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Abstract

Storage rack systems are structures composed of cold-formed steel structural members that
are used as columns, beams and bracing. The rack columns present peculiar features in their
design because they have perforations to facilitateassemblage of the system, which makes them
more difficult to analyze by cold-formed steel structures design codes. There are several design
codes proposed by the manufacturers associations, as the specifications of Rack Manufacturers
Institute (RMI), applied in the USA along with the specification of the American Iron and Steel
Institute (AISI). These codes propose experimental stub columns tests for thedetermination of their
resistance. In this work, the commercial software, ANSYS, is used for material and geometric non-
linear analysis of these columns, and the results are compared with experimental data obtained by
stub column tests, for a typical section of racks manufactured in Brazil.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cold-formed steel sections have become usual in many kinds of structures, and
consequently much research has been done to understand their behaviour and to develop
design procedures. Among these structures, there are the storage systems, usually called
racks, widely used throughout the world for storing materials in distribution companies.
These systems provide high storage density, allowing the storage of a great amount of
products in reduced areas, due to their vertical character. Besides, they also allow great
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Fig. 1. Steel storage systems in operation [1].

accessibility to the stored materials. Many companies are using these systems to store their
product in large scale.

There are several commercial models that fit to the conditions demanded for each
product to be stored in the available room. These models vary from simple shelves to
automated structures of more than 30 m height. Among these several models, it is worth
mentioning the Pallet and Drive-in Systems. The Pallet rack is the most common storage
rack used in Brazil. The Drive-in model presents peculiar structural concepts: the absence
of transversal beams to allow trucks to moveinside the structureand the presence of
perforations on the columns to facilitate assemblage.Fig. 1 shows a Pallet and a Drive-
in rack in operation [1].

The Brazilian Association of Handling and Logistic has introduced some
recommendations for designing rack systems that, in the future, will be used in a Brazilian
code. This work presents an analysis of typical columns of commercial Brazilian racks,
using the commercial finite element software ANSYS [2]. The results are compared
with experimental data, based on prescriptions of RMI [3] and from previous work
(Oliveira [4]). The influence of the perforations and geometric imperfections on the
resistance of the columns is also assessed.

2. The rack column

The analyzed column is made of cold-formed steel [5], where the cross-section shape
is a thin-walled “rack”. One of these cross sections and the nomenclature used for the
identification of its parts are presented inFig. 2. It hasas particularity rear flanges that
allow fitting the braces, making it easier to assemble the structure.

The main characteristic of the column, however, is the existence of perforations along
its height that allows fitting the connections ofbraces and other structural elements. These
perforations influence the structural behaviour of the column and, therefore, should be
taken into account in the project analyses. To quantify the influence of the perforations
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Fig. 2. Connections in the column (Águia), “Rack” cross-section type and nomenclature.

on the load capacity of the columns, experimental and numerical methods are used. RMI
presents prescriptions for this evaluation by means of experimental procedures that will be
presented inSection 3. In this paper, experimental and numerical procedures are used in
this evaluation.

3. Design concept

The use of thin-walled sections can result in specific design problems due to the failure
modes such as local buckling and distortional buckling [6]. The rack sections usually
contain perforations and imperfections that decrease the resistance of these members.
The design rules intended for these members use minimum geometric properties and
experimental results to predict the behaviour of the structure.

For the evaluation of the load capacity of the column by the RMI specification it is
necessary to carry out a stub column compression test of a typical rack cross section.
This test uses a specimen that has its dimensions defined in a way to eliminate overall
column buckling effects and to minimize the end effects during loading [7]. Fig. 3presents
a general view of the specimen and its dimensions used in the experimental program.

The specimen is submitted to a compression load applied in the gravity center of the
minimum net area of the cross section,CGmin. The load is applied through a Universal
Testing Machine, and transmitted by rigid plates to the column,without any perforations
in the ends, as shown inFig. 3. Fig. 4 shows a schematicview of the stub column test.
Through this test the ultimate strength of the column is obtained. The equations below,
proposed by Peköz [8] andpresented by the RMI specification, are used for computing the
nominal member capacity of the column.

Pn = Ae Fn (1)
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Fig. 3. General view of the specimens: (a) Perspective; (b) View with the dimensions of the maximum width,w,
distance between perforations,L p , and total length,L.

Fig. 4. Stub column test.

wherePn is the nominal axial load,Fn is the nominal buckling critical stress [7] and Ae is
the effective area of the cross section, given by Eq. (2).

Ae =
[

1 − (1 − Q)

(
Fn

fya

)Q
]

Anetmin (2)
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Fig. 5. Finite element meshes: (a) Isometric view; (b) Frontal view; (c) Flanges view; (d) Web view.

where fya is the actual yield stress of the column material by test,Anetmin is the minimum
cross-sectional area andQ is the form reduction factor, given by Eq. (3).

