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Abstract

The essential purpose of a pallet racking system is to support the largest load possible in
relation to its self weight, while maintaining ready access to individual pallets and
preventing damage to stored goods. This should be achieved within the constraints
imposed by design and safety considerations. This basic requirement has ensured that
most current rack designs consist of thin-walled (< 3mm) steel elements whose self
weight typically accounts for between 2% to 3% of the total weight of the structure. In
general, the design is complicated by the semi-rigid nature of beam/upright and
upright/floor connections, and by the use of perforated upright members in large, multi-
storey sway frames.

Currently, a UK code exists (SEMA) to design racking installations using a permissible

stress philosophy. However, the development of limit state design in conjunction with

advances in computing power and the emergence of the single European market have

combined to create an environment in which the development of a new European design
code has become logical and desireable. A code has been developed at the request of the

European industrial pallet racking manufacturers association (FEM), to take account of

the latest developments in steel design. When the FEM code has been fully evaluated (to

April 2000), and assuming that no modifications are necessary, it will be implemented as

a Euro-norm with the intention of replacing all of the national codes in Europe. This

thesis is intended to form a part of that evaluation process.

The purpose of this document is to examine the performance of a single manufacturers
industrial pallet racking system in relation to the FEM code. In the first instance, this
involved the design and application of suitable experimental procedures, followed by the
completion of a sufficient number of tests to generate a reliable statistical
characterisation of each of the components in the system. Approximately 2000 tests were
completed during the course of this exercise. An approach was subsequently established
using this characteristic test data, and based on the recommendations contained within
the FEM, in order to predict the load capacity of any given racking system. To this end,
the use of finite element predictive sofiware was investigated, typically incorporating
second order analysis techniques to the treatment of sway frames with loose and semi-
rigid connections. This ‘novel’ design approach has been documented using a detailed
worked example. Any considerations necessary for the purposes of design are included
within a full design procedure.

The European code has subsequently been compared to the national SEMA code, in
order that an assessment can be made of the accuracy and limitations of each. This
includes an investigation into the key differences between test methodologies and the
interpretation of experimental results. In addition, twenty eight structures possessing a
broad range of rack geometries have been analysed using each code, in order that
conclusions can be drawn on the consequences for the UK racking industry of designing
to a new European code. This investigation has calculated a mean reduction in load
carrying capacity of 15.2% for FEM designed rack, with a range distributed between a
112.8% increase in capacity to a 36.5% reduction. This is the first indication available as
to the effect of the implementation of the FEM code on the load capacity of racking.

Finally, a sensitivity analysis has been performed on twenty four further structures to
identify some of the critical factors that are most influential in determining the load
carrying capacity of a rack, based on the design approach already identified. Variables
included: beam end connector looseness; moment capacity and rotational stiffness; floor
connector stiffness and upright yield stress.
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List of Symbols

A accidental action r | internal bending radius
A/S, | cross sectional area S .| shear force
A.r | effective cross sectional area s | system length
A, | gross cross sectional area s | standard deviation
Agn | accidental horiz. placement force sw | system length of web
A, | accidental vert. placement force t | thickness of material
b width of upright/sample t. | Observed core thickness at test
b, | width of flat element V | shear force
b, | notional plane width of element V | vertical load
D | spacing of upright in a frame V. | elastic critical value of critical load
E modulus of elasticity W | section modulus
e effective bearing width of baseplate W | total load on a beam
f strength W | max. frame capacity
f.. | characterist. concrete cube strength
f, observed yield strength (test) o | imperfection factor
f, | ultimate tensile strength B | beam coefficient
f, | nominal yield strength B | correction factor for thickness.
G | shear modulus B | amplif. factor for 2™ order effects
Gy | characteristic value of dead load y | partial safety factor (PSF)
H [ frame height ya | PSF - accidental actions
h storey height v¢ | load factor
h, | length, longest plane web element ~ yc | PSF - permanent actions
h,, | depth of web normal to flange v | material factor
h; | length of web between system lines Yo | PSF - variable actions
1 second moment of area 8 | deflection
I St Venant torsional constant € | strain
Iw | warping constant © | rotation
i radius of gyration A | slenderness ratio
io polar radius of gyration 2 | non-dimensional slenderness ratio
K | effective length factor v | Poisson’s ratio
k, | connector stiffness p | density
k. | effective connector stiffness T | shear strength
1 length , ¢ | sway imperfection
1 effective length or buckling length o | initial sway imperfection
L span ¢, | looseness of connector
L, | original gauge length v | stress reduction factor for buckling
M | bending moment
_ N | axial force Subscripts
N | no. of 90° bends in section b | buckling
n number of tests ¢ | compression
n, | number of bays cr | critical
n, | number of storeys d | design
Q | variable action FT | flexural torsional
Q: | concentrated load on floor g | gross
Q. | horiz. load/crane at guide rail level i | test number
Q.1 | horizontal placement load k | characteristic
Q.+ | vertical placement load LT | lateral torsional
Q. | unit load m | mean value
q distributed load n | corrected value
R resistance R | resistance
R, | mean value of adjusted test results S | strength
R, | corrected failure loads T | torsional
R, | observed failure load t | observed test value
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Chapter 1

Introduction

1.1.  General outline

During the manufacture-to-consumption cycle, approximately 40% of all commercially
produced goods are stored on industrial pallet racking systems [1]*. In the UK, the
growth in the development and use of these structures has been predominantly in
response to the ever increasing number of out-of-town developments, warehouses and
distribution centres springing up around the country.

The essential purpose of any adjustable pallet racking system is to maximise the load
capacity of the structure within a specified ‘storage cube’, while maintaining ready access
to individual pallets and preventing damage to stored goods. There is an expec;cation that
these goals can and should be achieved, whilst minimising the associated costs to the
customer. Simply stated, economic imperatives dictate that within the constraints
imposed by design and safety considerations, a rack must be manufactured to support the
largest load possible in relation to the self weight of the system. This basic requirement
has ensured that most current rack designs consist of thin-walled steel elements those
self weight typically accounts for between 2% to 3% of the total weight of the structure.
Advances in the design of these typically slender structures with the development of limit
state design have combined with the emergence of the European single market to create
an environment in which the develqpment of a new Europe-wide design code has

become a logical and desirable outcome.

* Numbers in square brackets refer to references listed at the end of this thesis.



1.2. A new European design code

This dissertation examines the impact of the Federation Europeenne de la Manutention
(FEM) code 10.2.02. ‘Recommendations for the Design of Steel Static Pallet Racking
and Shelving’ [2], on the design of racking structures in the UK. The intention is that the
code in the form of a Euronorm should replace existing national codes across Europe by
April 2000. This allows for an 18 month period of evaluation of the code, of which this
document forms a part.

The code attempts to reflect the current state-of-the-art in terms of steel design good
practice and as a result borrows sufficiently from ‘Eurocode 3 : Design of Steel
Structures’ to form the basis for its design methodology. This approach has been
tempered however, by the particular problems associated with the design of racking
systems. These include the use of perforated, thin-walled steel uprights in large, multi-
storey sway frames incorporating ‘loose’ connections. In conjunction with this, is the
necessity to consider the semi-rigid nature of the joints which form both the beam to
upright interface and the interface between the upright and the ground. The design
approach adopted in the code is therefore based on an empirical assessment of the
behaviour of the individual components that make up a rack, and this approach is
reflected in this document.

