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Abstract

The present paper summarizes the numerical investigation on two perforated pallet
rack upright sections in the interactive buckling range using erosion of critical
bifurcation load (ECBL) approach. The numerical models were calibrated against
the results of an extensive experimental program carried out at the CEMSIG
Research Center within Civil Engineering Faculty of “Politehnica” University of
Timisoara.

The experimental program was based on the guidelines of the pallet rack systems
design code EN15512:2009 and comprises stub column tests, tests on upright
sections with the length equal with the distance between two subsequent nodes, tests
on upright sections having the critical length corresponding to distortional buckling
and tests on uprights having the length (calibrated using the ECBL approach) in the
interactive buckling range. Besides the experimental tests on perforated sections,
foreseen by EN15512:2009, unperforated sections were tested in order to determine
the influence of perforations on sectional capacity and on buckling resistance. Also,
within the experimental program were determined the mechanical properties of base
material, the mechanical properties of material extracted from cold-formed section,
the residual stresses and the geometric imperfections, sectional and overall.

For numerical analysis, the commercial finite element software package
ABAQUS was used. The numerical analyses were conducted in order to extend the
experimental database and to obtain more information regarding the behaviour of
studied sections. Using the calibrated numerical models, a sensitivity analysis was
performed in order to identify the critical geometric imperfections based on the
maximum erosion of critical load. Further, based on the ECBL approach and using
the numerically obtained compression capacity for studied sections, the practical
erosion was computed, and based on its design value the o imperfection factor was
calibrated. From the point of view of design procedure, the perforations can be
treated as geometric imperfections. The presence of perforations increase the value
of the a imperfection factor. The numerically results obtained were compared with



the experimental tests and the results obtained using design procedure defined in
EN15512:20009.

Keywords: erosion of critical bifurcation load, erosion coefficient, imperfection
factor, rack, upright, finite element method.

1 Introduction

Pallet rack uprights systems are usually made of thin-walled cold-formed steel
sections that contain arrays of holes along the longitudinal axis of the member.
These perforations allows for hook-in end connectors to be used in order to obtain
the so called hook-in beam-to-column connections.

Despite their lightness, these structural systems are able to carry very high loads
and can also raise considerable height. Usually, upright members are of mono-
symmetrical sections, subjected to axial compression and bending about both axes.
The complex shape for these sections is determined based on two considerations:
ease of assembling and structural efficiency (cost effective).

The design of these structures is based on experimental tests prescribed by
specific codes. Organizations like Fédération Européenne de la Manutention, Rack
Manufacturers Institute, German Institute for Quality Assurance and Marketing and
Storage Equipment Manufacturing Association developed and published norms and
design recommendations: [1], [2], [3], [4]. In 2008, in Europe was submitted for
approval the pre-norm prEN15512:2008 [5], which in March 2009 was accepted and
published in its final form as EN15512:2009 [6].

According to European design code, EN15512 [6], tests on: (1) stub columns, to
determine the influence of perforations and local buckling on the ultimate capacity
of the cross-sections and, (2) tests on specimens of length equal to the distance
between two subsequent nodes of upright members, to check the effects of
distortional buckling, are requested only for single sections. Additional, upright
frame units are tested in compression, with the force applied on a single branch, in
order to observe the global instability behaviour of upright members.

However, depending on the cross-section dimensions, the distance between two
subsequent nodes is often larger than distortional critical length and, in such cases
the test results correspond rather to the distortional-global interaction, than to pure
distortion. For the consistency of testing with the target phenomenon, specimens
having the lengths corresponding to pure distortional buckling would be necessary
to be tested and after, the distortion characteristic load could be used in the
interactive distortional-overall buckling strength analytical evaluation.

To study the problem of buckling mode interaction involving coupling between
distortional and overall modes an extensive experimental program would be required
in order to determine, experimentally, the erosion of buckling strength for perforated
sections in compression, as well the effect of imperfection.

To reduce the number of experimental tests, the European design code [6] allows
for the use of numerical approaches that takes rational account the influence of
perforations (i.e. finite element analysis), providing that the models are validated by
relevant tests.



2 Literature review

As mentioned before, the optimized shape of pallet rack structures lead to complex
shape for these sections, determined based on two considerations: ease of
assembling and structural efficiency (cost effective). In order to raise the buckling
strengths of the webs, small groove stiffeners were folded in. This eliminated the
local buckling problem, but created what Thomasson [7] called a “local-torsional”
problem — i.e. distortional buckling. The research regarding the behaviour of cold-
formed steel columns began in the 1940’s. Since then, distortional buckling came in
and out of the spotlight under different names. Schafer and Hancock [8] present a
detailed history of distortional buckling for columns, including the use of numerical
methods for the study of different instability problems.

The significant progress from the last two decades in application of numerical
techniques for the simulation of complex behaviour of cold-formed steel members,
including interactive buckling, enabled for applying the so called numerical testing
instead of laboratory tests. Of course, it is still necessary to calibrate the numerical
models by a reference test, but after that, those models can be reliable enough to
replace the actual experimental tests.

