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ABSTRACT: Industrial racks are one of the most common structures for the storage of palletised goods. The 
behaviour of these structures, which are built-up from thin-walled cold-formed steel profiles, is quite complex. The 
sensitivity of the uprights to buckling, the presence of the perforations on the uprights, the non linearity of the 
connections, the frame sensitivity to the second-order effects and the influence of the imperfections are the main 
sources of complexity. The large variability in terms of geometry of the profiles, of the joints and of the perforations, 
and the complexity of the phenomena which affects the member behaviour do not yet allow performing a pure 
numerical design, but call for tests aimed at the characterisation of the structural components. Traditionally, the 
design of the racks is carried out by a procedure combining experiments and numerical analysis. This approach 
follows the so-called 'design by testing'. This paper intends to provide an overview of the experimental part of the 
approach. The specifications in the European and the North American standards are reviewed for the main structural 
components, i.e., the uprights, the upright frames and the joints. Problems related to the clarity, accuracy and 
completeness of the specifications are pointed out. The main results of some studies carried out by the authors 
provide a key to better understanding of the importance of testing. 
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1.  INTRODUCTION 
 
In modern steel construction thin walled cold-formed profiles are becoming increasingly popular. 
The particular manufacturing processes [1] adopted for these profiles, which consist of rolling, 
pressing or bending brake of thin coils, lead to a great flexibility of the section shapes and to a 
significant weight reduction [2]. In recent years, the improvements of manufacturing techniques, 
the adoption of corrosion protection, the application of techniques of shape optimization and the 
increased structural performance have led to a wider use of cold-formed profiles. Roof and wall 
systems, trusses, wall framing, steel decking for composite structures, and industrial rack structures 
are some typical applications [2]. The design of each category of light gauge structures requires that 
some peculiar problems are mastered.  
 
This paper focuses on the design of rack structures and, in particular, of pallet rack systems. These 
structures are one of the most common industrial storage systems for palletised goods. These 
systems are laid down along the aisles used to move the pallets. They are built up as a series of 
braced upright frames in the cross-aisle direction, connected in the transverse direction (the 
down-aisle direction) by beam elements (Figure 1). The efficiency of storage depends on the 
capability of the rack system to adapt to the type and geometry of the pallets. This goal is achieved 
mainly via a flexible geometry in terms of distance between upright frames and free height 
available between beam levels.  
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Figure 1. A Typical Steel Storage Pallet Rack System 

 
The uprights are open thin-walled members. Their section shape is a 'C like' section stiffened by 
lips and, in some cases, by rear flanges and additional lips. The uprights usually contain holes 
and/or perforations at regular spacing to allow for the beam and the bracing connections. Beams, 
which usually have boxed cross sections, are provided by end-plates to allow for a mechanical 
connection to the uprights. The connection to the pavement is built-up by means of base plates, 
which can be either bolted or welded to the upright, and anchored to the floor. The bracings in the 
cross-aisle direction are usually made of open or closed cross section profiles eccentrically bolted 
to the uprights. In the down-aisle direction, racks are often unbraced frames: the need of efficiently 
storing and handling the pallets prevents the location of bracing systems in this plane. Therefore, 
the frame lateral stability in the down-aisle direction is generally provided by the degree of 
continuity offered by the beam-to-column and by the base-plate joints.  
 
From the structural point of view racks can be considered as framed steel structures, characterised 
by a great sensitivity to second-order effects. For the purpose of global analysis, second-order 
analysis of the whole system (3-D analysis) or of the sub-frames in the planes parallel and 
perpendicular to the aisles (2-D analysis) may be performed. In the latter case, a semi-continuous 
frame model has to be considered in the down-aisle direction. The design of these structures is quite 
complex. The system members are prone to different forms of buckling, as all the thin walled 
members, while the perforation of the uprights adds further complexity to the instability 
phenomena. Moreover, both beam-to-column and base-plate joints are partial strength joints and 
exhibit a highly nonlinear response. Therefore, the analysis is fairly sophisticated and difficult to be 
mastered by numerical methods only. This is reflected in the design philosophy adopted by the 
main Standards for the design of pallet racks [3,4,5]. All Standards adopt a 'design by testing' 
approach which combines the results of experiments on components and sub-frames with the 
theoretical criteria developed and codified for traditional cold-formed members. Suitable tests are 
specified to define the main behavioural parameters of the key components or the sub-assemblages.  
 
This paper intends to provide a concise overview of the experimental approach adopted by the 
European and the North American Standards for industrial racks [3,5]. The overview focuses on the 
key rack structural elements, i.e., the uprights, the upright frames and the beam-to-column and base 
joints. Problems related to the clarity, accuracy and completeness of the specifications are pointed 
out. Grounds for improving the Standards are identified. Furthermore, the main results of some 
studies carried out by the authors provide a better understanding of the importance of testing. 
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2. UPRIGHTS 
 
The columns of the pallet racks are mostly cold-formed open thin-walled steel sections. Their shape 
depends on the type of connection with the bracing members (cross-aisle direction) and with the 
beams (down-aisle direction). Complexity is also due to the constant process of innovation 
associated with competitive design. Moreover, in order to facilitate flexibility in the location of the 
connections, the upright is perforated along its length. Shape and distribution of perforations add 
complexity to the problem of defining the response of the upright itself. The behaviour of the 
uprights is in fact significantly affected by different forms of buckling. In addition to local and 
global buckling phenomena, distortional buckling should be considered. Interaction between the 
different buckling modes may also occur.  
 
