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1. Introduction 
 

Thin-walled cold-formed (TWCF) steel members 

achieve their strength and stiffness through their complex 

shape. These engineered cross-sections guarantee high load 

carrying capacity with quite limited self-weight and, 

consequently, costs, making them very attractive for 

engineers (Fig. 1) (Dubina et al. 2013). 

Due to the cold-forming processes, the thickness of 

TWCF members is generally not greater than 4mm and, for 

this reason, the profiles are sensitive to local, distortional 

and overall buckling phenomena (Dinis et al. 2014, Choi 

and Kwon 2018, Baldassino et al. 2019a). TWCF sections 

are frequently used in the logistic field, leading to quite 

complex structural systems which design requires specific 

engineering knowledge (Tilburgs 2013, Montuori et al. 

2019). In these structures, the profiles adopted for the 

vertical elements (the so-called uprights) are generally 

characterised by open cross-section with a single axis of 

symmetry (Fig. 2). The non-coincidence between the shear 

centre and the cross-section centroid adds complexity to the 

prediction of the structural behaviour due to the high 

sensitivity to torsional effects. In addition, the need of a 

rapid erection of the rack and of the adjustment of the clear 

height of the bays to the pallet sizes, which could change 

over the time (Chen et al. 2019), requires the presence of 

regular perforation systems along the upright length (Fig. 

2). It is worth noting that there is a great variability in both  
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uprights cross-section geometries and type of perforations, 

that change from manufacturer to manufacturer (e.g. 

circular holes or elliptic and diamond slots), leading to the 

impossibility to define pure theoretical design approaches 

(El Kadi and Kiymaz 2015, Casafont et al. 2018). For the 

aforementioned reasons, the prediction of the load carrying 

capacity of uprights is really complex, as pointed out by the 

attention paid by researchers to this topic over the last 30 

years (Sena Cardoso and Rasmussen 2016, Hancock 2016, 

El Kadi et al. 2017, Baldassino et al. 2019b). 

Recently, great research efforts have been addressed to 

the development of design approaches accounting for the 

presence of perforations in columns and beam-columns 

(Moen 2008). At the moment, the ‘design assisted by 

testing’ approach (EN1990 2002, EN1993-1-3 2005, 

Baldassino and Zandonini 2011, Zandonini et al. 2014) is 

the strategy most commonly adopted in routine design, as 

suggested also by recent rack specifications (RMI 2008, 

EN15512 2009). The tests are essentially used to evaluate 

the ultimate resistance of a structural member or 

subassembly, under given load conditions, or to check the 

in-service behaviour of a structure (or a part of it). As well 

established, the upright design is usually based on the 

effective cross-section properties, i.e., the effective area 

(Aeff) and the effective section moduli (Weff), that are always 

not greater than the associated gross properties (Ag and Wg). 

The assessment of the effective properties is based on the 

maximum load carrying capacity of the components, 

obtained through experimental tests (Rk), whose procedures  
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are accurately described in the Appendix A of the current 

EN15512 standard (EN15512 2009) and of the preliminary 

(pr) version of this standard (prEN15512 2018), which is 

currently subjected to public enquiry. Table 1 deals with the 

two key tests performed on the uprights in order to define 

the reduction factors QN and QM. Term Q is a factor 

representing the ratio between the gross and the effective 

 

 

 

 

 

 

quantities and apexes N and M refer to the axial and the 

bending moment loading condition, respectively. With 

reference to the current rack products, these factors are 

generally comprised between 0.7 and 1.0, where the unity is 

associated with the case of no reduction, i.e. the gross and 

effective cross-section parameters of interest are coincident. 

 

Fig. 1 Structural applications of TWCF steel members (Metalsistem SpA) 

  

Fig. 2 Typical perforated TWCF members, lateral (LS) and frontal (FS) view 

Table 1 Key tests recommended to assess the effective upright properties 

 Stub-column test Four points bending test 

Section properties 

Effective area 
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Test scheme (EN15512 2009, 

Baldassino et al. 2019c) 
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In a rack structure, uprights are usually subjected to a 

combination of bending moments (M) and axial force (N). 