A very important part in numerical analysis of thin walled section is played by
linear buckling analysis. It can be used to analyse and approximately predict the
buckling behaviour of a member, and, in the same time, modern design procedures
for member stability checks are based on the outcome of such analysis. Three
methods can be applied to perform linear buckling analyses: the finite strip method
(FSM), the generalized beam theory (GBT) and the finite element method (FEM).

Two general reports related to numerical models and methods applied in the
simulation, presented in two editions of Coupled Instability in Metal Structures
Conferences, CIMS 1996 and 2000, by Rasmussen [10] and Sridharan [11],
reviewed the main contributions and milestones in the progress at the date. They
concluded the most used computational models are the ones applying the semi-
analytical [12] and spline finite strip [13] and the finite element methods [14]. At
CIMS 2008, summarizing the advances and developments of computational
modelling of cold-formed steel, Schafer [15] emphasized that the primarily focus is
the use of semi-analytical finite strip method, considering the implementation of the
constrained finite strip method (cFSM) [16]. This method allows for discrete
separation of local, distortional and global deformations, and collapse modelling
using shell finite elements.

A good alternative to that is the application of modal decomposition via
generalised beam theory (GBT), method which achieved a significant development
in the last decade by works of the Lisbon team led by Camotim [1], which makes
possible to select the deformation modes to be considered in the analysis. At this
moment it is possibly to analyse with GBT members made of one or several
isotropic or orthotropic materials, with various common support conditions.

Camotim et al. [18] summarise the main concepts and procedures involved in
performing a GBT buckling analysis together with the development and numerical
implementation of a GBT-based beam finite element formulation, which includes
local, distortional and global deformation modes and can handle general loadings.



GBT-based results were compared with values yielded by shell finite element
analyses; despite the huge difference between the numbers of degrees of freedom
involved in the two analyses (orders of magnitude apart), an excellent agreement
was found in all cases.

The problem when both GBT and FSM/cFSM when applied to pallet rack upright
sections is that they cannot deal with perforations. These methods can only consider
variations at the cross-section level and cannot easily reproduce any discrete
variation along the length of the member. However, in view of the advantages that
the use of GBT and FSM offer, it is worth trying to expand their application to
perforated rack columns. The FEM is the most versatile, since it can be easily
adapted to complex geometries and different load and member end conditions.
However, its computational cost is high and it is usually implemented in difficult to
learn software.

Numerous investigations on the design of perforated cold-formed steel members
can be found in the scientific literature. The holes in are usually isolated or far apart
from each other and their size is, usually, large. Szabo & Dubina [19] and Moen &
Schafer [20] adapted the effective width method and, respectively, the DSM [21] for
members with perforations.

Pallet rack columns, on the other hand, present smaller perforations that are
uniformly distributed all along their length to facilitate the connection with the other
members of the structure. Several investigations on this type of perforated members
were conducted in order to develop an analytical design method to reduce the
number of experimental testing.

Preliminary calculations on rack columns, applying the direct strength method
(DSM), were carried out by Casafont et al. [22].

Conventional procedures for member stability checks based on buckling curves
would be much more practical if they could be adapted for members with perforated
walls.

Present paper presents the numerical approach for the study of buckling modes
interaction (distortional and overall). A numerical imperfection sensitivity study was
conducted in order to determine the maximum erosion of critical bifurcation load
due to mode coupling, imperfections and perforations. Using the ECBL approach
[23] the maximum value of erosion was computed and based on its value, a
corresponding imperfection factor.

3 Experimental and numerical data

3.1 Experimental program

The cross-section shapes of studied sections, both for brut and perforated (i.e. net)
sections are shown in Figure 1. Two series have been tested, RS125%3.2 and
RS95x%2.6, of perforated-to-brut cross-section ratios, An/Ag, of 0.806 and 0.760,
respectively.
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Figure 1: Specimen cross-section — brut (RSB) and perforated (RSN)

Figure 2 presents the perforation details for the studied cross-sections. The pitch
i1s 50mm for both studied sections, RSN125x3.2 and RSN95x2.6 respectively.
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Figure 2: Perforation details

The experimental program, based on the specifications of European design code
[6] comprises four types of compression tests, as follows: (1) Stub columns (s); (2)
Upright member specimens for distortional buckling (u); (3) Specimens of lengths
equal with the half-wave length of distortional buckling (d); (4) Specimens of
lengths corresponding to interactive buckling range (c).

The test setup was approximately the same for all tested specimens. The
compression load was transmitted to the base plates via 30 mm thick pressure pads
(to avoid the undesired deformations of the pads during the test). The pressure pads
were prepared with a 5 mm indentation in order to receive a 40 mm diameter steel
ball bearing. The test setup for stub column test is presented in detail in Figure 3 (a
is base/cap plate, b is buckling length of the specimen and c is the length of the cold-
formed stub upright).

The ball bearing was positioned on the symmetry axis of the cross section in
between the position of gross and the minimum cross section centres of gravity.

The theoretical position of the ball bearing was on the same line with gravity
centres at the both ends, in order to avoid any accidental loads. For obtaining a static
load, the specimens were loaded in displacement control at a steady rate of 0.2
mm/minute.