Since the 60's, several studies were carried out aimed at investigating the behaviour of upright 
sections. The research work focused on different issues, such as the possible buckling modes [6,7,8] 
and their interaction [9,10], the influence of the residual stresses [11,12], and the influence of the 
perforation [13]. These studies combined experimental and numerical analyses.  
 
The complexity of the phenomena characterising the upright response and the wide range of cross 
sectional shapes make it difficult to identify general solutions to the problem. The main Standards 
for the design of thin walled structures provide simplified equations which allow tackling the most 
common design cases. The effective width approach is adopted to account for local buckling; more 
complex, but conservative, equations are also proposed for checking distortional buckling, while 
separate formulas are given for verifying the overall instability.  
 
For the more complex upright sections, the European and the North American Standards prescribe 
rational analysis or an experimental approach. The finite element method [14], the finite strip 
method [15], the generalised beam theory [16,17,18] or the direct strength method [10] can be 
adopted as effective and rational tools of analysis.  
 
The influence of the perforations is taken into account by the Standards only by modifying the 
effective area. Weakening of the resistant section, localised alteration of the material properties and 
stress concentrations due to the discontinuity are the principal consequences of perforations. The 
variety of the geometry and shape of both the perforations, the upright cross sections and the 
interval between perforations make each case unique and do not enable identification of general 
equations. Various numerical and experimental studies about the effects of perforations on the 
failure mode and collapse load were recently carried out [19-22]. Simplified relationships were also 
established, which do have the strong limitation that they are related to particular perforation 
geometries and sections. Therefore, the most appropriate solution to analyse the behaviour of the 
perforated sections seems to be the experimental approach, already specified by the European and 
the North American Standards [3,5] for perforated members. In particular, the European Standard 
[3] prescribes how to investigate the upright behaviour under compression and under bending, with 
the aim to assess the effective properties of the section. In the following, the case of an upright in 
compression is used for illustrative purposes.  
 
The European Standard [3] specifies different compression tests aimed at investigating the 
sensitivity of the upright to local and distortional buckling. A minimum number of three tests is 
specified, in order to enable statistical evaluation of the parameters under consideration. The 
stub-column test, i.e., a compression test on a short specimen, is adopted for singling out the effect 
of local buckling. The length of the specimen should to be selected so that, on the one hand, local 
buckling is the sole buckling mode present and, on the other hand, there exists a uniformly 
compressed central zone. A further requirement of including at least 5 pitches of perforations is 



30                                           Design by Testing of Industrial Racks 

given. The ends of the specimen are welded to steel plates which allow the connection to the test rig 
(Figure 2). The end fixtures should provide hinged restraints.  
 
A key point in compression tests is the selection of the point of application of the load. Since the 
section properties change along the upright due to the presence of the perforations, it is not possible 
to identify a centroidal axis of the member. In other words, concentrically loaded specimens do not 
exist. The problem is further complicated when local buckling takes place, inducing additional 
changes of the effective cross section. 
 

 

 

 
Figure 2. Stub-column Test Set-up 

 
Baldassino and Hancock [23] studied the influence of the load eccentricities on the upright 
response under compression. They analysed a particular section profile and compared the 
experimental results of specimens with and without perforations. The non negligible influence of 
the load eccentricity on both the collapse load and failure mode was unveiled. Such an influence is 
strongly dependent on the length of the specimen. No general rule can be given for the load 
eccentricity. Therefore, the European Standard [3] recommends applying the load in the location 
between the centroids of the gross and net areas that provides the 'maximum failure load'. In order 
to satisfy this condition, a series of preliminary tests is required.  
 
The final purpose of the stub-column tests is the assessment of the upright effective area (Aeff), 
which is determined as: 
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where Rk is the characteristic value of the collapse load and fy is the yield stress of the steel. 
 
The effective area Aeff takes into account, in a simplified way, the effect of local buckling, the 
perforations and the cold-work process.  
 
The North American Standard [5] prescribes a similar approach. The main difference is the end 
restraint conditions, which are fixed instead of hinged. The tests allow the definition of a reduction 
factor Q, obtained as the ratio between the collapse load and the maximum resistance of the 
minimum net section (fy*Anet,min). In design, this Q-factor enables the determination of the effective 
properties of the cross-section.  
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The particular shape of the upright, with additional lips or rear flanges and additional lips, certainly 
improves the performance of the section against overall buckling, but increases its sensitivity to 
distortional buckling. Occurrence of distortional buckling generally triggers rapid failure: the 
associated in-plane deformation can induce remarkable membrane stresses which can lead to the 
yielding with subsequent failure of the stiffeners.  
 
In order to investigate this feature, both the European and the North American Standards [3,5] 
specify the use of numerical or experimental approaches. Furthermore, the European Standard [3] 
provides a procedure that combines theoretical and experimental analysis and appears the most 
suitable for perforated members. 
 
The European Standard [3] specifies two experimental approaches involving a quite different 
amounts of work. In both cases the tests are aimed at investigating the sensitivity of the upright to 
distortional buckling in the down-aisle direction. The test should be performed considering, as 
much as possible, the actual restraint conditions provided by the bracing system in the cross-aisle 
direction and by the beams in the down-aisle direction. In racks, the peculiar type of 
beam-to-column joints and the regularity of the perforation on the upright allow modifying the 
beam levels during the structural life of the storehouse. The uncertainty in the beam positions 
suggests disregarding, in the tests, the restraint offered by the beams. Both proposed experimental 
approaches adopt this simplification.  
 