The FEM code is based on limit state design and is intended td replace the national
SEMA (Storage Equipment Manufacturers Association) code [3] which uses a
permissible stress design philosophy and is currently in use in the UK. Across the
European Union, it is expected that by the start of the next millennium, or shortly
thereafter the FEM code will provide the standard design criteria by which all racking
structures will be assessed. The broad intention of this thesis is to measure the impact of

the introduction of such a code on the pallet racking industry in this country with



reference to a single manufacturing company, and to explore the possibility of improving

rack design to exploit the advantages arising from a new approach.

1.3.

Objectives of research

The following objectives have been identified for the purposes of this research :

To examine the structural behaviour of thin-walled, cold formed steel sections either
perforated or non-perforated through the design and application of suitable
experimental testing p{ocedures, within the guidelines set down by the FEM code. A
sufficient number of tests will be completed to generate a reliable statistical
characterisation for individual components of various cross sectional geometry and for
combinations of components where semi-rigid joints are formed.

To establish an approach to pallet racking design on the basis of recommendations
contained within the new code using characteristic data obtained through
experimentation in order to predict the failure and/or the loading capacity of racking
systems using this ‘novel’ design methodology.

To investigate the use of finite element modelling as predictive software, particularly
with regard to the use of second order analysis techniques and the treatment of semi-
rigid joints in sway frames.

To employ manual calculation techniques contained within the current national design
standard in order that a comparison may be made between the accuracy and
limitations of each of the available codes. This comparison should include a broad
range of design examples in order to allow generalised conclusions to be drawn, on
the consequences for the UK racking industry of designing to a novel European code.
To examine on the basis of a sensitivity analysis, the critical factors that determine the

load carrying capacity of a range of racking structures, based on the design approach
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Chapter 2

Literature Review

2.1.  General outline

A racking structure is typically composed of thin-walled members, cold-formed into
beams and uprights, which are connected together using semi-rigid joints at the beam-
upright interface. Typically, each structure is attached to a (concrete) floor using a steel
baseplate which is also considered to have partial rigidity. The nature of racking is such,
that the behaviour of these joints is crucial to its' stability and load carrying capacity.
Until recently, with the increase in the ability of the computer to provide fast and
accurate solutions to complex non-linear analyses, it has not been possible to develop
anything other than approximate manual solutions [3] for racking system design, using a
very limited number of load conditions. However, the Storage Equipment Manufacturers
Association (SEMA) code, the UK’s code of practice for the last twenty years, has
proved more than adequate for the design needs of the industry up to this point in time.
These guidelines are based on BS449 [4] which was revised in April 1975 to include a
specification for “The use of Cold-Formed Steel Sections in Building” [5].

This standard adopts a permissible stress approach to design which was embraced by the
SEMA code of practice, although further adaptation was necessary in order that the
particular behavioural qualities of racking should be taken fully into account. Special
consideration has been given to the behaviour of the compression members which are
invariably cold-formed, perforated, thin-walled (typically 3mm or less in thickness)
sections, and additionally to the connections at both the floor and beam level. Typically,
these possess an amount of rotational stiffness and as a result are considered to be semi-
rigid, with the beam end connectors having an additional, potential degree of looseness.

Both beams and frames may be manufactured from cold-rolled material.

3



The chapter headings contained within the FEM are indicative of the design approach
that it ac_ivocates. These included : the general scope of the code; the safety philosophy,
and consideration of loads and imperfections on the system; member design
considerations; global analysis of beam pallet racks; and finally the approach to testing.
Shelving design has also been incorporated within the code, but is not included within the

remit of this document.

2.2. Cold-reduced material

A significant. problem with using cold-reduced steels, which is not addressed by the
SEMA code is the relationship between the ultimate and the yield stress (fi/fy). This has
been taken up by the FEM [2]. Some manufacturers have historically used these steels in
their uprights and beams in order to improve the performance of their sections by
enhancing their yield strength values. With the emergence of the new code this issue was
examined in the light of the Eurocode [6] recommendation that the ratio between the
two values should be no less than 1.2. Strictly adhered to this would mean a reliance
purely on hot rolled materials for use in the manufacture of racking systems, and the
redesign of many racking systems.

When steel is cold reduced its ductility is diminished when compared with that normally
associated with mild steel, making it much more brittle. In addition to this, the process
has the effect of increasing both the yield point and the ultimate tensile ‘strength of the
material. This has immediate benefits both in terms of component testing and in the
subsequent design unity checks. However, as a consequence there is also a
corresponding reduction in the ratio between these values. This can fall to as little as
1.05 or less. Clearly, the effect of this is to seriously undermine the inherent factor of
safety of the material, and under normal circumstances this should give serious cause for

concern.



Although there is an historical precedent in the pallet racking industry over many years
which supports the use of cold reduced materials and products, until the development of
the FEM code no specific work had been undertaken into the relative merits of cold
reduced steels. Comparative research conducted by Davies and Cowen [7] using
‘conventional steel’ and cold reduced steel in two full-scale tests, concluded that “the
cold-reduced steel performed. in every respect in a similar manner to the conventional
steel and that there was no reduction in performance as a consequence of the reduced
ductility.” As a result of this work, a view has been taken by the industry that cold-
reduced steels may be used in the manufacture of racking, and a clause to this effect has
been included in the FEM code. The ratio of f./fy, may be as small as 1.05 (FEM
C1.1.8.3.c.). It is worth mentioning here that despite the inclusion of this clause and the
conclusions of the research, there seems to be a move away from the use of cold-rolled

steels, particularly in the manufacture of uprights.

2.3. Enhanced Yield of Perforated Sections

Consideration for enhancing the nominal value of yield stress for perforated sections
within the limits outlined above, has not been addressed .by the FEM design procedurés.
Cl 1.9. allows an increase in yield for non-perforated members only, based on the effects
of cold-forming and the number of 90° bends (partial or complete) in the section. It is
suggested here that a modified version of this formula (also contained in current British
standards [8]) should be considered as a method of more accurately assessing the true -
value of the yield stress in the steel component being cohsidered. The formula as it

appears in the FEM is :




In the equation above, ‘N’ is the number of full or partial 90° bends in the section with
an internal radius < 5t, where ‘t’ is the net thickness of the steel. ‘.’ is the minimum
ultimate tensile strength. ‘C’ is a coefficient whose value is dependent on the methods
used to form the section (for rolled material C = 7), and ‘f’ and “fy.” are the nominal
yield of the material and the average yield of the cold formed section respectively. ‘A;’
would remain (conservatively) as the gross cross-sectional area of the member under
consideration.

In the case of perforated upright sections therefore, the modified formula would take
account of bends that remained unaffected by perforations and by implication, ignore
those in and adjacent to the central stiffener of the upright. For example, the upright
sections being examined by this document would use a reduced value of ‘N’, which
would become four instead of seven or eight, as they would have been if the section were
un-perforated. The effect of the introduction of this modified approach to establishing
the yield stress of a perforated section would provide only a marginal increase in its value
(approximately 5%). However, this is a significant improvement based, as it is, purely on
the cross sectional shape of the upright and the conditions under which it is rolled. It also
has the advantage of recognising improvements in material properties that have é.iready
been acknowledged for non-perforated members and should be considered for use in the

FEM.