Therefore, their design requires a proper characterisation in 

presence of combined forces, leading to the definition of M-

N resisting domains (Bernuzzi and Simoncelli 2015). 

Although the behaviour of TWCF sections subjected to 

combined axial load and bending moments has been 

experimentally investigated in the past (Torabian et al. 

2015, Talebian et al. 2018), the experimental work on 

perforated storage rack uprights is quite limited (Bonada et 

al. 2016). As an alternative to a pure experimental 

approach, a mixed numerical-analytical approach 

combining FE results and standards formulations can be 

suitably adopted (Bernuzzi and Maxenti 2015). This 

approach, although promising, cannot be simply adopted for 

daily design practice. To deal with this drawback, a study 

focused on the evaluation of the M-N domains by using 

mixed experimental-analytical procedures has been 

performed. This topic is the core of the present paper. Five 

different perforated upright profiles with regular perforation 

systems have been studied and their load carrying capacity 

has been evaluated according to four different design 

alternatives. In the present paper, only the design 

approaches adopted in European standards have been 

considered and compared, although other design 

approaches, e.g. the DSM, are commonly used in other 

countries. The resisting axial load-bending moment 

domains have been defined and compared, considering the 

cases of isolated columns of practical interest for routine 

design. In the study, the method proposed by the 

prEN15512 (prEN15512 2018), which allows for taking 

into account directly for the presence of perforations, has 

been also considered. The advantage of this quite novel 

approach relies on the possibility to identify an ‘equivalent’ 

solid cross-section to include the influence of the 

perforations. 

 

 

2. The considered cases 
 

Rack design, as in traditional carpentry steel frames, is 

carried out in two subsequent steps: 

 structural frame analysis to evaluate the set of the 

generalised forces in each structural component; 

 safety checks, carried out on isolated members and 

joints. 

 

 

 

In the paper, attention is addressed to isolated uprights 

with mono-symmetric cross-section subjected, at the 

member ends, to axial loads and bending moments about 

the section symmetry axis (y axis) (Fig. 3). This loading 

condition is representative of the rack response in the down-

aisle direction, which is, in general, the most critical one for 

practical design purposes. In the study herein considered, 

reference is made to the following parameters: 

 the upright geometry: five different cross-sections, 

conventionally named U, S, M, R and T, have been 

considered (Fig. 4), which have been previously tested 

in compression and in bending according to European 

standard code (EN15512 2009). Table 2 summarises the 

main properties of the cross-sections. In particular, the 

values of the squash load (Ag∙fy) and the elastic bending 

moment (Wy,g∙fy) are reported to allow for a general 

appraisal of the member performances. The area (Ag) 

and the section modulus (Wy,g) are referred to the gross 

cross-section and fy is the nominal yielding strength 

(steel grade S350GD). Table 2 reports also the ratios 

between the second moments of area associated with the 

section principal axes (Iy,g/Iz,g), the uniform torsional and 

warping second moments of area (It,g and Iw,g, 

respectively) and the ys/t ratio, i.e. the distance between 

the shear centre and the centroid (ys) over the thickness 

(t). No additional data are reported because of the 

confidentiality required by manufactures for their 

patented products herein considered. The differences in 

terms of perforation system can be appraised in Fig. 4, 

where the QN and QM values, evaluated on the basis of 

experimental results, are also reported; 

 the load condition: a constant axial load is combined 

with a gradient bending moment expressed by means of 

the term ψ, i.e. the ratio between the minimum and the 

maximum end bending moment values (Fig. 3). Three ψ 

values have been considered: ψ=1 (uniform moment), 

ψ=0 (no moment at one end) and ψ=-1 (opposite 

moments at the two ends). At this aim, axial loads have 

been applied to the ends considering 13 different 

eccentricity values (e), evaluated with respect to the 

centroid of the gross cross-section, ranging from zero 

(column) to the infinite (beam); 

 the member slenderness: reference has been made to 

three different values of the effective length of practical 

interest for routine design: L=1m, which is typical of  

 

 

Fig. 3 Isolated member under axial load and gradient moment 
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racks braced in the down-aisle direction, L=2m and 

L=3m, which are generally associated to unbraced racks. 