* 230mm

Pressure pad

& \;, 2] Omm b Pl ' e

STUB test Sample

Figure 3: Stub column test setup

Additional restraints were foreseen for specimens of lengths corresponding to
interactive buckling range (c) in order to restrain the torsion.
The experimental program was explicitly presented by the authors in [24], [25].

3.2 Numerical model calibration and validation

The numerical models applied to simulate the behaviour of studied sections, have
been created using the commercial FE program, ABAQUS/CAE [26]. The
numerical models were calibrated to replicate the physical tests. Different element
types and mesh sizes were tested in order to find a structured mesh able to assimilate
the perforations, to find the optimum number of elements from the point of view of
ultimate force accuracy and, in the same time, to reduce the computational time.
Rectangular 4-noded shell elements with reduced integration (S4R) were used to
model the thin-walled cold-formed members.

In order to create a reliable mesh and to account the holes present along the
specimen’s length a mesh size of about 5x5mm was chosen (see Figure 4). The
elements were constrained to a rectangular form and a structured mesh was used.

The base plates and pressure pads were modelled using RIGID BODY with
PINNED nodes constraints. The reference point for the constraints was considered
the centre of the ball bearings (55mm outside the profile), in the gravity centre of the
cross-section (see Figure 5). For numerical simulations, the specimens were
considered pinned at one end and simply supported at the other one. For the pinned
end, all three translations together with the rotation along the longitudinal axis of the
profile were restrained, while the rotations about maximum and minimum inertia
axes were allowed. For the simply supported end, the translations along section axis
and the rotation about longitudinal profiles axis were restrained, while the rotations
about major and minor inertia axis together with longitudinal translation were
allowed.
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Figure 4: Mesh details for RS125 STUB specimen (unde este referita?)

The pinned end was considered to replicate the end support of the real tested
specimen, while the simply supported end was considered to reproduce the loading
machine end, allowing for direct force/displacement specification. For test
specimens, the rotation about longitudinal axis was prevented by friction, while for
numerical model the rotation was restrained, in order to remove rigid body
displacements (rotations along the longitudinal axis, in this case).

S6mm

Figure 5: FE model end constraints

The analysis was conducted into two steps. The first step consists into an eigen
buckling analysis (LBA), in order to find a buckling mode or combination of
buckling modes, affine with the relevant measured imperfections. After imposing
the initial geometric imperfection, obtained as a linear combination of eigen
buckling modes from the previous step, a GMNIA analysis with arc-length (static,
Riks) solver was used to determine the profiles capacity. A unit displacement was
applied at the simply supported end, incremented during the analysis, in order to
simulate a displacement controlled experimental test.

Different element types and material behaviours were analysed from the point of
view of ultimate force and failure mode. In Table 1 are presented the failure loads
obtained numerically for the considered element types. For these analyses, the
material behaviour i.e. yielding stress distribution across the section and the
Young’s modulus value were those experimentally obtained.



Element type S4 S4R S8R5 S8R
Ultimate load [kN] 463.06 461.70 463.02 463.01
Analysis time' 0:01:40 0:01:38 0:05:29 0:04:04
Analysis time” 0:05:46 0:04:00 0:27:04 0:19:14
Total time 0:07:26 0:05:38 0:32:33 0:23:18

'buckling analysis time and “static Riks analysis time.

Table 1. Ultimate load and analysis time per element type

It can be observed that for this specific type of analysis and section, the influence
of element type is insignificant. It can be noted that the numerical model behaviour
is no influenced by the element type. Based on these observations, the S4R finite
element type was chosen for further analyses. S4R is a robust, general-purpose
element that is suitable for a wide range of applications. It is a 4-noded doubly
curved quadrilateral, stress/displacement shell element with reduced integration and
a large-strain formulation that have 6 DOFs per node.

A parametric study regarding the material properties i.e. Young’s modulus and
real yield stress distribution was done. In Table 2 are presented the considerate cases
together with the numerically obtained ultimate forces. The effect of residual
stresses was considered. The residual stresses were modelled as initial stress state.
The method used to describe the initial stress state allows for direct specification of
stress value for each individual integration point.

Case Young's 1 Residual  Geometric  Load  Ultimate
Modulus Y ) )
[N/mm’] [N/mm2] stresses imperfection ecc. force
1 202941 exp1 yes yes yes 448.634
2 202941 exp’ Yes yes no  460.936
3 202941 exp’ Yes no yes  526.804
4 202941 exp’ no no yes  531.583
5 202941 exp’ no no no  541.873
6 202941 exp1 no yes yes 461.701
7 202941 foa yes yes yes  442.382
8 202941 foa no yes yes  455.163
9 210000 foa yes yes yes  444.352
10 210000 foa no yes yes 45751
11 202941 fn yes yes yes  415.026
12 202941 fyb3 no yes yes 426.854
13 210000 fyb3 yes yes yes 417.092
14 210000 foo no yes yes  428.657
exp - - - - - 453.90

'experimentally obtained yield stress distribution;
2average yield stress, fy,, obtained in accordance with EN1993-1-3 [27];
*yield stress of base material, f;p.