2.4. Generation of Design Column Curves

The effective prediction of the elastic buckling loads of perforated compression members
without recourse to testing was not available to SEMA committee. The main thrust of
the SEMA code was therefore to design on the basis of component testing, and in the
case of uprights to reduce the experimental column failure curve to a permissible axial

stress against slenderness curve for the purposes of design. The generation of column

8



curves under the FEM code can now be approached in one of three ways. Firstly, by
usjng a full theoretical procedure which until the development of finite element shell
analysis was not possible. This would take a considerable amount of time to develop and
would in any event need a degree of confirmatory testing to be undertaken. Secondly,
column curves can be generated based on stub column compression tests using the
distortional buckling check contained within C1.5.4.6. of the FEM and the methodology
outlined in C1.3.5.(3)., and continued in C1.3.5.2 and Cl1.3.5.3. This design process has a
tendency, for obvious reasons, to be overly conservative, and as a result can severely
effect the load capacity of the rack. For the uprights examined within this document the
results where reduced by in excess of 20% [9] when compared with actual test data. It is
clear then that the most satisfactory way in which to assess the performance of the
perforated uprights against a range of slendemess values is still to use reliable testing

techniques.

2.5. Limit State Design Considerations

The effect of basing the new (FEM) Euro code on limit state design, in contrast to the
permissible stress design of the SEMA code has been that the load factors, and in
particular the variable action load factor, have been inherited from Eurocode 3 (upon
which much of the FEM is based). As a consequence, the value of the variable action
load factor was set at 1.5 in the ultiméte limit state, in accordance with Table 2.2 ENV
1993-1-1 :1992 [10]. However, this was revised down to 1.4 in the February 1998 draft
of the code for two specific reasons. Firstly, the technical committee of Section X in
consultation with the national manufacturers’ associations, believed that there was a key
difference between the variable actions associated with steel structures design contained .
within EC3, and those contained within the FEM. The value of each load factor reflects

the accuracy with which a given load can be estimated. In the case of pallet rack, each
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system is designed for a specific pallet loading to suit the requirements specified by a
customer. Under these circumstances, there is a degree of certainty attached to the
loading of these structures which was not reflected in the original choice of safety factor,
and which is not present in the design of the type of structures with which EC3 and

BS5950 are dealing.

The second reason for the revision to 1.4 followed a comparison with a code being
developed by the Rack Mfc}nufacturers’ Institute (RMI) in the USA [11]. This is based on
US national building and cold-formed steel standards [12-15] and is intended as a
revision to their 1990 edition. This code is at a similar stage of development but uses a
‘product load factor’ equivalent to the variable action load factor contained within the
FEM of 1.4. It has been foreseen that at some point in the future it may be desirable for
the American and the European codes to be harmonised, particularly with the increased
globalisation of the racking industry. Under these circumstances, and for the reasons

outlined above the variable action load factor has been revised downto 1.4.

It is worth mentioning here that the RMI code in its updated form, will ,Stm make
provision for the use of permissible stress design. This contrasts with the European code,
which is intended (following its “full’ introduction) to eliminate this approach to rack
design from the UK with the complete withdrawal and replacement of the SEMA code.
The American code states that limit state and permissible stress designs “are equally

acceptable although they may not produce identical designs”, (C1.2.).

2.6. Down-aisle sway stability
The down-aisle sway stability of these systems has been approximated by a number of

methods which are intended to provide a simplified approach to racking design without
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the need to rely on exhaustive finite element design procedures. Lewis [16] developed a
simplified approach to pallet racking analysis in 1991. Included in this model were the
semi-rigid behaviour typified by the beam end connectors, but the assumption was made
that the uprights were connected to the ground using pinned connections. Obviously, this
procedure ignores the benefits of having a rotational stiffness associated with the base of
the upright and as a consequence produces an overly conservative analytical approach.

Stark and Tilburgs [17] model, based on a single internal upright was contained within an
early draft of the FEM code. Providing flexibility only below the first beam level with a
fully rigid upright above. In contrast to Lewis’ model this analytical approach becomes
unconservative when applied to rack with limited height to first beam, or indeed as the
system becomes progressively taller. This is particularly true when p-8 effects are taken

into account.

A much improved model was proposed and developed by Davies [18,19]. Based in part
on the earlier work of Horne [20], it analyses the down-aisle stability of racking using a
single column as a substitute frame. The development of an approximate analysis based
‘on the flexibility of the lowest two levels of rack (neglecting any further upright
flexibility) is done on the basis that “the critical storey with the highest sway index is
usually the first or second”. This approach takes account of the semi-rigid behaviour of
the connectors, the rotational stiffness of the baseplate and the second order effects

which characterise the design procedure contained within the FEM code.

The Davies model has been further adapted by Feng, Godley and Beale [21] and an
effective method for the computerised buckling analysis of multi-bay rack with variable

numbers of storeys has been developed. This approach claims “good agreement with the
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‘exact analysis’, a second order plane frame program developed by Davies in a previous

paper [19].

2.7. Semi-Rigid Connections

The semi-rigid nature of the connections between the upright and the beam, and at the
interface between the upright and the floor are factors which dominate the design of
racking structures. Much of the research conducted into the behaviour of these joints has
tended to concentrate on the upright/beam connections. This work has been summarised

by Jones, Kirby and Nethercot [22].

As early as 1936 [23], the design of connections based on semi-rigid analysis was
appreciated, although it was not immediately adopted as a result of the obvious and
substantial manual calculation requirements. The assumption that all joints could be
taken to be either pinned or fully-fixed predominated therefore, regardless of the
knowledge that an inherenét degree of stiffness is found in the majority of joints that are
present in most structures. Laterly, much more in depth work has been undertaken into
the effects of semi-rigidity in connections, including in respect of their effect on the
buckling behaviour of simple plane frames [24], and their influence on the stability of
single-bay, double storey plane frames [25]. Further work has been under taken by
Monforton and Wu [26] assuming a linear moment-rotation relationship at the joints, and
therefore a single stiffness value for the connections. However this work has been
improved upon and adapted to take account of the inherently non-linear behaviour of
connectors in analyses by Ang and Morris [27], Ackroyd and Gerstle [28], amd Lui and

Chen [29].
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There has however been a less substantial body of work dealing with the rotational
stiffness of baseplates, and their variation with axial load and subgrade, particularly in
relation to static pallet racking design. The methodology contained within the FEM is
based in essence on the work of Feng [30] which outlines (amongst other things) a
suitable test procedure with which to determine and characterise the rotational behaviour

of the baseplate in relation to variations in axial load.

2.8. Summary

This section of the thesis has examined the approach of previous standards, research and
specifications adopted and embodied by the emerging FEM code. In the light of some of
the previously developed work explored here, which relates particularly to static pallet
racking, it has been possible to examine certain aspects of this ‘novel’ design treatment in
order to clarify specific areas which differ in emphasis or intent from current more
general design standards. In addition, there have been suggestions incorporated into this
section, which have been added to and developed in later chapters of this document,
which if incorporated, are intended to refine the code as a direct consequence of the

work undertaken here.
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Chapter 3

Product Configuration and Referencing

3.1.  Introduction
Throughout this document reference has been made to upright and beam sections, using
the supplying company’s standard product referencing system. To avoid any confusion,
the coding has been expanded on here and in Appendi)f A, to provide a clearer
understanding of the geometric and material properties that are associated with each
‘reference’. This chapter has been divided into four sections :
e Manufacturing processes, which has been included to provide a
background knowledge of the various stages of production through
which the steel must pass before becoming a racking system.
e Frame properties, which identifies some‘of the key upright, bracing
and baseplate properties (material and geometric).
e Beam properties, which identifies some of the key beam and
connector properties (material and geometric).
e Material tensile testing, which includes a methodology and discussion
on the characteristic tensile behaviour of the parent steels used in the

manufacture of the racking system component parts.