The 'simpler' approach consists of a compression test of an upright specimen of length equal to that 
of the single bracing panel closest to one meter. The provision 'closest to one meter' is of unclear 
origin and seems not reasonable in the case of bracing panel lengths different from one meter. 
Moreover, it seems to contradict a prescription of the same Standard which states that all bracing 
lengths should be experimentally or numerically investigated. The specimen set-up and the test 
procedure are the same as those prescribed for the stub-column test. Preliminary trial tests must be 
carried out to select the point of application of the axial force. When distortional buckling governs, 
its effect is accounted for by a suitable re-definition of the effective cross sectional area. 
 
The second approach for the distortional check consists of the determination of the upright buckling 
curve. The compression tests are performed so that a representative range of upright frame lengths 
is covered. Two alternative test set-ups can be adopted, as shown in Figure 3. The failure load data 
associated to the tested bracing lengths are evaluated following the prescription of the European 
Standard [3]. The final goal of the test procedure is to plot a curve providing the variation of a 

stress reduction factor ( ni ) with the non-dimensional slenderness ( ni ). 

 
Concerning global buckling, no specific test procedure is prescribed by the Standards. The buckling 
theory of thin walled members is adopted to define the curves for flexural or flexural-torsional 
buckling. It is implicit that perforations do have a limited influence on the overall upright response.  
 
This brief summary clearly points out the complexity of the procedure adopted by the Standards. 
With the exception of the simpler upright geometries (simple section shapes and/or no perforations), 
a significant effort is required on both the experimental and the numerical sides. Tests certainly 
allow investigating the more complex problems but a strong limitation is the difficulty in 
reproducing the actual restraint conditions. The number of tests is further increased by the need for 
a statistical assessment. If the same upright section is used in different panel lengths or with 
different wall thickness, the experimental effort increases proportionally. Although the numerical 
approach makes it possible to reduce the number of tests, it must be viewed as a complementary 
tool: due to the presence of the perforations, quite complex models are required which, in any case, 
must be calibrated against experimental results.  
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Figure 3. Test Set-ups for the Evaluation of the Buckling Curve 

 
 
3. UPRIGHT FRAMES 
 
The stability of rack systems in the cross-aisle direction is provided by the bracing system which 
connects the uprights. In this plane, the rack is hence comparable to a latticed column. The 
particular features of these systems, which are characterised by uprights with open cross section, by 
bracing members eccentrically connected to the uprights and, in the case of bolted connection, by a 
non-negligible lack of fits, make them particularly sensitive to second-order effects. This aspect 
stresses the need of an accurate evaluation of their deformability and of the selection of the most 
appropriate method of analysis.  
 
In lattice structures the evaluation of the elastic critical load Vcr requires taking into account both the 
flexural deformability and the shear deformability. For these systems, Vcr is given by:  
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where V*

cr is the elastic critical load disregarding the shear deformability of the bracing system and 
SD is the shear stiffness per unit length of the bracing system, both of which can be determined 
theoretically. Both the European and the North American Standards provide specific equations for 
the most common types of bracing systems [3,5]. These equations are based on the assumption of 
elastic behaviour of 'ideal' upright frame systems [6]. Factors such as the axial shortening of the 
uprights, the eccentricities of the bracing, the connections lack of fit and the structural imperfections 
are neglected. To analyse the influence of such factors, the European Standard [3] recommends the 
experimental approach as an alternative to the theoretically evaluation. With this aim a testing 
procedure is specified. A shear force (F) is applied to an upright frame segment composed by at least 
two complete bracing panels (Figure 4). The purpose of the test is to determine the 'initial' frame 
elastic shear stiffness. A value of F equal to 2*n kN is indicated, where n is the number of bracing 
panels of the specimen. The displacement of the loaded upright is measured and the 
load-displacement curve (F- curve) enables the evaluation of the shear stiffness SD as: 
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where kti is the slope of the best-fit straight line of the experimental curve (F- curve), d is the 
distance between the centroidal axes of the uprights (Figure 5) and h is the distance between the 
restraints on the uprights (Figure 5). 
 

 
 

Figure 4. Tests Set-up for Shear Test on Upright Frames Designed  
at the University of Trento 

 
The shear stiffness SD may be employed to determine a reduced bracing area or to characterise an 
equivalent spring for the bracing connections. 
 
The authors carried out an experimental campaign which comprised approximately 100 tests on 23 
different typologies of upright frames. The specimens, consisting of 3 complete panels, involved 
different upright dimensions, bracings systems and panel geometries. The ratio between the width 
and the length of the panel (aspect ratio) ranged between 0,33 and 0,85. In all specimens, the 
connections between the uprights and the bracing system were bolted. The load was increased up to 
collapse, in order to obtain information on the overall behaviour of the frame in the full range of its 
response. This information might be important for modelling the rack system. 
 
Particular care was taken with the design of the test rig. One upright (upright B in Figure 4), is hinged 
at its ends, while the other (upright A in Figure 4), rests on frictionless supports, so as to guarantee the 
planarity of the frame. The tests were carried out for the two configurations shown in figure 5. Four 
tests were carried out for each type of upright frame: three with configuration 1 and one with 
configuration 2.  
 