 

 

 

 

 

 

 

3. The equivalent cross-section 
 

As expected and well-established, member perforations 

remarkably influence the uprights performance. 

Nevertheless, taking into account the effects of 

perforations is not an easy task, as already discussed in  

 

 

Fig. 4 Global view of the cross-sections considered in the study 

Table 2 Key data of the considered uprights cross-sections 

 S U M R T 

Ag∙fy [kN] 182.83 260.87 205.55 357.38 239.27 

Wy,g∙fy [kNm] 3.59 9.10 4.37 13.25 8.58 

Iy,g/Iz,g 1.16 1.72 0.99 2.19 5.18 

It,g [mm4] 306.5 408.1 619.0 2051.5 972.1 

Iw,g [mm6] 1.90·109 4.9·109 1.6·109 5.6·109 6.0·108 

ys/t 49.0 67.9 38.5 31.1 25.2 
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literature (Moen 2008, Casafont et al. 2013). A quite 

‘innovative’ approach is included in the Annex G of the 

prEN15512 standard (prEN15512 2018), which accounts 

for regular perforations by locally reducing the profile 

thickness to obtain an equivalent solid cross-section, 

divided into strips of different thicknesses (Fig. 5). For a 

cross-section derived from a coil having a thickness of t, the 

equivalent thickness ti of each strip containing one pattern 

of perforations is evaluated according to Eq. (1(a)) 

i

iiii
i

h

whh
tt







       Ni ,...,1  (1a) 

where wi and hi are the width and the height of the 

perforations (conveniently substituted by di in case of 

circular perforations) and Δhi represents the distance 

between the regular perforations along the cross-section. 

Term ξi is a suitable influence factor defined as 

5.1
2





i

ii
i

w

hh
  (1b) 

Once defined the equivalent cross-section, all the 

geometric properties can be evaluated according to well-

established procedures, i.e., the use of appropriate software 

or by applying the calculation methods given, for example, 

in EN 1993-1-3 (EN1993-1-3 2005).  

Table 3 presents, for the uprights considered in this 

study, the ratios between the equivalent geometric 

properties (pedix eq) obtained by applying Eqs. (1) and the 

gross (pedix g) ones. 

The values reported in the table stress out the importance 

of the perforations system. In particular, the area and second 

moments of area ratios have differences up to 15%, while 

the influence on the torsional parameters is more severe 

 

 

 

 

 

 

and up to 24%. It is worth noting that the introduction of the 

equivalent section is the first attempt provided by the 

European standards to take analytically into account the 

influence of the perforations. The work described in this 

paper provides a first attempt of application of this 

approach on the uprights design. 

 

 

4. The EU design procedure 
 

As mentioned before, four different European design 

procedures have been considered in the study. Specifically, 

reference is made to the design procedures addressed in: 

 EN15512 (EN15512 2009) which is the standard 

addressed to the steel storage racks static design; 

 part 1-3 of Eurocode 3 (EN1993-1-3 2005); 

 part 1-1 of Eurocode 3, specifically the General 

Method (GEM) (EN1993-1-1 2005); 

 prEN version of EN15512 (prEN15512 2018), that 

also coincides with the approach proposed in the final 

draft of EN1993-1-3 document (EN1993-1-3 2018). 

In the following, these four approaches are shortly 

introduced and applied to the considered uprights. 