3.2. Manufacturing Processes

3.2.1. Outline

Flow diagram 3.1. explains in very general terms, the processes by which the steel used
in the manufacturing of pallet racking systems finds its way into the finished product.
Following on from this is a more detailed explanation of the main stages in the

manufacturing process.
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3.2.2. Roll Forming

Each coil of steel weighs around two tonnes and is fed onto the roll forming mill from a
double capstan, which minimises delays in changing from one coil to another. The strip
steel is fed through a series of rolls which progressively form it into the required section
(beam or upright). When formed, the section is automatically cut to length using a 60T
(fly wheel) shear. The system used means that a high degree of precision can be achieved
but with upto 38m/minute being formed in this way [31]. The bracing used in the
manufacture of frames is produced in a similar way, but on a smaller scale using a mini

roll form line.

3.2.3. Punch Press

Uprights are fed through a semi-automatic, 100T hydraulic press which punches
connector holes along the entire length of the section. This allows the racking systems to
be sold as ‘adjustable pallet racking’ (APR) as the connectors can be fixed at any point

along the upright length.

3.2.3. Blanking and Forming
Baseplates and beam end connectors are ‘blanked’ into the required shape from the basic
coil, using a 100T press. The beam end connector blanks are then bent into shape using

an 80T forming press.

3.2.4. Reducing Mill

Prior to roll forming , the beam steel is cold reduced. As a consequence, the materials
yield properties are greatly enhanced, from HR4 [32] at 170 N/mm? to a minimum
requirement of 417 N/mm?®. The following table shows coil thicknesses before and after
being passed through the reducing mill together with the reduction in thickness as a
percentage of the initial thickness :
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Manufacturing Process

Continuous —_— . > Mill
Casting Hot M“—' Pickling
Finished Coil | Slitting
HR4 & Tenform Shear
Frame Production B/Plate Bracing Beam Production Connector
HR4 & Tenform Production Production HR4 Production
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Cold Roll :
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Punching Forming Cold Roll Forming
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v

MIG welding l
Upright, b/plates MIG welding
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connectors

Paint Line

v
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Product

Diag. 3.1. Processes used in the manufacture of pallet rack
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Beam Pre-reduction | Post-reduction | Post/Pre
Section coil thickness | coil thickness (%)
(mm) (mm)

50 O/S 2.325 1.78 76.6

76 O/S 2.325 1.78 76.6
95(1.78) B/B 2.325 1.78 76.6
110 B/B 2.325 1.78 76.6
130 (1.78) B/B 2.325 1.78 76.6
145 B/B 2.325 1.78 76.6

80 B/B 1.9 1.57 82.6

95 (1.57) B/B 1.9 1.57 82.6
130 (1.57) B/B 1.9 1.57 82.6

Table 3.1. - Beam section coil reductions

3.2.5. Welding

MIG (metal-inert-gas) welding is employed for welding both beams and frames. A
mixture of argon and CO; is used as a gas shield (88% argon, 12% carbon dioxide). This
mixture stabilises the arc, increases the penetration of the weld and cuts spatter to a
minimum. Beams are welded on an automatic welding machine using a fillet weld to
attach the beam end connectors. A further spot weld is applied to the back of box beams
to ensure that the C-sections remain nested under high loads. In contrast, manually

operated jigs are used to weld bracing and baseplates to the uprights to form frames.

3.2.6. Painting

After they have been welded, all beams and frames are transferred to the paintline. The
first part of the line consists of a three-stage automatic process to clean and prepare the
sections. The steel is degreased and phosphate crystals are applied to its surface to
increase paint adhesion. Sections are then pass through a cold rinse and into a drying
oven after which they are ready for painting.

The paint is applied using hot, airless, electrostatic guns, with the sections being

negatively charged to attract paint evenly over their entire surface (the paint is positively
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charged). Following this, components are passed through a flash-off tunnel to remove

any solvent vapours and are then stove enameled to produce a hard, durable finish.

3.3.  Frame Properties
There are seven types of frame in the product range and the nomenclature associated
with each can be broken down into three distinct parts :
e A frame falls into one of two categories, SD (Standard Duty) or HD
(Heavy Duty). This relates to the external dimensions of the section.
Obviously the heavy duty sections have a more robust cross section
(see Appendix A).
e Within these two categories the frames are coded depending on the
gauge of steel used in their manufacture. For example, an SD17
frame would use a standard duty cross section with 1.7mm gauge
steel (external dimensions are maintained independently of the gauge
width). Similarly, an HD25 frame would employ a heavy duty section
with 2.5mm gauge steel.
e Finally, a material code is attached to the frame description to
distinguish uprights manufactured from tenform (high yield) steel,
from uprights made from HR4. This is done by adding a ‘T’ to the
end of the description. For instance, an HD25T frame has the same
dimensions and uses the same gauge of steel as an HD25 frame, but
uses a tenform steel with a much higher yield stress.
Each frame type used in production has been listed below, together with the strip width
and thickness of the coils from which they are made. The roll condition and grade of steel

along with the nominal coil yield stress have also been tabulated.
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Upright Roll condition Strip width Nominal Yield
Section & grade & thickness Stress
(mm) (N/mm?)
SD17 HR4 203x 1.7 250
SD25 HR4 200x 2.5 250
SD25T | Tenform - XF350 200x 2.5 350
HD25 HR4 260 x 2.5 250
HD25T | Tenform - XF350 260 x 2.5 350
HD30 HR4 256 x 3.0 250
HD30T | Tenform - XF350 256 x 3.0 350

Table 3.2. Upright section coil data

All frames are constructed using a common bracing section, welded in a Z-form pattern
(see Appendix A). The bracing consists of ties and diagonals fillet welded to the upright
lips in standard panel widths of 1200mm. It is cut to length to allow frames ranging

between 600mm and 1500mm in width to be manufactured to order.

Two types of baseplates are commonly produced (see Appendix A). The ‘narrow aisle’
baseplate is used (for rack designed to the current SEMA code) in cases where design
advantages accrue from using a baseplate with a relatively high degree of rotational
stiffness. This reduces the slenderness ratio of the upright and consequently increases the
permissible axial stress. In cases where this is not crucial (generally on racks of limited
height) a ‘standard aisle’ baseplate is used. All baseplates are welded rather than bolted
to the uprights. The following table outlines strip widths and material properties used for

the manufacture of both types of baseplate and the bracing section :

Section Roll Strip width | Minimum
Details condition | & thickness | Yield Stress
& grade (mm) (N/mm?)
Bracing - 94 x 1.57 417
Narrow Aisle B/Plate HR4 200x 6.0 170
Standard Aisle B/Plate HR4 125x4.0 170

Table 3.3. Upright ancillaries - coil data
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3.4. Beam Properties

There are nine separate beam types available in the product range, manufactured in
lengths of between 900mm and 4800mm, in 75mm increments. Seven of these are box
beams (B/B) of variable depth and gauge, which use two C-sections nested together to
form the required shape (see Appendix A). The other two are open sections (O/S), which

are formed from a single coil and are classed as light duty beams. All of the beams are

classified by depth, gauge of material (if different from 1.78mm) and whether the section

is boxed or open :

Beam Strip width | Minimum
Duty & thickness | Yield Stress

(mm) (N/mm’)
50 O/S 166 x 1.78 417
76 O/S 213 x1.78 417
80 (1.6) B/B 181x1.6 417
95 (1.6) B/B 196x 1.6 417
95 B/B 196 x 1.78 417
110 B/B 208 x 1.78 417
130 (1.6)B/B | 231x1.6 417
130 B/B 231x1.78 417
145 B/B 247x1.78 417