Test configuration 1 

 
 

Test configuration 2 

Figure 5. Test's Configuration 

 
The experiments also allowed for a check of the applicability of the European testing procedure. 
Moreover, they enabled understanding the effectiveness of the bracing system in both configurations 
and the influence of the connections between the upright and the bracing members. 
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The results showed that: 
 
- the test configuration affects in a negligible way the load-displacement curve in the load range 

addressed by the European Standard (0-6 kN) [3]. As shown in Figure 6, more pronounced 
differences were observed as the load increased due to the different load resistance mechanisms 
associated with each configuration. Furthermore, a more favourable mechanism results in a 
substantial increase of the collapse load (Figure 6 a); 

 
- the connection system between the upright and the bracing members strongly affects the frame 

performance. Figure 7 compares the test results related to two upright frames differing only in 
the connection system between the uprights and the bracing members. The noticeable 
differences in the load-displacement responses can be explained by observing that the 
connection systems exhibit different local effects. Focusing the attention on a nodal point of the 
lattice structure, it can be noted that the bracing members are eccentrically connected to the 
uprights, which results in local torsion. As the distance between the bracing members increases, 
the local torsion applied to the upright is more pronounced. The global response of the uprights, 
which have a low torsional stiffness, is greatly influenced by these local effects occurring even 
for very small loads. Torsion associated with eccentricities of the upright-bracing connections 
reduces substantially both the stiffness and the strength and, therefore, should be absolutely 
minimised; 
 

- the torsional deformation of the uprights was observed near collapse in all the specimens, also in 
the case of bracing systems with small eccentricities (e value in Figure 7). Such a phenomenon is 
enhanced by the buckling of the compressed diagonal; 

 
- the collapse was caused by the instability of the bracing members (Figure 8a) and involved 

significant deformations of the connections (Figure 8b). In a few cases the connections failed 
(Figure 8c).  
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Figure 6. Typical Experimental Load-displacement Curves 
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Figure 7. Influence of the Connection System between the Bracings and the Uprights 

 

 
Figure 8. Typical Collapse Modes 

 
The evaluation of the test results in accordance with the European Standard [3] made it possible to 
point out a few critical aspects of the recommended procedure.  
 
The load-displacement curves (F- curves) are non-linear from the very beginning. This leads to 
difficulties in applying the procedure of the Standard [3], which requires the determination of a best 
fit straight line.  
 
The theoretical values of the shear stiffness SD are substantially higher than the experimental ones 
(up to 60 times). The 'uncertainty' on the evaluation of the experimental shear stiffness and the 
assumptions underlying the theoretical SD are the two main causes explaining such an enormous 
difference.  
 
Similar conclusions were reached in the study carried out by Godley and Beale [24]. The authors 
analysed the response of upright frames characterised by different upright sizes, numbers of panels 
and bracing patterns. The study comprised 80 tests on upright frames and numerous FE numerical 
simulations. The work pointed out that parameters such as the connection eccentricity, the bolt 
bending or the axial shortening of the uprights must be included in the theoretical analysis to obtain 
satisfactory agreement between theory and experimental results. If such contributions are considered 
the scatter between the theoretical and experimental values of SD is reduced. Further improvements 
could be achieved if effects such as the local distortion of the uprights at the connection with the 
bracings and the bolt looseness are taken into account.  
 
The above considerations clearly indicate the need for testing. The theoretical equations for SD 
should not be used directly. They rather enable the determination of an equivalent value of the 
bracing area from experimental results. A numerical approach to the problem, whenever possible, is 
quite complex due to the substantial influence of the local effects on the frame response. The 
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reliability of the analysis requires the ability to reproduce the actual frame behaviour and, therefore, 
leads to complex models, which must, in any case, be validated against the experimental results.  
 
 
4. THE JOINTS 
 
In racks, as in traditional framed structures, joints play a fundamental role in the frame performance. 
This is clear in the down-aisle direction, since the degree of continuity of the beam-to-column and 
the base-plate connections is fundamental in providing stability to the system. Therefore, an 
adequate approximation of the joint behaviour is of vital importance for the analysis and design of 
rack structures.  
 
Studies carried out by different authors [25,26,27] enabled an overall understanding of the quite 
complex response exhibited by the joint types usually employed in pallets racks. The presence of 
lack of fit and the local deformation of both the connected members and the connector lead to 
moment-rotation relationships that are highly nonlinear even for very small loads. Beside this 
semi-rigid nature, the joints are 'partial strength joints'. Moreover, the variety of joint components 
and connection systems is fairly large and in permanent 'evolution', due to the need of innovation 
typical of a competitive market. As a consequence, the well-known models to estimate the joint 
performance in traditional steel framed systems [28] cannot be straightforwardly extended to rack 
joints. Furthermore, the complexity of the various phenomena involved in the joint response (e.g., 
large plastic deformation, highly localized contact forces, inelastic local buckling...) calls for 
experimental analysis.  
 
Tests to determine the behaviour of beam-to-column joints appear in all codes for pallet racks 
[3,4,5]. The European Standard [3] also specifies a test to characterise the response of base-plate 
connections.  
 
The following two sections focus on joint performance and on its influence on the frame response. 
From the perspective of design by testing, the code specifications to perform tests and evaluate 
results are first addressed. The discussion is focused on the main issues of the experimental analysis 
and the possible 'limits' of the code recommendations. Frame studies carried out by the authors are 
presented in order to illustrate the sensitivity of the frame response to the joint behaviour and/or 
modelling.  
 