 

4.1 Verification in accordance with EN15512 
 

The European design of steel storage pallet systems is 

usually carried out on the basis of the EN15512 (EN15512 

2009), which is addressed to static design of pallet racking 

systems. In particular, for beam-columns, when the lateral-

torsional buckling is taken into account, the following 

condition has to be fulfilled 

  

Fig. 5 The equivalent section, according to Annex G of prEN15512 (2018) 

Table 3 Comparison of equivalent and gross geometric properties 

Sections Aeq/Ag Iy,eq/Iy,g Iz,eq/Iz,g It,eq/It,g Iw,eq/Iw,g 

S 0.85 0.85 0.85 0.76 0.86 

U 0.88 0.87 0.89 0.81 0.88 

M 0.88 0.94 0.91 0.82 0.91 

R 0.90 0.90 0.95 0.82 0.93 

T 0.97 0.87 0.94 0.84 0.82 
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(2) 

in which χ is the reduction factor accounting for the 

buckling phenomena (flexural, torsional or flexural-

torsional) as explained in the following, fy is the material 

yielding strength, Aeff and Weff,y are, the effective area and 

the effective cross-section modulus about the principal 

cross-section symmetry axis (y axis) of the section, 

respectively, and γM is the material safety factor.  

Referring to the reduction factors, χmin is the smallest of 

the reduction factors accounting for global and distortional 

buckling modes. While the former can be theoretically 

evaluated, the latter can be appraised only via experimental 

tests (as stated in the code). The suitable reduction factor χ 

is defined as 

1
1

22









  
(3) 

where 

 





 
2

2.015.0   (4) 

The imperfection factor α depends on the buckling curve 

selected on the basis of the type of cold-formed section and 

on the buckling axis. The relative slenderness for an 

element in pure compression   is defined as 

cr

yeff

N

fA
  (5) 

in which Ncr is the elastic critical load of the gross cross-

section for the appropriate buckling mode that can be 

determined via suitable theoretical approaches (Dubina et 

al. 2013), as shown in Appendix A. 

As to the bending moment contribution (second term in 

Eq. (2)), the reduction factor for lateral-torsional buckling 

χLT is determined as defined in Eq. (3) by substituting 

coefficients φ and α with φLT and αLT, respectively. 

Furthermore, the relative slenderness for axial load (  ) in 

Eqs. (3) and (4) has to be replaced by the one for the lateral-

torsional bending buckling ( LT ), defined as 

Bcr

yyeff
LT

M

fW

,

,
  (6) 

where the term Mcr,B is the elastic critical moment of the 

gross cross-section for lateral-torsional buckling that can be 

determined via theoretical approaches (Dubina et al. 2013), 

as reported in Appendix A. 

Term kLT of Eq. (2) is given by the expression 

11 
yeffz

EdLT
LT

fA

N
k




 (7) 

with 

  9.0115.0 ,  LTMzLT   (8) 

where ( z ) is the relative slenderness for flexural buckling 

about the z axis (principal non-symmetry axis) in 

accordance with Eq. (5), and βM,LT is an equivalent uniform 

moment factor for lateral-torsional buckling, accounting for 

the bending moment distribution between two subsequent 

braced points. If reference is made to the loading case 

reported in Fig. 3, where ψ is the ratio between minimum 

and maximum end bending moment values ranging between 

-1 and 1, βM,LT is given by the expression 

 7.08.1, LTM  (9) 

It should be noted that this design approach was already 

proposed in the previous version of Eurocode 3 (ENV1993-

1-1 1992) but it was removed from the EN versions 

(EN1993-1-1 2005) due to its inaccuracy, not only for 

members having mono-symmetric cross-section, but, in 

several cases, also for bi-symmetric beam-column cross-

sections. Furthermore, no practical indications are given to 

designers for what concerns the elastic buckling interaction 

between axial force and bending moment. 

 

4.2 Verification in accordance with EN1993-1-3 
 

As an alternative, reference can be made to the 

European standard for the design of cold-formed members, 

i.e., Eurocode 3 part 1-3 (EN1993-1-3 2005). Upright 

verification check is satisfied when 
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where Nb,Rd is the column design buckling resistance (for 

flexural, torsional or torsional-flexural buckling) and Mb,Rd 

is the beam design bending moment resistance, accounting 

for lateral-torsional buckling. Owing to the absence of 

specific rules to evaluate the effective cross-section 

properties of perforated members, both Nb,Rd and Mb,Rd have 

been evaluated as reported in the previous sub-section. 