Table 3.4. Upright section coil data
There is only one type of connector commonly in use with all beam sections although the
left and right handed versions of these are treated seperately for the purposes of design.
Both C-section and open section beams are typically welded flush to the top of the
connector although ‘down welding’ is occasionally required. This is generally done when
it is necessary for a given beam level to fall between the pitches of the upright (to fit an
additional level into a given height of rack, for instance). Standard pitches are punched at
75mm centres, but in these cases more flexibility is required, and the beams can then be

down welded by anything from 1mm to 74mm (65mm for 145 B/B).
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As with the connector, only one type of locking pin is used across the product range.
Developed to secure the beams against accidental uplift, they are positioned through a
‘locking hole’ above the central connector lug into the front face of the upright. The
table below outlines the strip widths and material properties used in the manufacture of

both the connector (left and right hand) and the locking pin :

Section Roll Strip width Minimum
Details condition & thickness | Yield Stress
& grade (mm) (N/mm?)
Connector HR4 116x3.0 170
Locking Pin HR4 41.275%x3.5 170
Table 3.5. Beam ancillaries - coil data

3.5. Material Tensile Testing

3.5.1. General Outline

In subsequent chapters design tests have been performed in an effort to obtain basic
performance data on the component parts that make up an industrial pallet racking
system. In an effort to eliminate inconsistencies in the results, variations in material yield

stress were determined for the following tests :

Stub Column Compression Tests
Compression Tests on Uprights

Bending Tests on Beam End Connectors
Shear Tests on Beam End Connectors
Bending Test on Upright Section
Bending Test on Beams

In contrast, corrections for yield stress were deemed unnecessary for assessing results in
the following cases :
e Shear Stiffness of Frames Test

e Looseness Test on Beam End Connectors
o Floor Connector Test
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When tensile testing was undertaken, the method used corresponded with that outlined in
BS EN 10002-1 Tensile Testing of Metallic Materials : 1990 as specified by C1.5.2.1. of
the FEM code. The results have been included with the relevant test in the experimental

sections of this document,

3.5.2. Sample Preparation

Samples of steel 500mm long were taken from all coils used in the production of test
pieces, prior to rolling. Using this ‘parent’ material, tensile test specimens wefe then
blanked to the required shape [33] on a press, using a punch and dye set. Subsequently,
each sample was sanded along its edges (using a fine emery cloth) to remove any surface
imperfections such as stress razors. Fig. 3.1 shows the dimensions of the resultant tensile

test sample :

R=21.75mm
( / £
13mm £
w
— \ N
30mm ' 15mm 75mm 15mmI 30mm

Fig. 3.1 Tensile test sample - dimensions

The parallel length of the section was standard (75mm) for all samples, as it was
manufactured using a press. The implication of this was that it was not possible to
produce a proportional test piece, because of the variability of the cross sectional area

(widths of strip steel ranged between 1.7mm and 3.0mm). This has been demonstrated
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below, with reference to the relevant formulae. Dimensions of proportional test samples

were calculated as follows :

S,=13xt
L =kS,
L =L +2b

Where S, is the cross sectional area of the sample, t is the sample thickness, L, is the
original gauge length (>20mm), k is 5.65 (see C1.6.1.1.) and L. and b are the parallel
length of the sample and t£1e width of parallel length of the sample respectively.

As a result of sample thickness variations and their effect on the calculation of the
parallel length of the sample, a standard non-proportional test piece was produced from a

single dye, in accordance with Annex A of the European standard (see Table 3.1) :

Tensile test samples Width | Original Gauge | Parallel Free Length
(mm) Length, L, Length, L. | between grips

(mm) (mm) (mm)
Type 1 test piece 125+ 1 50 75 > 87.5
Actual Sample values 13.0 50 75 100

Table 3.6. A comparison of actual sample dimensions with those contained in
Table 4 of BS EN 10002-1 : 1990

In addition to these dimensional requirements, the standard specifies that “the parallel
length (L.) ... shall be connected to the ends by means of transition curves with a radius
of at least 12mm” and that the “width of these ends shall be at least 20mm and not more
than 40mm™, It is evident from Fig. 3.1 these values have been strictly adhered to.

The length axis of the specimens corresponded with the direction of rolling of the coiled
steel and the orientation of the longitudinal fibres in the cold-formed members. Blanks
were taken from the middle of the coil width and wherever possible near the end of the
coil, in accordance with FEM code Cl.1.8.5.(a) Testing of Steels with no Guaranteed

Mechanical Properties.
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3.5.3. Test Methodology

A standard micrometer was used to measure the cross section of each test piece to an
accuracy of 0.0lmm. Three values of width and three of thickness were taken in the
middle and at the ends of the parallel section of the sample. These were then averaged
and a single value for the cross sectional area of the specimen was derived.

After preparation of the samples had been completed, they were placed individually into
an Instron (4200 series) tensile testing machine which is pictured overleaf in Plate 3.1.
This machine was capable of automatically controlling the rate of strain, which
approximated to 0.00083 mm/sec during testing, and of processing the resultant data. It
measured the tensile force applied to the specimens electronically together with the
displacement of the ‘wedge’ grips. As a result, a plot of the stress/strain graph together
with some of the basic material properties of the sample, including 0.2% proof stress,
were output automatically. However, this method of testing was not sufficiently accurate
to determine quantities such as Young’s modulus . This was due to possible slippage in

the clamps and elastic elongation of the wider parts of the sample.
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3.5.4. Discussion
Throughout this document, uniform stress (N/mm?) within the test sample is defined as

the ratio of tensile force to the sample’s initial cross-sectional area :

o=

Similarly the strain (recorded on the test plots in mm/mm), is defined as the ratio of the

change in length of the sample to its initial length :

For correction purposes the yield stress was of primary concern during this series of
tests. However, in cases where more information on the general properties of steel was
needed, standard properties taken from FEM Cl.1.8.4.3. were used. These properties

have been used throughout this document :

¢ Modulus of Elasticity - E = 210000 N/mm?
e Shear Modulus - G = E/[2(1+v)] N/mm’
e Poisson’s Ratio - v = 03

a = 12x10° per°C

Coefficient of linear thermal expansion

Density - p = 7850kg/m’

Typically, failure was induced within the parallel length (L) of the sample, where the
stress distribution was uniform and the sample was subject only to pure tension. Despite
this, it was apparent that two distinct modes of failure could be observed during testing.
It was clear that the steel used in the manufacture of the beam C-sections behaved very
differently from that used in the uprights and connectors. A comparison of the graphical

output from each ‘type’ of test can be seen below.
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Fig. 3.2  Tensile test on Upright steel Fig. 3.3 Tensile test on beam steel

It is apparent from the output above, that there are distinct differences between the behaviour of
the beam steel and the upright steel (tenform and HR4) during tensile testing. In the first instance,
although both sets of data appear to obey Hooke’s Law (¢ = Ee), and display linear elastic
characteristics during the initial portion of the test, there is no discernible yield point visible on Fig.
3.3. In cases such as these, a line parallel to the initial portion of the curve and offset by a standard
amount of strain (0.002 or 0.2%) was constructed. As a consequence the point at which this ljne
crossed the test data line was taken to be the ‘actual yield stress’ for the purposes of FEM
analysis. This point is commonly known as the 0.2% proof stress.