Table 2. Cases considered for parametric analysis



It can be observed that the influence of residual stress is small (less than 3%).
Since the effects of residual stresses are not the primary objective of the present
study, for further analysis, their effects will be ignored, unless otherwise specified.
Even more, when the material properties of the cross-section are established from
coupons cut from within the section, the effect of flexural residual stresses is
inherently present, and no need to be explicitly defined in the finite element model
[30].

It must be mentioned that for all considered numerical models, the failure modes
were in accordance with the failure mode observed on reference experimental test.

The calibrated numerical model was validated against experimental tests for all
tested profiles sets. Table 3 presents the values of ultimate load from numerical
simulations and the experimental ones for all types of members (stub, distortional,
upright and in the coupling range), for both RS125x3.2 and RS95%2.6 cross-
sections, with and without perforations.

RSBs125x%3.2 RSNs125x3.2 RSBs95x%2.6 RSNs95%2.6
EXP FEM EXP FEM EXP FEM EXP FEM
487.05 486.13 | 411.02  422.98 338.88 335.15 274.33 272.01
RSBd125x3.2 RSNd125%3.2 RSBd95x%2.6 RSNd95x2.6
EXP FEM EXP FEM EXP FEM EXP FEM
440.79 440.78 | 394.62 397.04 325.10  331.05 262.67 25547
RSBul25x3.2 RSNul25x%3.2 RSBu95x2.6 RSNu95x2.6
EXP FEM EXP FEM EXP FEM EXP FEM
386.72 384.40 | 347.26 344.00 279.65 285.96 223.33 231.89
RSBc125x%3.2 RSBc125x3.2 RSBc95x2.6 RSBc95x%2.6
EXP FEM EXP FEM EXP FEM EXP FEM
317.89 316.67 | 293.62 292.9 220.29  220.26 168.88 177.11

(s) Stub columns; (d) Specimens of lengths equal with the half-wave length of
distortional buckling; (u) Upright member specimens; (c) Specimens of lengths
corresponding to interactive buckling range. N/B — perforated/brut

Table 3. Ultimate load [kN] — Experimental vs. FEM

As it can be observed in Table 2, the model using the experimentally determined
properties of base material (E=202941N/mm?), a bilinear material behaviour with Iy
determined , obtained in accordance with EN1993-1-3 [27] and no residual stresses
is in accordance with the experimental test. Since the numerical results, obtained
using this numerical model (Table 2, case 8), are in good agreement with
experimental test results, it will be further used for all numerical analyses.

Furthermore, in Figure 6 are presented the characteristic failure modes for
experimentally tested and numerically simulated specimens. Obviously, in all the
cases a good agreement exists between the results of FE analyses and experimental
ones.

The decomposition method used in this case is limited to symmetric sectional
buckling and/or global buckling. Further development and more complex measuring
are required in order to replicate all experimentally obtained failure modes.
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Figure 6: Failure modes — Experimental vs. FE models
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Based on the results obtained from numerical simulations, it can be noted that
from the point of view of maximum load, the numerical model is able to accurately
replicate the experimental tests. For specimens with increased length, where global
and sectional imperfections are of same importance, a more complex imperfections
measurement is recommended. The measurements should allow the decomposition
of geometric imperfections into sectional and global components that can afterwards
be used to reconstruct the initial deformed shape.

4 Imperfection sensitivity analysis

4.1 Determination of coupling point according to ECBL

The interactive buckling approach based on ECBL method is largely presented in
[23]. The principle of this method is summarized here only. Assuming the two
theoretical simple instability modes that couple, in a thin-walled compression

member, are the Euler bar instability mode, N =1/7(Z= relative member
slenderness) and the distortional instability mode described by means of the

reducing factor of area No. The resulting eroded curve for coupled instability mode
is N(E, O,,y) (see Figure 7).

Critical load maximum erosion (due both to the imperfections and coupling
effect) occurs in the instability mode interaction point, M (Z:l/ 0)’) where, the

erosion coefficient i is defined as:

w=Np—N (3)

in which N(A,Np,y) is the relative interactive buckling load and Np = Neplfy A;
A = is the cross-section area; Np = is the ultimate capacity corresponding to
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distortional buckling; N = N/Np is the relative axial load; N = is the axial load; Ny
= fyA is the full plastic resistance of the member; A= is relative slenderness of
compression member.

N
Theoretical critical o
N distortional load: Np M
D Bar instability mode:
NO%\V,ND)
(1-y)Np Bar instability
_ < )
Ny No)=(1-y)Np Never=1/A
0 L —
1/Np"* ™

Figure 7: The interactive buckling model based on the ECBL theory

If 1=1/ N%s is introduced, it results an imperfection factor corresponding to the
distortional-global buckling:

_v JN» @
-y 1-02JN»

Equation 4 represents the new formula of « imperfection factor which should be
introduced in European buckling curves in order to adapt these curves to
distortional-overall interactive buckling.

The coupling point between distortional (D) and global (F) buckling modes is
determined following the ECBL approach as shown in Figure 7. On this purpose, FE
analyses were performed to simulate the influence of different types of
imperfections in the coupling point. Because the interest is to observe the erosion of
critical bifurcation load, this time, the ECBL approach is applied considering the
distortional critical load, obtained for the relevant section by an eigen buckling
analysis, in interaction with Euler buckling of the corresponding bar member.