Q = Pua

fyaAnetmin
(3)

wherePua is the ultimate compressive strength of stub column by test.
The form factorQ comprises the effects of local buckling and the interaction with the

perforations. The maximum value ofQ is theunit to take into account the effect described
earlier. The reduced area caused by the perforations is also considered by using the term
Anetmin in Eq. (2). The distortional buckling mode could control the critical stress in rack
sections, but it is not considered in the RMI prescriptions.

The use of laboratory tests to evaluate the influence of the perforations raises costs
of design. Thus, using alternatives for validating procedures that may well represent
experimental results is important and it is the focus of this research through the use of
the finite element method.

4. Finite element analysis

This item presents the constructional procedures of the finite element model for the
proposed non-linear analysis using the software ANSYS. The prototype of the cold-formed
steel column and its cross section presented inFig. 2 can be simulated using a shell
element. To consider the shape of the perforations in the mesh, a triangular mesh was used,
with automatic adjust and fine rate, generating small elements that can exactly contour the
perforations.Fig. 5presents the finite element meshes generated in ANSYS.

Rigid plates were included in the analysis to simulate the test machine load transmission
plates. Their Young’s modulus was considered to be 20 000 GPa, so as to minimize the
deformationsin the plates as in actual cases. The rigid plates were simulated using a
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Table 1
Finite elements used in the analysis

Element SHELL43 SOLID45 CONTAC49

Description of element Plastic Shell element 3-D structural solid
element

Contact between column
and plates

Number of nodes 4 8 5
Degrees of freedom x, y and z translational

and rotational displace-
ments

x, y and z transla-
tional displacements

x, y and z translational
displacements

Use in the model Column Reaction plates Contact between column
and plates

solid element and they were assumed to have free displacement along the axial direction,
and restrained displacement along the cross-section directions. These boundary conditions
represent well the test conditions.

The simulation of friction between the rigid plates and the column was achieved by
using a contact element proper to link solid and shell elements. A friction coefficient of
0.33 was considered.

The techniques used to manufacture cold-formed steel section produce residual stresses
and substantial changes on the mechanical properties. The residual stress distribution is
not constant around the section [9]. Due to perforations, tensile coupons used in the tests
were extracted in the stiffener zone, so this region indicates the stress–strain behaviour of
the steel.

Two different cases were simulated. In the first the material properties, represented
by the stress–strain curve of the steel, were obtained from experimental data [10]. These
values wereintroduced in the numerical analysis by a bi-linear diagram. In this diagram,
Young’s modulus of elasticity(E) is 205 GPa, yield stress( fy) is 320.23 MPa and ultimate
stress( fu) is 432.5 MPa. In the second case nominal elasticity properties were considered,
this is, fy and fu equal to 250 MPa and 400 MPa, respectively. It is important to point out
that the distribution of residual stresses was not used in the analysis and the tensile coupons
were taken from the stiffener wall (Fig. 2).

Firstly the column was simulated considering thenominal dimensions of the specimen.
In that stage, the friction was not considered between the column and the plates [11].
Later the non-linear behaviour was introduced by considering friction and the geometric
imperfections measured in the actual specimens, in order tosimulate the real conditions of
the tests [12].

The shell, solid and contact elements usedfor the simulation are presented inTable 1.

5. Results

5.1. Experimental results

Ultimate compressive strength was evaluated. The experimental program consisted
of 4 specimens tested by the “stub column test”, described inSection 3. Fig. 6 shows
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Fig. 6. Average dimensions of cross section.

Table 2
Results ofPuexp andPua

Specimen Puexp (kN)

CCMAX-1 144.207
CCMAX-2 136.604
CCMAX-3 140.773
CCMAX-4 137.340
Pua (kN) 139.731

the average actual dimensions of the cross sections tested and the gravity center of the
minimum net area,CGmin. Table 2shows the experimental results of the ultimate axial
load, Pua. As prescribed by the stub column test only the ultimate compressive load was
measured.

By using Eq. (3) and the experimental results the form factorQ was determined
(Q = 0.914).

5.2. Load capacity

The perforation influence in the load capacity was simulated using different cross-
sectional areas. In the numerical simulation of the column, the ultimate load was assessed
for several situations, as given:

– Actual crosssection of the column, considering the perforations, with nominal
dimensions callednominal column.

– Actual crosssection of the column, considering the perforations, with actual dimensions
calledactual column.

– Full cross section of the column, without perforations, and with nominal dimensions
calledgross column.
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Fig. 7. Load versus displacement curves (fy = 250 MPa).