If the design approaches proposed by EN15512 and 

EN1993-1-3 are compared, it can be observed that the only 

differences between Eq. (10) and Eq. (2) rely in the 

presence of the exponents 0.8 and the absence of term kLT in 

the bending moment contribution. 

 

4.3 Verification in accordance with EN1993-1-1 
 

For the stability checks of structural components having 

geometrical, loading and/or supporting irregularities, 

Eurocode 3 in its part 1-1 proposes a quite innovative 

design approach, that is the so-called general method 

(GEM) (EN1993-1-1 2005). Uprights sections can be 

considered a typical example of these not-standard 

structural components, being characterised by mono-

symmetric cross-sections as well as by the presence of 

perforations.  

According to the general method, overall out-of-plane 

buckling resistance is verified when 
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where αult,k is the minimum load multiplier evaluated with 

reference to the cross-section resistance taking into account 

its in plane behaviour without considering lateral or lateral-

torsional buckling, χop is the buckling reduction factor 

referred to the overall structural system accounting for 

lateral or lateral-torsional buckling and γM is the material 

safety factor. 

The buckling reduction factor χop should be evaluated on 

the basis of relative frame slenderness op  of the 

structural component, which is defined as 

opcr

kult
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,

,




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where αcr,op is the minimum buckling multiplier, considering 

the lateral or lateral-torsional buckling and without 

accounting for in-plane flexural buckling.  

The reduction factor χop can be taken equal to the 

minimum value between the one for lateral buckling (χ) and 

the one for lateral-torsional buckling (χLT) appraised 

according to Eq. (3), considering the global relative 

slenderness op . 

The ultimate load multiplier for resistance, αult,k, is 

appraised as 
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where NRk and My,Rk are the squash load and the first 

yielding moment, respectively, of the effective cross-

section, as recommended by Eurocode 3. 

By combining Eqs. (11) and (13), it results 
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Eurocode 3 part 1-1 suggests a FE approach for the 

evaluation of αcr,op which is not a viable strategy for the 

daily design practice. In the present study, it has been 

assumed that 
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that could be written also as 
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where Ncr and Mcr,B are the elastic critical load and the beam 

elastic critical moment, respectively, whose relationships 

are reported in Appendix A. Furthermore, for their 

evaluation the equivalent cross-section defined in section 3 

has been considered. 

 

 

 

4.4 Verification in accordance with prEN15512 
 
In this study, the prEN15512 (prEN15512 2018) 

standard has been also considered. It is worth noting that 

the prEN15512 approach is analogous to the one proposed 

in the first draft of the Eurocode 3 part 1-3 (EN1993-1-3 

2018), with the only difference that prEN15512 requires the 

use of the equivalent section introduced in section 3. 

The following interaction formula, reduced for the case 

of beam-columns subjected solely to one bending moment 

(i.e., My,Ed), are proposed: 
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where the reduction factors χ can be evaluated via Eq. (3) 

by considering the equivalent cross-section (§3).  

Terms NRd and My,Rd are the squash load and the first 

yielding moment, respectively, evaluated considering the 

effective section properties. The exponents A and B depend 

on the reduction factors χ (Eq. (3)) and on the ratios μy or μz 

given by expressions 
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It is worth noting that the Code does not provide details 

about the evaluation of Wel and, as a consequence, the 

Authors decided to use Wel of the equivalent section.  

The interaction factors Cx,y and Cx,LT, accounting for the 

variation of the moments along the member, for a specific 

cross-section location along the member, are defined as 

follows 
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where Lcr,y and Lcr,LT are the buckling lengths for the 

relevant buckling mode, while xs defines the position of the 

cross-section under consideration. In the analyses herein 

presented, xs=L/2 has been considered. 