Secondly, it is clear that the ductility associated with the upright steel in Fig. 3.2 is not ﬁresent in
Fig. 3.3. A reduction in strain hardening is a distinct feature of the cold reduced material used in

the manufacture of beam sections. Ductility is defined as the “extent to which a material can
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sustain plastic deformation without rupture” [34], and it is clear that steel which exhibits brittle
tendencies will be less well able to cope with the large plastic deformations induced by operations
such as cold roll forming. In addition to this, it is apparent from the vgraphs that substantial
changes to the mechanical_ properties, other than a reduction in ductility of the steel, have
occurred. The process of cold reducing has the effect of increasing both the yield point and the
ultimate tensile strength of the material. However, “the percentage increase in tensile strength is
much smaller than the increase in yield strength, with a consequent smaller reduction in the spread
between [the two] ”[34]. One of the consequences of this, which can be seen from comparing the
graphs, is that the inherent factor of safety in the material itself is diminished. If loads become too
large a ductile material will tend to distort visibly. In this case action could be taken to remove
load before failure occurred. However, in the case of more brittle (cold reduced) materials such as
those used in the beam sections, there is less distortion prior to failure. The issues raised here with
regard to structural integrity are addressed in the code by ensuring that the ratio of characteristic
ultimate tensile strength to characteristic yield strength is greater than 1.05 (FEM C1.1.8.3.), as is
the case here. In addition, because the capacity of the majority of beams is deflection limited at the

serviceability limit state, stresses in the beams are never sufficiently high to pose a design problem.
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Chapter 4

The Determination of Individual Upright
Characteristics through Experimentation

4.1.  General Outline

To enable the design of a system of racking through Finite Element Analysis (FEA) or
any other numerical method, it is first necessary to determine the characteristics of the
component parts. Basic pgrformance data having been obtained, a full examination of the
systems behaviour during its operating life can thereby be determined. A total number of
eleven specific tests were carried out to obtain this performance data. This chapter

examines the upright behaviour through five of these tests, including :-

1. Stub Column Tests

2. Compression Tests on Frames

3. Tests for Shear Stiffness of Frames
4. Bending Tests on Frames

5. Tests on Floor Connections

The tests outlined above were exhaustive for the product range supplied. All possible
combinations of beam, upright and baseplate were examined to produce a complete set
of data which would allow predictive software (and user) to vary any chosen set of

parameters during the design of a racking system.
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4.2.  Stub Column Compression Test

4.2.1. Introduction
The purpose of this test is “ to observe the influence of such factors as perforations and
local buckling on the compressive strength of a short column ” (FEM-CL5.3.1.), in

order to determine the following for each class of upright :

e centroidal axis position
e characteristic failure load

o effective area of section (A.x)

The implications of this test series are self-evidently far ranging, as the position of the
centroidal axis forms the basis for all subsequent upright/frame compression tests, while

the individual failure loads are integral to the construction of the design column curves.

4.2.2. Test Geometry

To form the test pieces, sections of upright incorporating five pitches of perforations
were cut normal to their longitudinal axis, midway between two sets of perforations.
Following this, the section (375mm in length) was adjusted for springback using base and
cap plates 4mm thick, which were welded to each end of the stub. Ball bearings 30mm in
diameter were positioned above and below each specimen and applied load axially
through two identical plates (150mm x 100mm x 35mm) which were indented to a depth
of 5Smm to seat each bearing. The test specimen dimensions are shown overleaf in Fig.

4.1.
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Fig. 4. 1. Stub Compression Test Dimensions

4.2.3. Methodology

A total of 115 tests were performed on six separate sections of upright in accordance
with the recommendations of the FEM code 10.2.02. Each separate section of coil
material used had at least two tensile tests performed on it to determine the actual yield

stress of the samples being tested. In addition, actual material thickness’ were determined
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using a standard micrometer accurate to 0.01mm. Tests were carried out using a servo-
hydraulically controlled ESH universal testing machine capable of applying compressive
loads of up to 275KN. The rate of compression was controlled by a ramp generator and

was set to 0.05 mm/sec.

During testing all sections were arranged to ensure that “the position of the ball bearings
in relation to the cross section [was] the same at both ends” (FEM-C1.5.3.3.). The test
pieces were loaded axiall)f along their line of symmetry at a variable distance, from the
front face of each upright, in order to maximise the failure load. Crucial to the results of
the tests was the vertiéality of the samples with respect to the ball bearings together with
the accuracy of their positioning. Initially, this was ensured using a system of dial gauges.
However, the set up procedure for each test was an unnecessarily complex and time
consuming one, and so this method was quickly replaced (test 28-115) with a mechanical
stop system which was designed to slide quickly into place (for upright location) and out
again during testing. This system together with an upright sample ready for test is shown

overleaf (see Plate 4.1.).

Throughout the test procedure the centroidal axis was taken to be along the line of
symmetry for each upright and at a “test determined distance” referenced from the front
face. An initial guess for this distance was the centre of gravity for the gross cross
sectional area of each sample. Using the mechanical stop it was possible to vary this
distance accurately to maximise the failure loads during testing and thereby pinpoint the
exact “co-ordinates” of the centroidal axes with some confidence. Subsequently, the
characteristic failure load could be derived from a series of tests through these newly
determined co-ordinates, repeatability allowing a greater degree of statistical confidence

to be placed on the results.

32



+0 +0

3;38 3F3<3

! + A

+






3;38 3F3
+ n



43. Results and Analysis

4.3.1. Introduction

Analysis has been undertaken here and throughout this document using values for
notional plane width (b,) as defined below. These values have been calculated in
accordance with C1.3.2.1, Fig. 3.1 and Fig. D.2 of the FEM, taking the effect of corner

radii into account.

U
—
bps

bp3

Fig. 4.2. Notional upright plane widths

e Heavy duty upright values :

bpl 30.6 mm (stiffened)
bp2 60.6 mm (stiffened)
bp3 21.8 mm (unstiffened)
bp4 26.9 mm (stiffened)

e Standard duty upright values :

bpl 33.2mm (stiffened)
bp2 47.5 mm (stiffened)
bp3 13.6 mm (unstiffened)
bp4 (intermediate stiffener)

4.3.2. Material and geometric corrections

Material and geometric corrections to the observed failure loads were undertaken using

w3 () o
R, =Ry 'E' ',; 4.1)

the formulae outlined below :



where Ry; and Ry; are corrected and observed failure loads respectively for test ‘i’, f; and
fy are observed and nominal yield stresses respectively, and t; and t are the observed and
design thickness’. In general, values of yield stress measured from tests were found to
exceed nominal values. In these cases oo = 1 down-rating the value of Ry accordingly

(o = 0 when f, >f,). To adjust Ry for thickness, the thickness ratio is raised to the

power B, which is itself dependent on the limiting values of the width to thickness ratios

detailed below :
b b
Stiffened elements :- {—p—} =0.64 4B (2 —-"—) 4.2)
tf. \} f t
; b b
Unstiffened elements :- {—"} =0.64 043E (2 -—p) 4.3)
t] f, t

Thin-walled sections employed as compression members in a racking system may suffer
significant effects as a result of local buckling. The limitations imposed here reflect the
importance of the ‘b/t ratio’ in determining each sections susceptibility to this mode of
failure. “Compression elements supported on (one or) two longitudinal edges may be
assumed to be fully effective if the breadth to thickness ratio” (C1.3.3) limitations
outlined above are satisfied.