Table 4 shows the reference values for critical and ultimate sectional loads
obtained numerically and experimentally for the studied sections.

Linear Buckling Analysis (LBA) using ABAQUS was used to determine the
relevant sectional failure mode to be considered when determining the sectional
capacity (e.g. local or distortional buckling, squash load) for studied cross-sections.

Table 5 presents the lengths corresponding to the theoretical interactive buckling

a

loads (e.g. in the point of A=V1/Np, No =Ncr,D) determined via the ECBL
approach, in the interactive buckling point, M, for each section.
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Section RSN125x3.2 RSN95x2.6
Length [mm] 600 500
Distortional buckling
load* (Nus) [KN] 370.48 340.78
Distortional ultimate
load** (Np.) [kN] 388.35
Stub ultimate load***
407.79 279.27
(Ns.) [kN]
Squash load****
480.94 286.72
(Np1) [KN]

* distortional buckling load determined using LBA; ** experimental
failure load corresponding to “distortional” specimens — mean values;
**% experimental failure load corresponding cu stub column specimens —
mean values; **** N, =41,

Table 4. Sectional capacity and distortional buckling load

Profile  Nep [KN] Nu[kN] N, C"“pﬁﬁrgn Tngth
RSNI25 37048 48094  0.770 2559

RSNO5 34078 286.72 _ 1.000 1667
RSKBO0 - 3036 1.000 1460
RSKN9O - 3432 1.000 1550

Table 5. Lengths corresponding to the theoretical interactive buckling

For the case of RSK90x2.4 sections, in accordance with the LBA analysis
conducted, no local minimum was determined (no local, nor distortional).

It can be observed, once again, that for RS95N cross-sections, the critical load
corresponding to distortional buckling is greater than the cross-section squash load.

In this case the Np value has to be limited to 1.00. Based on this limitation, it can
be said that for RS95 section, with and without perforation, there is no classical
interactive buckling. However, since the section fails in such a case by a local plastic
mechanism we could speak about a plastic — elastic buckling interaction. In order to
compute the interactive buckling length for perforated sections, the gross section
properties have been used.

4.2 Geometric imperfections

In this chapter the study focuses on the sensitivity to imperfections of pallet rack
sections in compression, having the member length equal to the interactive buckling
length, which was established according to ECBL procedure. Figure 8 shows the
geometrical imperfections, considered in the analysis, e.g. distortional (d *), flexural
about the minor axis (f ), and coupling of these two (f + d +). Also, load
eccentricities, located on the axis of symmetry, were taken into consideration.

12
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Figure 8: Example of considered simple imperfections (f and d)

In case of flexural-torsional buckling (FT), both initial deflection and initial
twisting imperfection (ft) were considered together, according to Australian
Standard AS4100 [31]. The code recommendations for the initial deflection, (fy), and
for initial twist, (¢) are given by Equations 5 and 6:

1000/, / L =10004,(M, /N, L)=-1 for A,,>0.6 5)

LT —
1000/, / L =1000¢, (M,, / N,L)=-0.001 for 2, <0.6 (6)

where: N, = is column elastic critical buckling (Euler) load about minor axis;
M, = is elastic critical moment for lateral-torsional buckling; A; 1= is the lateral-
torsional slenderness; L = is length of the member.

Due to the fact that the global flexural buckling mode about the minor axis has
the minimum value for the studied sections the global imperfection considered for
coupling was considered a global bow imperfection.

Figure 9 presents an example where coupled imperfections, distortional and
flexural, were applied in the numerical model for a perforated section, together with
the corresponding failure modes, numerically simulated and experimentally tested
specimens.

Figure 9: Coupled imperfections (f+ and d+) considered in numerical analysis;
numerical vs. experimental failure modes

13



4.3 Imperfection sensitivity study

On this purpose, the most influential imperfections have to be identified. According
to the ECBL approach [23], the main goal is to observe the erosion of practical
critical load. Consequently, an imperfection sensitivity study was conducted in order
to identify the most critical imperfection or imperfection combination.

As observed in Table 5 for RS95x2.6 section there is no classical buckling mode
interaction. Further, the present imperfection study will be focused on RS125
section and it is a continuation of the study presented by the authors in [24] and [32].

Due to the fact that in practice, pallet rack upright sections are more sensitive to
flexural-torsional buckling than flexural buckling, another section was considered
for the sensitivity study. The section is presented in Figure 10. Koen [33] presented
a series of experimental tests results and numerical analyses for this section.

18 55.5 18

1

74.5

Figure 10: Geometric dimensions for pallet rack upright section [33]

The section will be further referred to as RSKB90x2.4 for the section without
perforations and RSKN90x2.4 for the section with perforations.