 

 

5. Resisting domains 
 

For each of the previous discussed methods and for each  
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of the five considered cross-sections, the resisting beam-

column domain has been evaluated by imposing the unity as 

final result of the verification check equation, i.e., the 

design load corresponding to the load carrying capacity has 

been determinated. Typical domains are reported in Fig. 6, 

which is related, as an example, to the T cross-section 

(Table 2, Fig. 3) with a length of 2 m and a bending 

distribution parameter ψ=-1. The domains are proposed in 

the non-dimensional mRd-nRd form: mRd is the ratio between 

the bending resistance over the pure bending resistance 

based on the equivalent cross-section used to evaluate the 

lateral buckling load. Similarly, nRd has been obtained 

dividing the axial resistance by the pure axial resistance 

evaluated by considering the critical buckling load 

associated with the equivalent cross-section. In the same 

figure, the linear domain is presented too, by means of a 

dashed line. It is worth noting that, in Figs. 6-10 the nRd 

related to both the EN1993-1-3 and EN15512 approaches 

are greater than 1.0 due to the use of the equivalent cross-

section to evaluate the non-dimensional terms. 

 

 

 

 

A similar trend of the domains has been observed also 

for the other considered sections, as it appears in Figs. 7-10. 

To limit the length of the paper, only the domains related to 

the load condition ψ=-1 and to the member length of 2m 

have been reported in these figures that are however 

representative for all the other cases. 

It can be noted that, considering the case of pure axial 

load and pure bending moment, the EN15512 and the 

EN1993-1-3 approaches give the same values, that are 

slightly higher than the ones obtained with the other two 

approaches. This is due to the different section properties 

considered to evaluate the buckling loads (i.e., effective 

cross-section vs. gross cross-section). Independently of the 

profile, the EN15512 domain is always represented by a 

straight line while the EN1993-1-3 one always presents a 

concavity, with values lower than the ones associated with 

the EN15512. The GEM approach is influenced by the 

profile shape, resulting in a quite linear or a strongly non-

linear domain, as in case of R- and M-upright, respectively. 

 

 

Fig. 6 mRd-nRd domains for the T section 

 

Fig. 7 mRd-nRd domains for the R section 
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Fig. 8 mRd-nRd domains for the M section 

 

Fig. 9 mRd-nRd domains for the S section 

 

Fig. 10 mRd-nRd domains for the U section 
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Focusing attention on the prEN15512 method, which is 

of great interest for designers, it can be noted that the 

associated domains are always convex. Fig. 11 presents, as 

an example, the domains for all the considered cases 

associated with the R cross-section: increasing the length of 

the upright, the convexity increases, too. The curves 

associated with ψ=-1 and ψ=0 are practically coincident, 

slightly different from the ones associated with ψ=1, owing 

to the more severe condition with respect to the compressed 

part of the member. 

In order to compare the outcomes of the considered 

approaches, for each L-th design procedure, the Load 

Carrying Capacity index (LCCL) has been introduced. LCCL 

is defined as shown in Fig. 12 and evaluated as 

   22 L
Rd

L
Rd

L nmLCC   (20) 

To compare the different approaches, reference has been 

made to the LCCsline that is the value associated with the 

simplified linear domain (dashed lines in Figs. 6-10). The 

LCCL/LCCsline ratios are shown in Fig. 13. 

 

 

 

In the figure, all the results are presented by 

distinguishing only the length values, i.e., different cross-

sections and load conditions have been grouped together. 

The figure is divided in four quadrants: 

 quadrant A, which compares the GEM and the EC3-

1-3 approaches; 

 quadrant B, which compares the EN15512 and the 

EC3-1-3 approaches; 

 quadrant C, which compares the EN15512 and the 

prEN15512 approaches; 

 quadrant D, which compares the GEM and the 

prEN15512 approaches. 