4.1 Beam-to-column Joints 
 
In pallets racks, the connection between the upright and the beam is an easy-to-handle mechanical 
connection. As already mentioned, the connected profiles and the connection itself may exhibit a 
wide variety of shapes, dimensions and wall thickness of members, and of shape and dimensions of 
connecting elements. Nevertheless, some common features can be identified, which are 
summarised next.  
 
Beams are usually built by welding two thin-walled channels to form a closed section. End 
connectors are welded at the beam ends, positioned either symmetrically or asymmetrically with 
respect to the beam axis. The connectors include tangs that accommodate into the holes located on 
the front wall of the upright, thus creating the connection (Figure 9). This simple connection system 
allows the rack levels to be adjusted to the storage needs. The geometries of the tangs, 
beam-end-connector and holes on the upright are designed to facilitate the engaging and to reduce 
as much as possible the lack of fit and the joint looseness. Moreover, connections are usually 
provided with locking devices to prevent accidental unlocking or knocking-out of the beam. 
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Figure 9. Typical Beam-to-column Connection 

 
When subject to a bending moment, the connectors rotate outwards and tend to tighten up. The 
moment transferred from the beam to the upright is associated with distortion of the end connectors 
and local deformation of the upright wall. According to the traditional criterion, these joints would 
be classified as semi-rigid [28] as pointed out by various authors [25,26,27]. Baldassino and 
Bernuzzi [26] analysed the results of more than 200 tests on 52 types of beam-to-column 
connections under bending. Their work showed that the considered connections were characterized 
by a limited degree of flexural continuity. However, the results of an extensive numerical investigation 
clearly indicated that such flexible joints have a significant influence on the frame performance. 
Therefore, it was concluded that when the joint response falls in the flexible domain, the 
semi-continuous frame model has to be adopted in order to accurately assess the frame response.  
 
This central role in providing the rack lateral stability calls for specific analyses aimed at 
investigating the joint performance under bending. With this aim, the European and the North 
American Standards [3,5] provide recommendations for designing, performing and evaluating 'ad 
hoc' tests to assess the stiffness and moment capacity of the joint. Although the purpose of the tests 
is the same, the test set-up, procedure and method of evaluating the results are quite different.  
 
The European Standard [3] specifies two types of tests: the bending test and the looseness test. 
While the former is aimed at assessing the stiffness and the moment resistance, the latter enables 
the determination of the initial looseness of the joint, an important parameter also for determining 
the rack frame geometrical imperfection. Both tests adopt the same specimen geometry: a stub of 
the upright section, connected to a counter frame, and a short length of beam, connected to the 
central part of the upright (Figure 10). The load is applied at a distance of 400 mm from the face of 
the upright. During the tests, the rotation of the end connector is measured (Figure 10). The bending 
and looseness tests differ in the loading history. In the former, a first cycle of loading and unloading 
allows for the lack of fit to take place before the load is increased up to the collapse of the specimen. 
The latter involves a single load cycle up to a moment approximately equal to 10% of the joint 
ultimate moment. 

  
Figure 10. Typical Beam-to-column Connection 
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Typical experimental responses from a bending and a looseness test are shown in figures 11a and 
11b, respectively. The European Standard [3] provides detailed methods for evaluating the test data 
and for defining a design moment-rotation relationship. The amplitude of the initial looseness is 
obtained by means of a quite simple procedure. The intersection points between the rotation-axis 
and the lines characterising the 'linear range' of the moment-rotation relation (i.e., points A and B in 
figure 12) enable the determination of a segment (segment AB in figure 12), whose length is 
assumed to be twice the value of the initial looseness (l). 
 
The moment-rotation law is obtained by means of a time consuming procedure, which also 
accounts for the deviations of the actual thicknesses and steel yield strength of the joint components, 
with respect to their nominal values. 
 
Two design models are possible: while one approximates the experimental results by a multi-linear 
relationship, the other one adopts an elastic-perfectly plastic law. In both cases, it is necessary to 
determine the design moment resistance (MRd), computed in accordance with the limit states 
approach [3]. The experimental moment-rotation curves, as well as the related models, are assumed 
to be bound by the MRd value.  
 
The multi-linear law is selected by approximating the experimental moment-rotation relationship, 
while strictly remaining below it (see the dashed line in Figure 13). No practical rules are given.  
 
In the case of a bi-linear moment rotation relationship, the stiffness of the elastic range (kn,i) is 
selected as the slope of the secant line passing through the origin and defining approximately equal 
areas between it and the experimental curve (i.e., areas A1 and A2 in figure 14). To reduce the 
deviation between the experimental and numerical results, the stiffness should be selected by 
considering as additional criterion the condition kn,i  1,15 ·MRd/i (Figure 14). The stiffness to be 
adopted in design (km) is the average value of at least three tests. 
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Figure 11. Typical Test Results of a Beam-to-column Connection: 

a) Bending Tests and b) Looseness Test 
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Figure 12. Evaluation of the Initial Looseness

 

  
Figure 13. Evaluation of a Multi-linear Moment-rotation Relatonship for 

Beam-to-column Connection 
 

 
Figure 14. Evaluation of the Initial Stiffeness 

 
The initial looseness and linearised moment-rotation relationship define the beam-to-column joint 
behaviour in bending. In the frame analysis, the initial joint looseness (l) is incorporated as an 
additional sway frame imperfection. A more accurate approach is usually precluded by numerical 
difficulties. The moment-rotation response is then simulated by means of rotational springs. The 
European Standard [3] assumes a M- relationship symmetric for both positive and negative 
bending moments. It should be mentioned that this assumption is not consistent with the 
experimental results (Figure 15) [26], nevertheless it is be acceptable for design purposes. 
Numerical studies carried out on typical rack configurations confirmed the negligible influence of 
the joint symmetry assumption on the frame performance [26]. 
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Figure 15. Beam-to-column Joint Response under Positive and Negative Bending Moment