The imperfections used for this study are: distortional symmetric imperfection
(ds), distortional asymmetric imperfection (da) (only for RSN125x3.2 section),
flexural bow imperfection about the minor inertia axis (f), loading eccentricities on
both axes (independent and coupled — EY, EZ, EY-EZ) and flexural-torsional
imperfection (FT). The distortional imperfection, symmetric and asymmetric, was
scaled to 0.5¢, 1.0z and 1.5¢, the flexural bow imperfection was scaled to L/750,
L/1000 and L/1500, while the flexural-torsional imperfection was considered in
accordance with the provisions of Australian design code [31]. The loading
eccentricities were varied on both sectional axes (x6mm), independently and
together, as an oblique eccentricity.

In Table 6 are presented the considered simple imperfections, sectional, global
and loading eccentricities for RSN125x3.2 section.
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RSN125x3.2 RSKB90x2.4 RSKN90x2.4
4 a v a v a
ds—0.5¢ ]0.236|0.078 0.168]0.043 0.279] 0.135
ds—1.0¢ ]0.339]0.185 0.235]0.090 0.313] 0.179
ds—1.5¢ ]0.398]0.280 0.290]0.148 0.386] 0.303
da—0.5¢ [0.152]0.029 0.15410.035 0.298] 0.158
da—1.0¢ [0.245]0.085 0.219]0.077 0.346| 0.228
da—1.5¢ ]0.321]0.162 0.271]0.126 0.404] 0.341
f—L/750 10.240] 0.081 0.196 | 0.060 0.283] 0.140
f—L/1000 |0.216]0.063 0.231]0.087 0.305] 0.168
f—L/1500 |0.181)0.043 0.264|0.118 0.335] 0.211

FT 0.240] 0.081 0.302]0.163 0.410] 0.356
EY 2 0.169]0.037 0.248 | 0.102 0.380] 0.291
EY 4 0.196]0.051 0.32410.194 0.428] 0.400
EY 6 0.22410.069 0.37810.287 0.466| 0.508
EZ -6 0.313]0.152 0.38310.297 0.470] 0.520
EZ -4 0.272]0.108 0.327]0.198 0.427] 0.397
EZ -2 0.210] 0.059 0.241]0.096 0.370] 0.272
EZ?2 0.216]0.063 0.285]0.142 0.349] 0.234
EZ 4 0.255]0.093 0.37810.288 0.433] 0.414
EZ 6 0.285]0.121 0.441]0.435 0.492] 0.595
EY-EZ0 ]0.157]0.031 0.069 | 0.006 0.276| 0.132
EY-EZ6 ]0.321|0.162 0.459 1 0.487 0.523] 0.718
EY-EZ4 10.276|0.112 0.400|0.332 0.474| 0.535
EY-EZ2 10.215]0.063 0.308(0.171 0.409] 0.353
EY-EZ -2 10.223]0.068 0.308]0.172 0.398] 0.328
EY-EZ -4 10.270|0.106 0.403 | 0.340 0.471] 0.523
EY-EZ -6 10.307)|0.145 0.467]0.511 0.522] 0.711

Imperfection

Table 6. y erosion coefficient and o imperfection factors for simple imperfections

In Table 6 can be easily observed that for the RSK90x2.4 section, even if there is
no real buckling mode interaction, the presence of perforations affects the values of
corresponding erosions, and consequently, the values of the imperfection factors. In
the same time, it can be observed that for RSK90x2.4 sections, the value
corresponding to FT imperfection is higher than those corresponding to flexural
imperfections. This can be explained by the fact that, as mentioned before, the
section is more sensitive to flexural-torsional buckling

Table 7 presents the coupled imperfections considered for the RSN125x3.2
section.

It is easy to observe that the combination (f — L/750, ds — 1.5 ¢) of imperfections
is the most critical one. However, statistically is not recommended to combine all
imperfections to cumulate their negative effects, because their random
compensation.
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Imperfection v a Imperfection % a
f—L/750, ds — 0.5¢ f—L/750, ds — 1.5¢

EY2 0339 0.185 EY2 0440 0.368
EY4 0.342 0.189 EY4 0442 0.373
EY6 0346  0.195 EY6 0443 0.375
EZ6 0425 0.334 EZ6 0493 0.510
EZ4 0404 0.292 EZ4 0479 0.469
EZ2 0376 0.241 EZ2 0461 0.420
EZ-2 0279 0.115 EZ-2 0413 0.309
EZ-4 0.194 0.050 EZ-4 0374 0.238
EZ-6 0.240 0.081 EZ-6 0276 0.112
EY-EZ0 0.240  0.081 EY-EZ0 0.440 0.368
EY-EZ6 0430 0.345 EY-EZ6 0.495 0.517
EY-EZ4 0.406  0.295 EY-EZ4 0480 0.472
EY-EZ2 0377 0.243 EY-EZ2 0462 0.422
EY-EZ-2 0.280 0.116 EY-EZ-2 0.413 0.309
EY-EZ-4 0.218  0.065 EY-EZ-4 0376 0.241
EY-EZ-6 0.271  0.107 EY-EZ-6 0.298 0.135
EY2 0.302 0.139 EY2 0422 0.328
EY4 0305 0.142 EY4 0423 0.330
EY6 0310 0.148 EY6 0425 0.334
EZ6 0411  0.305 EZ6 0483 0.480
EZ4 0384  0.255 EZ4 0467 0.436
EZ2 0350 0.201 EZ2 0.447 0.385
EZ-2 0.174  0.039 EZ-2 0387 0.260
EZ-4 0.228 0.072 EZ-4 0326 0.168
EZ-6 0.264 0.101 EZ-6 0261 0.098
EY-EZ0 0301  0.138 EY-EZ0 0421 0.326
EY-EZ6 0414 0.311 EY-EZ6 0.485 0.486
EY-EZ4 0386  0.258 EY-EZ4 0.467 0.436
EY-EZ2 0351 0.202 EY-EZ2 0.447 0.385
EY-EZ-2 0.182  0.043 EY-EZ-2 0.387 0.260
EY-EZ-4 0.247 0.086 EY-EZ-4 0.330 0.173
EY-EZ-6 0.289  0.125 EY-EZ-6 0.285 0.121