The maximum flat-width-to-thickness ratios for each upright section are as follows :

SD17 | SD25 | HD25 | HD30 | SD25T | HD25T | HD30T

Maximum notional
plane width - stiffened | 47.5 47.5 60.6 60.6 475 60.6 60.6
element (mm)

b/t ratio 27.94 19 24.24 | 20.2 19 24.24 20.2
Maximum notional -
plane width - 13.6. | 13.6 21.8 21.8 13.6 21.8 21.8
unstiffened element
(mm)
b/t ratio 8 5.44 8.72 7.27 5.44 8.72 7.27

Table 4.1. Flat-width-to-thickness ratios for each upright
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The results of each test have been graphically illustrated in Fig. 4.3.-4.8. It can clearly be
demonstrated that the mean corrected failure load varies significantly in response to a
variation in the distance of the application of the load from the front face of each upright.
In each case, the highest load was taken to be indicative of the optimal position for the

centroidal axes, and was used in all subsequent upright compression tests.

4.3.3. Characteristic values of failure load
In general, the calculation of a characteristic failure load from test results on a single
upright was statistically treated to reflect a 75% confidence level that 95% of any future

tests would be higher than the characteristic value (Ry) :
R, =R_-ks (4.4)

‘R’ is the mean of at least three adjusted test results (n), ‘ks’ is the confidence level

coefficient (see App. C) and ‘s’ is the sample standard deviation :

1 & )
5=y 2®Ru-Ra) 45.)

i=1
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Mean corrected failure
load (kN)

SD17

~
PN
s

175 19.5 21.5 23.5
Distance of load from front face of upright (mm)

HD25

3

Mean corrected failure
load (kN)
®

140 +-
28.5 29.5 30.5 31.5
Distance of load from front face of upright (mm)

Fig.4.3. SD17 upright summary

Fig. 4.4. HD25 upright summary

Mean corrected failure

SD25

load (kN)

107
19.8 203 208 213 218
Distance of load from front face of upright (mm)

SD25T

8

_;_.
& 8
P

load (kN)
3

-
w
o

Mean corrected fallure

130 +
18.7

217 27

19.7
Distance of load from front face of upright (mm)

207
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Fig. 4.5. SD25 upright summary Fig. 4.6. SD25T upright summary
HD30 HD30T
E_ s
Tz 3
iz 3
5 8 5
175 t t 237 t t + f
27 28 29 30 31 292 295 298 301 304 307
Distance of load from front face of upright (mm) Distance of load from front face of upright (mm)
Fig. 47. HD30 upright summary Fig. 4.8. HD30T upright summary
Fig. 4.3.-4.8. Graphical illustration of stub column test results




43.4. Effective area of uprights
Having first derived the characteristic value of failure load, an effective area for each

section can be calculated as follows, where f; is the nominal yield stress :

Ag=—%* | (4.6))

Values of A.g obtained from this test have been compared with values obtained from the

upright compression tests in section 4.4.2. of this document.

4.3.5. Results summary '
A summary of the results of the tests on each of the upright sections has been tabulated
below. X is defined as the distance of the centroidal axes from the front face of the

upright and has been used as the optimum position for loading in the upright

compression tests.
Upright Characteristic X A
Failure Load (mm) (mm?)
(KN)
SD17 75.62 20.26 302.48
SD25 108.36 20.99 433.44
SD25T 143.80 21.49 410.86
HD25 146.00 29.36 584.00
HD30 191.73 28.55 766.92
HD25T 199.01 29.86 568.6
HD30T 236.92 28.96 676.91
Table 4.2. Summary of stub column compression test results
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4.4. Compression Tests on Uprights

4.4.1. General Outline

The purpose of this test is “ to determine the axial load capacity of the upright section for
a range of effective lengths in the down-aisle direction, taking account of out of plane
buckling effects and the torsional restraint provided by the bracing and its connection to
the uprights ” (FEM-CL.5.4.1). This test is considered to be crucial as far as the load
capacity of the racking system is concerned, as these results, together with those
obtained from the stub column compression tests form the basis of the design column
curves. “ Rack structures are designed to carry predominantly the vertical loads from the
stored material ” [18], and as a consequence uprights that support relatively high axial
loads in these tests, will allow significant performance advantages to be carried over into

the design of the full racking system.

4.42. Test Arrangement

A total of 182 tests were performed on sections across the product range, in accordance
with FEM C1.5.4. The frames were manufactured with standard Z-form bracing section
(see Appendix A) and using the maximum frame width in the product range (1500mm).
The diagram overleaf in Fig. 4.9., has been included here to illustrate the test

arrangement and the method by which the specimens were tested.
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Load
Y
S
(=]
[~
[}
-
=]
£
=
[*)
=3
m
Counterbalance
L 4 weight supporting
frame independently.
Load
l‘ 1500 mm +|
Fig. 4.9. Upright compression test - set up

During testing, an axial load was applied down a single upright from frames between
900mm and 2925mm in length, using a 2500KN Schenck compression testing machine.
The mass of the untested portion of the frame was supported independently of the test
apparatus using a number of weights acting as a counterbalance. They were loaded
through their centroidal axes, the co-ordinates of which had been determined previously
from the stub column compression test. The load was applied through two 50mm

diameter ball bearings, which were positioned above and below each specimen on ball

42



seats that were rigidly fixed to the test frame. A diagram of the ‘seating’ arrangement has

been produced below showing the relevant dimensions.

u Ul o |

Caplfoot plate | l ] 35mm 1
—
Ball bearing |
T 5mm —

* \ 20mm I
\__/

/ IR \1 Oomm __ y

Fig. 4.10. Load application detail

Uprights were located in the test rig using cap/foot plates. These consisted of two
identical steel plates (150mm x 100mm x 40mm) which were indented to a depth of Smm
on one side to seat a 50mm ball bearing. A groove was machined into the opposite side
of the pléte, allowing a steel insert to maintain a position of symmetry about the indent
(see Fig. 4.10).

The inserts were manufactured in two sizes, one to fit heavy duty and one for the
standard duty uprights. During tésting, they were attached to each frame through the
standard section holes, using two 12mm diameter cap head screws (ref. Plate 4.6.). The
screws were positioned 40mm (to centre) from the end of each upright and once
tightened, held the steel inserts firmly against the inside front face of the section. In this
way, it was possible to position the inserts along the line of symmetry of each section

with a high degree of accuracy.
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4.4.3. Test Measurement
Prior to testing, actual material thickness’ were determined using a standard micrometer
accurate to 0.01mm. Two tensile tests were also performed on each coil of material used
to manufacture the uprights, to determine the actual yield stress of the samples being
tested.
The compressive load was applied manually and as far as possible, in a linear fashion to
failure. The upright was deemed to have failed when either (see FEM C1.5.1.3(a)) :

1) the applied test loads reached their upper limit, and/or

2) deformations occurred of such a magnitude that the upright could no

longer perform its design function.

In practice, the first of these conditions always occurred before deformations became
severe enough to inhibit the ability of the upright to perform its design function. The
highest load was therefore recorded as the failure load using a visual display on the

actuator control panel.

4.4.4. Discussion

Generally, upright collapse occurred in two distinct and separate ways. Frames of
900mm in height failed about the Z-Z axis, in the vast majority of cases. This type of
failure, which can be seen in Plate 4.9., was characterised by an inward bulging of the
section’s rear lips, in conjunction with a bulging outward of tﬁe web in the central
portion of the upright, between bracing connections. Occasionally, this effect was

reversed and the upright buckled inwards with the lips splayed out.
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— f
where: for 0< A1 <0.2 C= (f—yJ (4.8.2)
t

_ f _
Z-02+2(15-12)

for 02<1 <15 C= 13' (4.8.b.)