 
The North American Standard [5] specifies two different tests on beam-to-column joints: the 
cantilever test and the portal test. The cantilever test, which is similar to the European bending test, 
is aimed at assessing both the joint stiffness and moment capacity. However, it is mentioned that, in 
this test, the joint deformability (or stiffness) might be non negligibly affected by the shear force. 
Therefore, the portal test must be considered in order to provide a more accurate evaluation of the 
joint stiffness (Figure 16a). The test is carried out on a substructure composed by four uprights, 
hinged at the base, connected by two beams. The specimen is first subject to the vertical service 
load, followed by the corresponding design horizontal load, applied at the beam level. The frame 
sways and the beam-to-column connections rotate in opposite directions, so that the rotation caused 
by the vertical load increases in one connection and decreases in the other one. The analysis of the 
portal test results leads to an appraisal of the average value of the joint stiffness, accounting for the 
joint behaviour asymmetry when the frame sways. However, Harris and Hancock [29] observed 
that the portal test enables the evaluation of the joint behaviour only for relatively small joint 
rotations, which does not fully reflect the actual joint response in a sway frame. In particular, they 
point out that the portal frame results greatly depend on the level of joint bending moment under 
the vertical loads, due to the non-linear joint behaviour (Figure 16b).  
 

a) b) 

 
Figure 16. Test Set-up for Portal Test 

 
The remarkable influence of the joint response on the frame performance justifies the great 
attention paid by the Standards to its characterisation. The authors carried out a numerical study 
aimed at investigating such an influence [30]. Two rack configurations, involving different numbers 
of bays and levels, were selected within a typical practical range. The attention was focussed on the 
rack behaviour in the down-aisle direction. For both frame configurations, the same profiles 
(uprights and beams) and connections (base-plate and beam-to-column) were considered. All the 
joints were experimentally characterised in accordance with the European Standard [3]. The 
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analyses were performed with the PEP program [31], which enables the incorporation of material 
and geometrical non-linearity, semi-continuity and the influence of the axial load on the response of 
the base joints. A simplified bi-linear relationship was assumed for the end connectors. The 
influence of the beam-to-column joints on the frame performance was studied by selecting 3 joint 
stiffness values: 2k, k, 0,5k, where k is the experimental joint stiffness. In addition, initial frame 
out-plumb angles of 1/1000, 1/200 and 1/100 were considered to simulate a wide range of joint 
looseness amplitudes. Three models were adopted for the base joint: hinge, fixed base and 
semi-rigid. For the last one a simplified bi-linear curve was assumed. A total of 54 cases were 
analysed.  
 
The results of this study showed that:  
 
- an increase of the beam-to-column joint stiffness may not lead to an increase of the load capacity. 

This is mainly due to the change of the collapse mode, which may be associated with the 
reaching of the maximum rotation capacity of the joint;  

- influence of the initial out-of-plumb: the increase of the beam-to-column looseness leads to a 
decrease of the load capacity, for realistic out-of-plumb angles. However, the results do not show 
any clear relation between the out-of-plumb and the ultimate load;  

- the single parameter affecting the frame performance the most appears to be the base restraint. 
 
The above results point out the importance of the joint rotation capacity. No attention is given in the 
Standard [3] to this parameter and such a gap needs to be filled. Indeed, the accuracy required in 
the looseness tests seems to be insufficient, and a more accurate assessment of the end connector 
stiffness is required. However, the results also seem to confirm that a more refined moment-rotation 
law (i.e., the multi-linear model) does not lead to a real increase of the accuracy of the frame 
analysis.  
 
As pointed out in this section, the experimental procedures appear fairly demanding on both the test 
performance and the evaluation of the test results. Moreover, even a small variation of the joint 
configuration calls for a new series of tests. The numerical analysis based on the FE method [14] 
seems to be a viable alternative, which would also allow for a deeper understanding of the 
importance of the various factors involved. In recent years, some attempts were made along this 
direction. The results obtained showed a general good agreement between the experimental and 
numerical analyses, but also made it clear that the reliability of the numerical models strongly 
depends on their calibration against experimental results. In addition, a labour-intensive and 
time-consuming data input (including the FE mesh) is always required in order to adequately 
capture the local phenomena, that affect the joint performance and trigger the frame collapse [32]. 
A convenient alternative is the so-called 'component method' [28], which builds up the joint 
response on the basis of the behaviour of its components. Recently, Kozłowski and Ślęczka [33] 
presented a preliminary research study of the application of the component method to rack joints. 
This work involves five joint typologies, identifies the key joint components and proposes 
equations to evaluate their stiffness and flexural resistance. Although the results are encouraging, an 
in-depth study aimed at further validating the model for a wider range of joint typologies remains a 
necessary pre-requisite for any possible use in design practice.  
 