In each quadrant, the vertical and horizontal straight 

lines in correspondence of unity allow identifying how the 

domain associated with the considered method is close to 

the linear one, i.e. the closer the markers to the unity line 

and the closer the LCCL to the LCCsline. In particular, it can 

be noted that: 

 

 

 

Fig. 11 mRd-nRd domains for the R section, according to prEN15512 (prEN15512 2018) approach 

 

Fig. 12 mRd-nRd domains and LCCL definition 
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 the markers associated with the GEM domains are in 

the range 0.99-1.12 showing that the related load 

carrying capacities are higher but close to the ones 

associated with the linear domains; 

 both the EN15512 and prEN15512 approaches lead 

to LCCL/LCCsline ratios higher than the unity. In details, 

the LCCEN15512/LCCsline and the LCCprEN15512/LCCsline 

ratios are up to 1.37 and 1.27, respectively; 

 unlike the previous approaches, in several cases the 

EC3-1-3 one is more severe than the linear 

approximation, in fact, the most of the markers are in 

the range 0.85-1. 

A direct comparison between the different methods can 

be performed by considering the bisector lines in Fig. 13: 

being the cross-section, the length of profiles and the 

loading case the same, the two methods give the same 

output when the related marker is on the bisector line. In 

addition, each sub-domain defined by the bisector line 

allows to identify the method which provides higher values 

in terms of load carrying capacity. The comparison between 

the methods shows that: 

 GEM vs. EC3-1-3 methods (quadrant A): the 

application of GEM leads, in general, to load carrying 

capacity values greater than the ones of the EC3-1-3. 

When the length of the profiles increases (L=3 m) a 

clear trend can not be identified; 

 EN15512 vs. EC3-1-3 methods (quadrant B): the 

EN15512 load carrying capacity values are greater that 

the EC3-1-3 ones and, in few cases, the methods lead to 

the same results; 

 

 

 

 EN15512 vs. prEN15512 methods (quadrant C): in 

the most of the considered cases (89%) the prEN15512 

method results more conservative than the EN15512 one; 

 GEM vs. prEN15512 methods (quadrant D): a clear 

trend can not be identified, although, for the shortest 

length (1 m), the prEN15512 leads to higher load 

carrying capacity values than the GEM. 

As a general conclusion, it can be noted that the 

differences between the considered design alternatives are 

not negligible for practical design purposes: greater than 

30%. From an engineering point of view, the application of 

one approach rather than another strongly affects the design 

output, reflecting in considerably different weights and 

costs of the storage system. 

To get an appraisal about the effect of the selection of 

one method rather than another, Fig. 14 presents, for each 

L-th method, the ratios between LCCL and the minimum 

LCC appraised amongst the four design alternatives 

(LCCmin). It can be noted that differences between the 

performances predicted by the four different methods are 

non-negligible and are up to 40%. In detail, it is worth 

noting that, frequently, the EN 1993-1-3 method is the most 

conservative, while the most ‘generous’ ones are the 

EN15512 and the prEN15512. As an example, if the value 

of 1.15 is considered, it can be noted that it is exceeded by 

62% of LCCEN15512/LCCmin ratios and by 24% of 

LCCprEN15512/LCCmin ratios while decrease up to 6% and 

18% for LCCEC3-1-3/LCCmin and LCCGEM/LCCmin, 

respectively. 

 

 

Fig. 13 Comparison between all the EU design approaches 
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Finally, focusing on the differences between the new 

and the current approach recommended in the EU rack 

design codes, Fig. 15 presents the distribution of the 

LCCprEN15512/LCCEN15512 ratio. It can be noted that, 

independently of the cross-section type, the results are 

mainly lower than unity, therefore the prEN15512 method 

is, in general, more conservative than the EN15512 one. 

Differences are higher in the case of slender beam-columns 

(L=3m), especially with ψ=-1, and they became lower than 

8% in case of L=1 m with constant bending distribution, 

i.e., ψ=1. 

 

 

6. Conclusions 
 

The behaviour of rack uprights, that are usually cold-

formed thin-walled profiles, is quite complex to predict 

because of the interactions between different forms of 

instability and the presence of perforations. Safety reasons 

and economical aspects stress the need of an optimized 

design of these elements which result in complex cross-

section geometries further increasing the design difficulties. 

 

 

 

The design procedures usually adopted for these kind of 

profiles are based on the so-called ‘design by testing’, 

which combines experimental results and analytical 

equations. In case of axial force and bending moment acting 

on the member, as for the rack uprights, the design should 

properly take into account the interaction between the 

generalised forces. A viable approach seems represented by 

the determination of the M-N resisting domains, that is the 

issue investigated in the paper. 