– Cross section of the column without perforations, considering the area as the minimum
net area of thecolumn callednet column.

Numerical analysis was carried out for nominal and experimental steel properties.
These numerical results were compared with the experimental data(Pua) and the RMI
prescriptions values using experimental results to yielding stress as described inSection 3
(PRMI) and using nominal values to yielding stress(PRMI-n). The distortional buckling
stress is not considered in RMI, but the rack cross section analyzed is controlled by
this mode [13]. Figs. 7and8 represent graphically the applied load and the longitudinal
displacement of the column, considering nominal and experimental material properties,
respectively. It has been observed that the material properties have a strong influence on
the results. It can be observed inFig. 8 that all finite elements results were higher than the
experimental ones. This can be justified by the use of yield stress( fya) from the stiffener
wall, without perforations.

The representative curves of the nominal, net and actual columns indicate similar values
to experimental data, varying from 8% to 17% from the average experimental ultimate
loads. These curves have the same slope from the beginning up to the collapse load.
When the nominalproperties were considered, an approximation to RMI values could
be observed.Table 3presents the results for the ultimate loads, obtained by finite element
analysis, which are compared with RMI and the experimental values. It can be seen that
the simulation of the actual column is generally in good agreement with the experimental
value (Pua = 139.73 kN) and the RMI results using nominal and experimental material
properties. It can be observed that the geometric imperfections influence the column
strength.

From the simulation using the minimum net area emerges a possible alternative for
a different design from the RMI procedure, which uses the experimental results of the
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Fig. 8. Load versus displacement curves (fya = 320.23 MPa).

Table 3
Comparison between the experimental and the numerical ultimate load

Prototype Pef (kN) Pef/Pua Pef/PRMI Pef-n (kN) Pef-n/PRMI-n

Nominal Column 163.64 1.17 1.34 129.38 1.31
Actual Column 150.78 1.08 1.23 119.92 1.21
Gross Column 210.95 1.51 1.73 165.73 1.67
Net Column 156.57 1.12 1.28 122.48 1.24
Pef-n—ultimate load obtained by finite element analysis withfy = 250 MPa.
Pef—ultimate load obtained by finite element analysis withfya = 320.23 MPa.
Pua—experimental ultimate load (139.73 kN).
PRMI-n—ultimate load obtained by RMI withfy = 250 MPa (98.98 kN).
PRMI—ultimate load obtained by RMI withfya = 320.23 MPa (122.14 kN).

stub columns in the design of the racks, since it is observed that the net column has good
correlation with the experimental and RMI values.

5.3. Failure mode

The tests performed by Oliveira [4] show a horizontal displacement of the rear flanges
in the middle of the height in the collapse mode, as illustrated inFig. 9.

It is observed that in the case of the column without imperfections (Fig. 10(a)), a
collapse mode opposes the experimental results (Fig. 9). The collapse mode was caused
by the perforations of the cross section in the middle height of the column, which is the
region of minimum area.
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Fig. 9. Displacements in actual tests [4].

Fig. 10. Displacements in the simulations, with amplification factor of 10: (a) Nominal column; (b) Actual
column; (c) Gross column; (d) Net column.

When the measured imperfections are included,Fig. 10(b), a collapse mode similar to
the experimental one was observed, confirming the strong influence of the imperfections
in stub columns.

For the cases where no perforations are observed the displacements in the middle height
are smaller than in the other cases. The absence of perforations is thought to be responsible
for this. During the tests local buckling of the web and the distortional mode were observed.

It is important to point out that for the numerical simulation of the gross column,
nominal dimensions of the profile were considered. For the simulation of the net column
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the minimum net area of the perforated section was used, maintaining the same width ratios
betweenthe plate elements.

6. Conclusions

A finite element analysis has been developed to study the influence of imperfections,
perforations and material properties on the collapse mode and ultimate strength of rack
cold-formed steel sections submitted to axial compression. In the model, shell, solid
and contact finite elements were used to represent the stub column analyzed by the
experimental program. The finite element model also used nominal and experimentally
derived stress–strain relationships and geometric imperfection distribution. The finite
element model considered different forms ofcross-section areas and the results were
compared with experimental results and codeprescriptions. The comparison between test
results and finite element results indicates goodagreement of the ultimate load of the actual
column and the net column. The comparison between code prescriptions (RMI) and finite
element results indicates conservative values. When nominal yielding stress is used in
finite element analysis the nominal column, actual column and net column indicated good
agreement with experimental results. The model was also capable of predicting the local
mode and distortional mode. The actual stub column specimen modeled by finite elements
using the actual yield stress showed the best results of ultimate load and collapse mode
compared to the other cross-section areas simulated.
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