4.1.1 Base-plate connection 
 
Base joints of rack frames are peculiar due to the configuration and components adopted. Therefore, 
their response is different from that of base joints in traditional steel frames. If reference is made to 
the Italian practice, base joints are typically built up from 'ad hoc' designed base-plate elements 
bolted to the uprights and connected to the floor by means of fixing systems (chemical plugs, 
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bolts…). Lack of fit between the base-plate element and the upright, local plastic deformations of 
the upright at the connection to the base-plate element, local buckling of the upright, the 
interactions between the aforementioned phenomena and the base plate deformation are the main 
factors influencing the stiffness, resistance and ductility of the joint.  
 
In order to account for the base joints response in the analysis, different approaches are prescribed 
by the European and the North American Standards [3,5]. The European Standard [3] provides two 
possible approaches: either to neglect any rotational restraint (i.e., model the joint as a hinge) or to 
perform 'ad hoc' tests. In the latter case, to account for the influence of the axial load on the joint 
response, it is recommended that tests are performed for at least two different axial load levels, 
selected in the range up to the maximum design load for the upright.  
 
The North American Standard [5] adopts a simplified approach: the base joint is modelled by a 
linear moment-rotation (M-) relationship. The joint stiffness is determined by considering only the 
elastic deformation of the concrete floor and does not depend on the axial load. The rotational 
stiffness of the joint depends only on the dimensions of the upright. Such a difference between the 
North American and the European Standards [5,3] can be explained by the different base joint 
typologies employed.  
In recent years, the authors carried out an experimental study of base-plate joints of Italian rack 
frames [34]. The campaign comprised 200 tests on 25 different types of commercial connections, 
performed in accordance with the European Standard [3]. The specimens consisted of two 
stub-columns symmetrically connected to a concrete cube by the fixings adopted in the actual 
structure (Figure 17).  

 
 
 
 
 
 
 
 
 
 

 
 

Figure 17. Test set-up for Tests on Base-plate Connections 

 
The concrete cube simulating the floor surface is free to move horizontally in the direction of the 
applied lateral force and restrained from rotating about the vertical axis. Two hydraulic jacks apply 
the loads to the specimen: while the first one imposes the specified axial load F1 on the upright, the 
second one applies a transverse load F2 to the centre of the cube. During the test, the rotation of the 
column bases, with respect to the concrete cube, and the horizontal displacement of the cube are 
measured.  
 
The test results showed a non-negligible sensitivity to some features of the testing rig. Indications 
on how to improve the test apparatus were obtained and summarised next: 
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- the joint response is highly sensitive to small variations of the axial load F1 occurring during the 
test, stemming from the modified system configuration due to force F2. Therefore, it is important 
to have a reliable load control system to keep the axial load F1 constant; 

- a vertical displacement of the concrete cube can occur, due to the unavoidable geometrical 
imperfections of the base connections and/or eccentricities of forces F1 and F2 with respect to the 
centre of this element. This effect requires an efficient vertical restraint. 

 
Furthermore, the concrete cube tends to rotate near the collapse, thus inducing a parasitic bending 
contribution triggering the premature collapse of the base joint. The magnitude of this perturbation 
cannot be determined. 
 
Typical moment-rotation relationships are presented in figure 18a. The rotation is evaluated as the 
average value of the relative rotations between the cube and the base joint, measured on the right 
and left hand sides of the concrete cube. The moment applied to the column base is calculated by 
considering both the first-order contribution of the transversal load F2 and the second-order effect 
of the axial load F1, due to the lateral displacement of the concrete cube.  
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Figure 18. Typical Moment Rotation Relationship for Base-plate Connections: 
a) Experimental Results and b) Simplified Relationships 

 
Due to the large variability of the typologies tested and the range of axial load applied to the 
specimens, it is not possible a direct comparison between the tests results. However, a few general 
comments on the experimental results can be made: 
- the influence of the axial load on both the stiffness and the ultimate moment is substantial. This 

confirms the need to perform tests for an adequate number of axial load values within the range 
of use of the upright; 

- collapses were caused by plasticity and instability of the upright near to the base-plate. 
Remarkable deformations of the fixing system to the concrete never occurred;  

- the interaction between the base-plate element and the upright could significantly affect the 
whole joint response. In particular, the local restraint offered by this element to the upright 
deformation influences both the collapse mode and the joint stiffness [34]. 

 
For design purposes, test results should be 'transformed' into simplified moment-rotation 
relationships accounting for the influence of the axial load on the base joint performance. The 
European Standard [3] specifies a procedure to evaluate the tests results: for each axial load level, 
the experimental curves are handled following the procedure prescribed for beam-to-column joints, 
and an elastic-perfectly plastic moment-rotation relationship is obtained. Typical results of such 
analyses are presented in figure 18b. 
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A crucial question for design purposes concerns the way in which such simplified relationships 
should be considered in numerical simulations. In principle, a domain M-N- should be defined, 
with associated rules enabling the determination of the elastic stiffness. In order to simplify the 
joint model, and in the absence of adequate knowledge, the European code [3] specifies a linear 
interpolation between the ultimate moment and the joint stiffness for different axial load levels. No 
rules are given for determining the rotation capacity. 
 
As mentioned before, the North American Standard [5] adopts a very simple theoretical model for 
the base joint, which relates the elastic stiffness to the joint geometry and the concrete elastic 
modulus. Recently Sarawit and Peköz [35] carried out an extensive numerical study of base joints 
for different upright sections, relative positions upright-base plate, and base plate thickness. The 
study made it possible to improve the equation proposed in the Standard.  
 