It can be shown from this equation that a linear relationship exists between the value of
the yield stress ratio (C) and the non-dimensional slenderness ratio (1) of the test

samples between 4= 0.2 and 4 = 1.5. Given typical values of nominal and observed

yield (f; = 250 N/mm?, f; = 280 N/mm?) values of ‘C’ are demonstrated in Fig. 4.11. :

Yleld Stress Ratio (C)

©Oo0o0o0O0Q =
8888YEES

050 1.00 1.80
Non-dimensional slenderness ratio

o
8

Fig. 4.11. The relationship between yield stress ratio and
non-dimensional slenderness for defined values
of nominal and observed yield stress.

The implications of this correction are that for very short columns (given here as

A < 0.2), where failure is by yielding or crushing and there are no associated buckling
or stability considerations, the maximum down-rating of the failure load is applied by the
yield stress ratio. At intermediate slenderness ratio’s (0.2 < 1 < 1.5) where maximum
stresses exceed the proportional limit and the material no longer observes Hooke’s law,
there is a linear reduction in the effect of yield stress on the failure load until the
slenderness of the section is such that elastic stability becomes the governing factor in

column failure (C = unity). With high non-dimensional slenderness’ (1 =15), the
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column material remains linearly elastic to failure (E=210000 N/mm?), and the column
follows the Euler buckling curve. In this case the value of the critical slenderness above
which the Euler curve applies is defined as :

(4), = (HZET (4.9)

O'pl

o, is the average stress at the proportional limit.

4.5.2. Calculation of column buckling curve
i) Initially, calculations were undertaken for each test (including the stub column

compression test) to determine values of stress reduction factor ().) and non-

dimensional slenderness ratio (A ). X Was taken to be the ratio of the corrected failure
load for an individual test to the maximum compression resistance of the column,
ignoring the effects of perforations. Corrections to the results due to effective area
calculations are considered later on in this treatment :

R

= —u 4.10.
N (4.10)

By

Similarly, A .; was taken to be the ratio of the test slenderness to the slenderness of the

section at the material yield stress [35]:

— yu
O — (4.11)
(an/ fy)%

The denominator in this expressioﬁ has been derived using the following analysis to
verify the formula contained within the FEM. This has been done taking the maximum
load (centrally applied) on an ideal, pin-ended column to be the critical load for a column

with an effective length, ‘L. :-

(4.12.)
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P., represents the load just prior to the column buckling, known as the bifurcation point
at which the column is in a state of neutral equilibrium (not stable or unstable). The
critical stress (o) in the column at this point can be calculated using the formula above,
to give :

P #m*El #n*Er* rnE

cr

=T = = = 4.13.
o-cr A ALeZ LeZ (Le) 2 ( )
r
Assuming the critical stress in the column is taken to be its material yield stress :-
2
E
== (4.14)

(LTJ = (”];E)% (4.15)

cr
This equation therefore represents the critical slenderness ratio for a column whose

critical stress is the yield stress of the column material.

ii) A graph of y, against A is then plotted and a curve fit chosen. In general, a 6"
order polynomial expression was used to define the experimental data set, with the tail of
the curve (arbitrarily chosen as any point beyond Zﬁ =15) being asymptotic from below

to the elastic buckling curve (see Fig. 4.12.). This was achieved using the theoretical

stress reduction factor values calculated from the formulae in C1.3.5.2. of the FEM :

1
- 4.16.
YN oy (t16)
@ =05(1+a(Z -02)+2%) (4.17)

A plot of test data, together with the theoretical data calculated using the above

equations and a curve fit in the form (z,, (4,)) is presented below for the HD25T

upright. Here, the value of A istakentobe: 1.5, 1.6 and 1.7.
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00 05 10 15

Stress reduction factor

Non-dimensional slenderness ratio

Fig. 4.12. Column curve test results - HD25T

iii) X.; values were normalised against the associated polynomial value ( z,,) :

Zni = Xen | (4.18)

Xeu
and the standard deviation of the normalised values was then calculated. The

unadjusted stress reduction value ( ') is then given by :

X =x.(1-ks) (4.19)
k, is based on the total number of tests (n) performed on an individual upright section.
This includes stub column tests but as with standard deviation calculations, theoretical

values are not taken into consideration. The characteristic value of the stress reduction

factor ( ) can then be calculated using :

A
=z == (4.20.)
Ay
where Ay =A%, (4.21))

and y! is the value of y’ at the stub column slenderness.

Values of non-dimensional slenderness (1 ) are also adjusted to take account of the
effective area of each section, calculations to this point having been based on the gross

cross section :

A
1= Ao (Aeﬁ”) 4.22)
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Values of A.x could be expected to be identical in this analysis and in that of the stub
column test (for the same section). However, this has not proved to be the case (see
Table 4.3.). It is reasonable to assume that due to the involved statistical treatment of the
results, reflecting and even amplifying the effect of such things as the number of tests
performed (e.g. HD25T, 10 stub tests - k, = 2.10 , 36 upright tests - k, = 1.842) and the
natural variations in any experimental data set, there is likely to be a divergence in the
values of effective area between the two tests (A from the column compression test has
been used in the design formulae). These differences are not markedly significant as can
be seen from the table below, with only the SD17 section exhibiting more than a 5%

divergence between the results of the two tests:

Upright | Stub test AfAg Columntest | As/A; | Stub/Column
(Aer) (Aer) (% difference)
SD17 302.48 0.876 286.09 0.829 5.7
SD25 433.44 0.867 436.50 0.873 0.7
SD25T 410.86 0.822 409.00 0.818 0.5
HD25 584.00 _0.898 599.95 0.923 2.7
HD30 766.92 0.998 740.35 0.964 3.5
HD25T 568.60 0.875 572.65 0.881 0.7
HD30T 676.91 10.881 692.74 0.902 2.3

Table 4.3. A comparison of effective areas for the stub column and upright compression tests

The © ¥ vs. A ’ results for each upright section undergoing the .mathematical treatment
outlined above, have been illustrated graphically overleaf. While allowing for a degree of
experimental variation, it is apparent that all exhibit the typical S-shaped curve associated
with pin-ended column failure over steadily increasing effective lengths. As polynomial
curve fits, these plots are used in subsequent chaptérs of this document to aid in the
analyses of racking systems, based on their critical effective lengths (in general treated as

the height to the first beam level above the ground).
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4.6.  Tests for Shear Stiffness of Frames

4.6.1. General Outline

The purpose of this test is to “determine the shear stiffness per unit length”(FEM-
C1.5.9.1) of each frame in the pfoduct range. Before testing, it was not anticipated that a
frame based on a jig-welded design should have significant problems in terms of shear
stiffness in the cross-aisle direction. The results should therefore approximate to the
values determined by theoretical calculation found using the formulae in Appendix C and
Fig. C2 of the FEM code. With this in mind, the theoretical values of frame shear
 stiffness have been included in the discussion (4.7.3.) to allow comparisons to be made

with the test results.

4.6.2. Test Arrangement

A total of 35 tests were carried out on seven separate upright sections, five tests per
section. The frames were placed in the vertical rather than horizontal plane and held in
place using rollers that coincided with the points of intersection of the bracing members.
In addition, nylon lateral supports were included on the test rig (see Plate 4.9) at the
same centres as the rollers to mitigate against sideways movement. The load cell was
capable of recording up to 50KN, which was sufficient to fail all the samples (although
this was not necessarily a requirement of the test), and the load was applied at a rate of

0.064mm/sec (Smm in 77.62 secs).
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