Table 7a.  erosion factors and o imperfection factors for coupled imperfections

In terms of y interaction factor, Gioncu [34] defined 4 classes of interaction,
ranging from WI (weak interaction) with y < 0.1 to VSI (very strong interaction) for
w>0.5.

A precise framing for coupled instabilities is very important in order to choose a
suitable design strategy. For weak and moderate interaction class, simple design
methods based on safety coefficients can be used. In case of strong and very strong
interaction, special design methods must be developed.
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It can be observed that for the case of RSN125 pallet rack section, the computed
erosion can classify the section into medium up to very strong interaction,
depending on the considered imperfection.

A sensitivity analysis, considering appropriate value for imperfections, sectional
(local or distortional) and global (flexural, torsional or flexural-torsional) should be
performed in order to determine the erosion coefficient and, based on its value the,
imperfection coefficient.

4 Concluding remarks

Both test and numerical simulations have proven the negative influence of
interaction between distortional and overall buckling in the case of this particular
type of rack sections. The interaction of buckling modes reduces significantly the
capacity of perforated members in compression.

In order to reduce the number of experimental testing, a rational sensitivity
analysis done using calibrated and validated numerical models can be used in order
to determine the imperfections to be considered for the numerical model, when
determining the erosion factor.

The ECBL approach can be successfully applied, with a limited number of tests
for material properties and stub column tests, using numerical simulations.
Considering the maximum values for imperfection recommended in literature, it can
be observed that real sections tend to have a higher capacity than the one obtained
via numerical simulations. Two main reasons can be identified for this: (1) the real
imperfections are lower than those recommended by codes and literature and (2) in
real cases, the imperfections randomness partially compensates each other, while in
numerical simulation they are cumulatively applied.

The ECBL approach [23] is an excellent procedure that permits the evaluation of
erosion of critical bifurcation load as result of interactive buckling. It applies for the
interaction of sectional (local or distortional buckling) with global (flexural or
flexural-torsional) instabilities.

A design procedure based on EN1993-1-1 [35], coupled with the ECBL
approach, applied to calibrate the value of a imperfection factor, can be used to
determine the buckling strength of compressed pallet rack uprights. This approach
can be used for the case of sectional capacity, defined by local or distortional
buckling, or squash load, coupled with overall buckling (i.e. flexural, torsional or
flexural-torsional).

A rational sensitivity analysis, supported by reference test, is of paramount
importance in order to determine the imperfections to be considered for the
numerical model, when determining the erosion factor.

Considering the results presented in previous chapter, it can be said that a
correctly calibrated numerical model can be used to perform a sensitivity study, no
matter for the buckling modes that couples i.e. distortional and overall flexural
buckling in case of RSN125x3.2 section, plastic strength and flexural overall
buckling in case of RSN95x2.4 section and plastic strength and flexural-torsional
buckling, in case of RSK90x2.4 section.
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Moreover, using a correctly calibrated numerical model to perform a sensitivity
analysis, on the ECBL approach the maximum erosion and corresponding
imperfection factor can be determined for a given section, with or without
perforations.

References

[1]
2]
[3]
[4]
[5]

[6]
[7]
[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

FEM10.2.02:2000, Section X, The design of steel static pallet racking,
Revision 1.01, 2000.

RMI:1997, Specification for the design, testing and utilization of industrial
steel storage racks, Rack Manufacturers Institute, SUA, 1997.

RAL-RG 614:1990, Storage and associated equipment - Quality assurance,
German Institute for Quality Assurance and Marking, Germany, 1990.
AS4084, Australian standard, Steel storage racking, Standards Australia,
Homebush, NSW 2140, Australia, 1993.

prEN15512, Steel static storage systems, Adjustable pallet racking systems,
Principles for structural design, Published by European Committee for
Standardization, Brussels, 2008.

EN15512:2009: Steel static storage systems - Adjustable pallet racking
systems - Principles for structural design, CEN, Brussels, 2009.

Thomasson P. Thin-walled C-shaped panels in axial compression. Swedish
Council for Building Research. D1:1978, Stockholm, Sweden, 1978.

Schafer B, Hancock G. A History of Distortional Buckling of Cold-Formed
Steel Columns,

Moen CD, Schafer BW. Direct strength design of cold-formed steel members
with perforations. Research Report RP09-1, The Johns Hopkins University,
USA, 2009.

