 



Table 2 525 

Average measured material properties of uprights and bracing members 526 

Member E (Mpa) Fy (Mpa)  Fu (Mpa) 

Upright-Type A 202252 375 435 

Upright-Type B 217254 452   499 

Upright-Type C 197116 360 434 

C35 × 20 × 1.2 212656 356 393 

C35 × 35 × 1.5 200218 441 475 

 527 

528 



Table 3 529 
Transverse shear stiffness for FEA and experimental tests  530 

Upright type 

FEA (N/mm) Experiment(1) (N/mm) FEA/Exp 

AS4084 [11] kCti 

Type A upright frame 84 89 0.94 

Type B upright frame 59.4 50.8 1.17 

Type C upright frame 84.4 75.7 1.11 

  Average 1.07 

  CoV (%) 11.0 

 EN215512 [12] kti 

Type A upright frame 1.22 1.14 1.07 

Type B upright frame 0.55 0.56 0.98 

Type C upright frame 0.75 0.78 0.96 

  Average 1.00 

  CoV (%) 6.00 

(1) Average of three tests 531 
532 



Table 4 533 
Contribution of factors on shear stiffness for each structural component- lip-to-lip upright frames 534 

Structural 

component 

                                                            Contribution (Ω) - AS4084 test set-up(1) 

Factors 
Type A upright 

frame 

Type B upright 

frame 

Type C upright 

frame 

 

Bolts 

 

 (a) Bolt bending 

 

1.02 1.03 1.05 

Bracing 

members 

(b) Local deformation at the bolt 

holes 
1.14 1.01 1.13 

(b) + (d) Local deformation at the 

end of braces 
1.64 (+ 0.50) 1.86 (+ 0.85) 1.71 (+ 0.58) 

(b) + (d) + (e) Axial deformation 

of braces 
1.76 (+ 0.12) 1.93 (+ 0.07) 1.73 (+0.02) 

Uprights 

 

 

 

 

(c) Local deformation at the bolt 

holes 
1.01 1.01 1.14 

(c) + (f) Local deformation at the 

connections 
1.07 (+ 0.06) 1.14 (+ 0.13) 1.63 (+ 0.59) 

(c) + (f) + (g) Upright bending 

stiffness 
1.64 (+ 0.57) 1.77 (+ 0.63) 1.77 (+ 0.14) 

                                                                                              Contribution (Ω ) – EN15512 test set-up 

 

Bolts 

 

 (a) Bolt bending 

 

1.02 1.02 1.04 

Bracing 

members 

(b) Local deformation at the bolt 

holes 
1.23 1.02 1.16 

(b) + (d) Local deformation at the 

end of braces 
1.75 (+ 0.52) 1.67 (+ 0.65) 1.75 (+ 0.59) 

(b) + (d) + (e) Axial deformation 

of braces 
1.91 (+ 0.16) 1.73 (+ 0.06) 1.86 (+ 0.11) 

Uprights 

(c) Local deformation at the bolt 

holes 
1.02 1.01 1.07 

(c) + (f) Local deformation at the 

connections 
1.31 (+ 0.29) 1.09 (+ 0.08) 1.56 (+ 0.49) 

(c) + (f) + (g) Upright bending 

stiffness 
1.85 (+ 0.54) 1.45 (+ 0.36) 1.92 (+ 0.36) 

(1) The values in brackets show the increase in shear stiffness between two consecutive factors. 535 
536 



Table 5 537 
Contribution of factors on shear stiffness for each structural component – back-to-back upright frames 538 

Structural 

component 

                                                            Contribution (Ω) - AS4084 test set-up(1) 

Factors 
Type A upright 

frame 

Type B upright 

frame 

Type C upright 

frame 

 

Bolts 

 

 (a) Bolt bending 

 

1.14 1.78 2.02 

Bracing 

members 

(b) Local deformation at the 

bolt holes 
1.12  1.02 1.06 

(b) + (d) Local deformation at 

the end of braces 
1.42 (+0.30) 1.42 (+0.40) 1.30 (+0.24) 

(b) + (d) + (e) Axial 

deformation of braces 
2.81 (+1.41) 2.08 (+0.66) 1.83 (+0.53) 

Uprights 

 

 

 

 

(c) Local deformation at the 

bolt holes 
1.01 1.04 1.07 

(c) + (f) Local deformation at 

the connections 
1.15 (+0.14) 1.18 (+0.14) 1.26 (+0.19) 

(c) + (f) + (g) Upright bending 

stiffness 
1.70 (+0.55) 1.54 (+0.36) 1.51 (+0.25) 

                                                                                              Contribution (Ω ) – EN15512 test set-up 

 

Bolts 

 

 (a) Bolt bending 

 

1.19 1.89 2.03 

Bracing 

members 

(b) Local deformation at the 

bolt holes 
1.03  1.03 1.03 

(b) + (d) Local deformation at 

the end of braces 
1.53 (+0.50) 1.45 (+0.42) 1.36 (+0.33) 

(b) + (d) + (e) Axial 

deformation of braces 
3.80 (+2.27) 2.12 (+0.67) 1.70 (+0.34) 

Uprights 

(c) Local deformation at the 

bolt holes 
1.02 1.06 1.14 

(c) + (f) Local deformation at 

the connections 
1.20 (+0.18) 1.32 (+0.26) 1.53 (+0.39) 