Four different European design alternatives have been 

considered and, accordingly, the M-N domains have been 

determined and compared for a set of cases of practical 

interest for design purposes. In details, five perforated rack 

uprights with different cross-section have been considered, 

analyzing three different length values and three bending 

moment distributions. The M-N domains have been 

obtained by applying eccentric axial forces with 

eccentricities ranging from 0 (pure axial force) to infinite 

(pure bending moment). 

From the discussed research outcomes, it can be pointed 

out that: 

 

Fig. 14 Frequency distribution of LCCL/LCCmin ratio considering all the cases 

 

Fig. 15 Frequency distribution of LCCprEN15512/LCCEN15512 ratio grouping all the cases 
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 the prEN15512 is the only standard which explicitly 

takes into account the presence of perforations through 

the introduction of an equivalent cross-section. For the 

considered cases, the use of the equivalent section leads 

to a reduction of the geometrical properties of the gross 

section up to 24%; 

 the non-dimensional resisting domains (mRd-nRd) 

associated to the considered methods differ for both the 

shape and the load carrying capacity with differences up 

to 40%; 

 the approach proposed by the prEN15512 is more 

conservative than the one proposed in the EN15512: 

differences are up to 20%; 

 the general trend of the non-dimensional domains is 

quite independent on the bending moment distribution 

(ψ value) and on the cross-section shape. 

As a general comment, it can be remarked that the EU 

standards investigated in this paper prescribe quite different 

design approaches for beam-column which are not always 

clearly detailed. This could lead to design assumptions 

reflecting, as demonstrated by the discussed data, in 

different values of the load carrying capacity. Finally, it is 

worth noting that, in the framework of this study, tests on 

full scale unbraced racks have been planned (Gelmini and 

di Gioia 2017) in order to allow for a more accurate 

appraisal of the safety associated with these considered 

methods. 
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Appendix A. Definition of the buckling equations 
 

This appendix summarises the basic equations for the 

evaluation of the elastic buckling loads of an isolated 

member subjected to pure compression or to pure bending. 

 

Column buckling loads 
As well-established, the elastic critical buckling load, 

for a member with a non-symmetric cross-section under 

compression, is the minimum between the buckling loads 

associated with flexural, torsional and flexural-torsional 

modes, evaluated as follows. 

 

Flexural buckling. Assuming y and z as the principal 

axes of the cross-section, the critical flexural buckling load 

Ncr,F is defined as 
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where E is the Young’s modulus, Iy and Iz are the second 

moment of area along the principal directions and Ly and Lz 

are the associated effective buckling lengths. 

 

Torsional buckling. The critical torsional buckling load 

Ncr,T is defined as 
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where G is the shear modulus, It is the Saint Venant 

constant, Iw is the warping constant, iy and iz are the 

sectional radii, LT is the torsional buckling length, ys is the 

shear centre distance from the centroid of the cross-section. 

 

Flexural-torsional buckling. It represents the 

combination of the previous buckling modes. For a section 

with y as the symmetry axis, the critical load Ncr,FT is 

defined as 
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Beam buckling moment 
The elastic critical moment (Mcr) for a simply supported 

element subjected to pure bending moment, can be obtained 

as 
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where: 

 L  length of the beam between the two 

supports; 

 E, G Young and shear moduli, respectively; 

 C1, C2, C3  coefficients depending on the actual 

distribution of the bending moment along the element 

(Boissonnade et al. 2006); 

 zg distance between the point of load 

application and the shear centre of the profile; 

 kz, kw coefficients depending on the boundary 

condition related to the lateral displacements and 

warping; 

 Iz second moment of area around the axis 

of buckling; 

 Iw warping torsion constant; 

 It Saint Venant torsion constant; 

 βy Wagner term accounting for the non-

symmetry of the profiles. 

The Wagner term can be evaluated as 
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