From the design point of view, the adoption of a base joint model, even in the simple form specified 
by the European Standard [3], leads to a more reliable evaluation of the frame performance, but 
also it significantly increases the computational effort and, requires codes able to incorporate 
M-N-k- relationships to model the joint. Such a complexity can only be justified if the base joint 
strongly affects the frame performance. 
 
In order to investigate this issue, the authors recently carried out a numerical study of rack systems 
with very flexible beam-to-column joints [34,36]. The influence of the base restraint, as well as of 
the way the base joint response is incorporated into the down-aisle frame model, were investigated 
using the program PEP micro [31]. Each frame configuration combined different base connections 
and beam-to-column joints. Each joint type was experimentally characterised in accordance with 
the European Standard [3]. The program linearly interpolates the base joint M- curves associated 
with different axial load level and the analyses incorporated values of the out-of-plumb angle  
ranging from 0,001 to 0,01 rad. The beam-to-column joints were modelled as semi-rigid and a wide 
range of stiffness was considered (starting from the experimental value). Four restraint conditions 
at the base were investigated: hinge, fixed and two semi-continuous joints. The last ones differ in 
the location of the rotational springs: one model concentrates all the joint deformation at the base, 
while the other separates the contributions of the end-plate and the upright, locating them in the 
appropriate positions. 
 
The results of the study showed that:  
- the frame response is strongly influenced by the base restraint condition, regardless of the 

stiffness of the beam-to-column joint. If the load multiplier is considered, the assumption of a 
fixed base, leads to an increase of the load multiplier by up to 209%, with respect to the hinged 
base; 

- the sway imperfection has a non-negligible influence on the frame response: this parameter 
becomes less important when the end connector flexibility increases; 

- the assumption of an hinged base, prescribed by the European Standard [3] in the absence of 
tests results, is fairly penalising: the load multiplier for the actual base restraint is, on average, 
103% larger than the hinged base one; 

- the influence of the variation of the beam-to-column joint stiffness increases with the base joint 
stiffness. As a consequence, it is not worth improving the beam-to-column joint performance 
when the base joints are very flexible; 

- the frame response determined by considering the semi-rigid base joint behaviour appears not to 
be sensitive to the way in which the joint flexibility is incorporated into the model. 

 
The above results clearly indicate the need of an experimental characterisation of the base joint. A 
key parameter for the complete characterisation of the base joint is its maximum rotation capacity. 



                                            N. Baldassino and R. Zandonini                                          45 
 

Like for beam-to-column joints, no specific requirements are given by the Standard [3] for base 
joints. 
 
The FE numerical analysis is a useful tool to reduce the cost of experimental studies. Researches 
carried out in the recent past [36,37], show the potential of this technique in predicting both the 
joint overall response and collapse mode, even if the complex behaviour of the base joints leads to 
vey complex numerical models. The need to reproduce the upright boundary conditions and the 
local phenomena, due to the interaction between the base plate, upright and floor, requires 
numerical simulations, involving very refined meshes and elements able to model contacts, which 
should be accurately calibrated against the experimental results. This means that the role of tests 
remains very important, since they cannot be fully replaced by FE numerical simulations.  
 
 
5. CONCLUDING REMARKS 
 
This paper provides a general overview of the 'design by testing' of steel storage pallet racks. The 
experimental approach provided by the main standards, namely the European and the North 
American Standards was presented and discussed. Attention was focused on the key rack 
components: the upright under compression, the upright frame under shear, the beam-to-column 
joints in bending and the base joints under compression and bending.  
 
The following issues deserve to be specially mentioned: 
- uprights: the experimental procedure proposed by the European Standard appears to be fairly 

complex. A critical aspect for member testing is the selection of the point of load application. 
The variable geometry of the cross section along the member length does not allow a definition 
of a 'centroidal axis of the profile'. Clear guidance on this issue is missing;  

- upright frames: the theoretical evaluation of the shear stiffness substantially overestimates the 
experimental value. Key factors, such as eccentricities of bracing members, bending deformation 
of the bolts or lack of fits, are not taken into account by the theoretical method. Either 
experimental values or values yielded by 'realistic' numerical analysis need to be used in design; 

- beam-to-column joints: since this play a fundamental role in the stability of rack frames in the 
down-aisle direction, an adequate characterisation is required. Nevertheless, the results of frame 
analyses seem to indicate that a refined moment-rotation law does not lead to a real increase in 
accuracy. Bi-linear joint models are satisfactory. Although the approach proposed by the 
European code is fairly demanding, it pays no attention to the joint rotation capacity, even if 
extensive numerical studies carried out by the authors showed the importance of this parameter; 

- base-plate connections: the experimental characterisation is the most appropriate way to capture 
the behavioural complexity of these joints, as specified by the European Standard. Code 
recommendations should be improved to include a more complete characterisation of the joint 
response, namely the influence of the axial load and the maximum rotation. 

 
Design by testing is a demanding procedure due to both the number and complexity of tests 
required. At present, numerical tools do not seem to be a fully viable alternative: tests are always 
required to validate numerical models. However, a reduction of the experimental effort may be 
foreseen as a consequence of the continuous and fast advances in both software and hardware 
capabilities. 
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Industrial rack design would greatly benefit from a deeper knowledge of several issues that need 
further investigation. For instance, the influence of the perforations on the upright response, the 
definition of 'realistic' numerical models for upright frames, the application of the 'component 
method' to rack beam-to-column and base joints, the criteria to estimate the base joint response 
accounting for bending, axial force, stiffness and rotation capacity.  
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