(c) + (f) + (g) Upright bending 

stiffness 
1.64 (+0.44) 1.60 (+0.28) 1.76 (+0.23) 

(1) The values in brackets show the increase in shear stiffness between two consecutive factors. 539 
  540 



  541 

Fig. 1. Elements of a typical rack structure [1] 542 

 543 

Fig. 2.Typical upright frame  544 

 545 

Fig. 3. Upright frame shear stiffness test set-up EN15512 [12]   546 



 547 

Fig. 4. Alternative test set up AS4084 [11]  548 

 549 

Fig. 5. Z-pattern bracing configuration with channel bracing members (d = 948.9 mm, 953.1 mm and 933.5 550 
mm for Types A, B and C upright frames, respectively) 551 

  552 



 553 

Fig. 6. Main dimensions of the uprights (dimensions in mm)  554 



 555 
(a) 556 

 557 
(b) 558 

 559 
(c) 560 

 561 

Fig. 7. Test set-up performed for all types of the upright frames following the alternative method in 562 

AS4084 [11] and Type A upright frame following the EN15512 [12] (shown for Type B upright frame in the 563 

AS4084) (a) overall view of the upright frame (b) vertical restraint during test (c) schematic view of the 564 

vertical restraints 565 

  566 
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 567 
(a) 568 

 569 

 570 

Fig. 8. Test set-up performed following the method in EN15512 [12] for Type B and C upright frames 571 

(shown for Type B upright frame) (a) overall view of the upright frame (b) schematic view of the vertical 572 

restraints along the loaded upright (c) schematic view of the vertical restraints at the free end of the pinned 573 

upright 574 

  575 

(b) 
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 576 

Fig. 9. Vertical restraint used in FE model for the upright frames tested following AS4084 [11] and Type A 577 
upright frame tested following EN15512 [12]  578 

 579 

 580 

 581 
 582 

Fig. 10. Vertical restraint used in FE model for Types B and C upright frames tested following EN15512 583 
[12] (a) Vertical restraints at four locations along the loaded upright (b) Vertical restraint at free end of the 584 

pinned upright 585 
  586 

(b) 
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 588 

Fig. 11. Interactions between elements in bolted connection (master surface shown in red and 589 
slave surface shown in purple) 590 
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 592 

Fig. 12. True stress-strain curves used for all uprights and bracing members 593 

 594 

Fig. 13. FEA and experimental load-deflection curves for AS4084 [11] test set-up, Type A upright frame 595 

 596 



 597 

Fig. 14. FEA and experimental load-deflection curves for AS4084 [11] test set-up, Type B upright frame 598 

 599 

Fig. 15. FEA and experimental load-deflection curves for AS4084 [11] test set-up, Type C upright frame 600 



 601 
Fig. 16. FEA and experimental load-deflection curves for all LVDTs and AS4084 [11] test set up -Type A 602 

upright frame 603 

     604 

 (a)                  (b) 605 

Fig. 17. Deformed shapes following the AS4084 [11] test set-up, Type A upright frame, (a) FEA (with 606 
deformed scale factor of 1.0 and at a displacement of 70 mm) and (b) experimental observations 607 

  608 



 609 

 610 

 611 

                                        612 

                                             (a)                                                                       (b) 613 

Fig. 18. Deformed shapes following the AS4084 [11] test set-up, Type B upright frame, (a) FEA (with 614 
deformed scale factor of 1.0 and at a displacement of 70 mm) and (b) experimental observations 615 

  616 



 617 

 618 

 619 

                              (a)                                                                                 (b) 620 

 621 

                                          (c)                                                                                 (d) 622 

Fig. 19. Deformed shapes following the AS4084 [11] test set-up, Type C upright frame, (a) FEA overall 623 
deformation of the upright frame (with deformed scale factor of 1.0 and at a displacement of 70 mm) (b) 624 

Overall deformation of the upright frame – experimental observations (c) local deformation of the upright at 625 
bolted connection – FEA (d) local deformation of the upright at bolted connection – experimental 626 

observations 627 

  628 



 629 

Fig. 20. FEA and experimental load-deflection curves for EN15512 [12] test set-up, Type A upright frame 630 

 631 

 632 

 633 



 634 
Fig. 21. FEA and experimental load-deflection curves for EN15512 [12] test set-up, Type B upright frame 635 

  636 
 637 

 638 
Fig. 22. FEA and experimental load-deflection curves for EN15512 [12] test set-up, Type C upright frame 639 

  640 



     641 
 (a) (b) 642 

Fig. 23. Deformed shapes following the EN15512 [12] test set-up, Type A upright frame (a) FEA (with 643 
deformed scale factor of 1.0 and at a displacement of 14 mm) and (b) experimental observation  644 

                                                                              645 
 (a) (b) 646 

Fig. 24. EN15512 [12] test set-up deformed shapes, Type B upright frame (a) FEA (with deformed scale 647 
factor of 1.0 and at a displacement of 14 mm) and (b) experimental observation 648 

     649 
 (a)               (b) 650 

Fig. 25. EN15512 [12] test set-up deformed shapes, Type C upright frame (a) FEA (with deformed scale 651 
factor of 1.0 and at a displacement of 14 mm) and (b) experimental observation  652 

 653 