Rasmussen KJR. Numerical simulations and computational models in coupled
instabilities, Proceedings of the Second International Conference on Coupled
Instabilities in Metal Structures, CIMS’96, 45 - 60, 1996.

Sridharan S. Numerical simulation and computational models for coupled
instabilities, Proceedings of the Third International Conference on Coupled
Instabilities in Metal Structures, CIMS’2000, 61 - 72, 2000.

Cheung YK. Finite strip method in structural analysis, Pergamon Press, New
York, 1976.

Cheung YK, Fan SC. Static analysis of right box girder bridges by spline finite
strip method, Proceedings of Institution of Civil Engineering, 75(2), 311-23,
1983.

Bathe K-J. Finite element procedures in engineering analysis, Printice-Hall,
Englewood Cliffs, NJ, 1982.

Schafer BW. Computational modelling of cold-formed steel, Proceedings of
the Fifth International Conference on Coupled Instabilities in Metal Structures,
CIMS’2008, 53 - 60, 2008.

Adany S, Schafer BW. A full modal decomposition of thin-walled, single-
branched open cross-section members via constrained finite strip method,
Journal of Constructional Steel Research, 64(1), 12-29, 2008.

18



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

Bebiano R, Pina P, Silvestre N, Camotim D. GBTUL — Buckling and vibration
analysis of thin-walled members, DECivil/IST, Technical University of
Lisbon, http://www.civil.ist.utl.pt/gbt, 2008.

Camotim D, Basaglia C, Silvestre N. GBT buckling analysis of thin-walled
steel frames: A state-of-the-art report. Thin Walled Structures, 48(10-11),
726-743, 2010.

Szabo IF, Dubina D. Recent research advances on the ECBL approach. Part II:
interactive buckling of perforated sections, Thin-Walled Structures, 42, 195-
210, 2004.

Moen CD, Schafer BW. Direct strength design of cold-formed steel members
with perforations, Research Report, Johns Hopkins University, 2008.

Schafer BW. Review: The Direct Strength Method of cold-formed steel
member design. Journal of Constructional Steel Research, 64(7-8), 766-778,
2008.

Casafont M, Caparros F, Pastor M, Roure F, Bonada J. Linear buckling
analysis of perforated steel storage rack columns with the finite strip method.
Proceedings of The 6™ International Conference on Thin Walled Structures,
Timisoara, Romania, Vol. 2, 787 — 794, 2011.

Dubina D. The ECBL approach for interactive buckling of thin-walled steel
members, Steel & Composite Structures, 1(1), 75-96, 2001.

Crisan A. Buckling strength of cold formed steel sections applied in pallet rack
Structures, PhD thesis, “POLITEHNICA” University of Timisoara, Civil
Engineering Faculty, Ed. Politehnica, Seria 5: Inginerie Civila, no. 76, 2011.
Crisan A, Ungureanu V, Dubina D. Behaviour of thin-walled cold-formed
steel perforated sections in compression. Part 1 — Experimental investigations,
Proceedings of the 6™ International Conference on Thin-Walled Structures
Timisoara, Romania, Volume 2, 795-805, 2011, ISBN (ECCS): 978-92-9147-
97-101.

ABAQUS, Theory manual, Hibbit, Karlson and Sorenson Inc., 2007.
EN1993-1-3. Eurocode 3: Design of steel structures — Part 1-3: General rules —
Supplementary rules for cold-formed members and sheeting. Published by
European Committee for Standardization, Brussels, 2006.

Beque J. The interaction of local and overall buckling of cold-formed stainless
steel columns, PhD. Thesis, The University of Sydney, School of Engineering,
2008.

Schafer BW, Pekdz T. Computational modelling of cold-formed steel:
characterizing geometric imperfections and residual stresses. Journal of
Constructional Steel Research, 47(3), 193-210, 1998.

Gardner L, Nethercot DA. Behaviour of cold-formed stainless steel cross-
sections, Proceedings of 9" Nordic Steel Construction Conference, Helsinki,
Finland, 781-789, 2001.

AS4100-1990: Australian Standard: Steel Structures, Homebush, Australia.
Crisan A, Ungureanu V, Dubina D. Behaviour of thin-walled cold-formed
steel perforated sections in compression. Part 2 — Numerical investigations,
Proceedings of the 6™ International Conference on Thin-Walled Structures

19



[33]

[34]

[35]

Timisoara, Romania, Volume 2, 805-813, 2011, ISBN (ECCS): 978-92-9147-
102-107.

Koen D. Structural capacity of light gauge steel storage rack uprights, Thesis
presented for the degree of Master of Engineering, School of Civil
Engineering, The University of Sydney, 2008.

Gioncu V. General theory of coupled instability, thin-walled structures,
Special Issue on Coupled Instability in Metal Structures (Rondal J, Gioncu V,
Dubina D, Eds.), 19(2-4), 81-128, 1994.

EN1993-1-1. Eurocode 3: Design of steel structures — Part 1-1: General rules
and rules for buildings. Published by FEuropean Committee for
Standardization, Brussels, 2005.

20




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




