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1. INTRODUCTION

1.7 Relevance and Importance of the research topic

Pallet rack storage systems are a crucial component of modern logistics, facilitating the efficient and
accessible storage of goods across various industries. With the rapid growth of e-commerce and
logistics, the demand for efficient and well-organized storage spaces has increased significantly. Metal
storage structures, such as pallet racks, play a vital role in optimizing storage space and enabling quick
access to goods.

The safety of metal structures is essential for preventing accidents and damage to stored goods.
Research into improving joints and structural components contributes to the development of safer and
more reliable storage systems. The specialized literature recognizes the importance of analyzing the
structural behavior of these connections. Previous studies have demonstrated that rotational stiffness
and bending capacity of joints have a significantimpact on displacements and stresses in rack systems.
However, there are still contradictory and insufficiently explored aspects, particularly regarding the
influence of column thickness and connector type on these connection characteristics between beams
and columns. Advances in manufacturing technology and the use of advanced materials, such as high-
strength steels, necessitate constant updates to design and testing methods for structures. Ongoing
research ensures the integration of these innovations into storage solutions.

Adhering to current norms and regulations requires adopting design and testing practices based on the
latest knowledge and standards. Research contributes to the development and updating of these
norms, ensuring that metal structures comply with legal and safety requirements. Cost efficiency in
the production and installation of metal structures is a crucial aspect for logistics and storage
companies. Research studies can identify more economical and cost-effective solutions without
compromising quality and safety. Developing sustainable storage solutions that use resources
efficiently and reduce environmental impact is another important reason for the research topic. Using
recyclable materials and reducing the carbon footprint are essential goals in modern metal structure
design.

The widespread use of pallet rack storage systems highlights the need for a deeper understanding of
the effects of interactions between metallic pins in connectors and column perforations on the
performance of load-bearing beams. Although some studies have addressed this topic, the results are
not always conclusive, indicating the need for further investigation. In this context, this paper aims to
fill gaps in the specialized literature through an objective and detailed analysis of the mechanical
behavior of semi-rigid connections used in storage systems. The study will focus on investigating the
effects of column thickness and the type of metallic pin connector on rotational stiffness and bending
moment capacity of the tested connections. Additionally, it will explore the impact of geometric
imperfections on the stability and critical buckling forces of columns made from Omega-shaped profile
sections under compression.

This research aims to provide a comprehensive and critical perspective on the analyzed issues,
contributing to the development of more accurate and efficient models for designing and simulating
the mechanical behavior of components in storage systems. Advanced numerical simulation methods
and experimental tests will be used to validate and calibrate the proposed models, ensuring the
relevance and applicability of the obtained results.



1.2 Content of the thesis

The first three chapters of this thesis present the justification for the choice of research topic and the
context leading to the necessity of conducting the research outlined in the doctoral thesis. A
synthesized classification of storage systems is provided, including the structural components of pallet
rack structures, types of joints and columns used, manufacturing technologies, as well as conclusions
and issues identified within this industry. The importance of the connections between beams and
columns in ensuring the stability and safety of storage structures is highlighted. Additionally, the
current state of research in the specialized literature is reviewed, examining the norms and design
codes applied to such structures, theoretical aspects, and current research related to joints between
beams and columns, compression of thin-walled columns with Omega-shaped cross-sections,
emphasizing areas that require further studies. A review of the specialized literature is conducted to
identify existing gaps in research on such structures, justifying the motivation for choosing the
research topic for the doctoral thesis.

Chapter 4 elaborates on the main objectives of the thesis, as well as the specific objectives derived
from them.

Chapters 5 and 6 focus on research concerning the rotational stiffness of joints with metallic
connectors and pins. The experimental effects of the structural parameters of the beam-to-column
connection on the rotational stiffness of these connections are studied, analyzing different modes of
failure and the impact of rotational stiffness on the mechanical behavior of the beams. The effect of
play in pin connector joints on sectional forces and beam displacements is also investigated based on
experimental results and calculations. The effects of rotating the connector to eliminate play, as well
as the impact of connector rotational stiffness on the structural performance of storage systems, are
analyzed.

Chapter 7 presents experimental research and numerical simulations concerning the local stability loss
of short columns made from thin-walled profiles. The main geometric characteristics of the columns,
testing methods, obtained results, and conclusions from the tests performed are presented.
Experimental determination of the critical buckling forces and effective area for columns made from
thin-walled Omega-shaped profiles is conducted.

Chapter 8 is dedicated to the general conclusions of the doctoral thesis, the author's personal
contributions, and potential future research directions for improving and developing metal storage
structures. The importance of continuing research to address future challenges and enhance the
performance of storage systems is emphasized.



2. CURRENT REQUIREMENTS AND SOLUTIONS FOR THE CONSTRUCTION OF METAL
PALLET RACK STRUCTURES

2.1 Classification of storage systems

Storage systems are generally metal structures designed for storing goods in warehouses or
commercial spaces. They are typically classified into two main categories:

- Pallet Racking System.

- Shelving Systems.

The primary difference between these two types of systems is that, in the first case, pallets are used
to store goods, whereas in the second case, the systems are generally intended for storing small items
that can be handled manually.

Pallet racking systems are further classified into various types, which may offer higher space efficiency
or cost-effectiveness. The main types are as follows:

- Conventional Pallet Racking Systems.

- Drive-In Racking Systems.

- Pallet Shuttle Racking Systems.

- Pallet Flow Racking Systems.

- Mobile Pallet Racking Systems.

- Crane-Handled Pallet Racking Systems.

Each type is discussed in detail with examples. Figure 2.1 illustrates conventional pallet racking
systems.

(@) (b)
Figure 2.1. Conventional Pallet Racking Systems (***a, 2019).

These types of systems ensure unrestricted access to all pallets at any time. Access to the pallets
is achieved using a forklift. The load-bearing structure of this type of system consists of horizontal
elements called beams, which are equipped with metal connectors at their ends. These connectors
link the horizontal elements to the vertical elements (frames), which in turn are composed of
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columns and braces. At the base of the columns, there are so-called base plates, which connect
the structure to the floor (see Fig. 2.2).

Figure 2.2. Constitutive Elements of a Frame: 1-Column; 2-Diagonal Elements (Braces); 3-Base Plate;
4-Beamn; 5-Connector.

Figure 2.3 shows several "Drive-In" pallet racking systems.

(b)
Figure 2.3. Drive-In Racking Systems (***a, 20179).

These types of systems are designed so that the forklift can access the interior of the rack, navigating
through the rows created by the frames mentioned earlier. In this case, however, the pallets are not
positioned on beams but on rails connected to the frames.

Figure 2.4 presents an example of a pallet racking system with an automatic shuttle (radio-controlled
shuttle). In English, this storage system is referred to as a "pallet shuttle." This is a semi-automated
storage solution for pallets. Pallet handling within the rack is accomplished using automated shuttles.



Figure 2.4. Pa//ez‘ Shutt/e Rac/(/ng S ystems ( ***a 2019).

Figure 2.5 shows an example ofa FIFO (Flrst In First Out) pallet racking system with roller conveyors.
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Figure 2.5. Pallet Flow Racking Systems (***a, 2019).

In this system, pallets move on rollers. Pallets at the front are picked up from the front of the rack,
while new pallets are stored at the rear. The movement of pallets within the rack is smooth due to
automatic braking. This system significantly improves the efficiency of the warehouse space compared

to conventional racking systems.



Figure 2.6 shows an example of amobile pallet racklng system.
W" w\

Figure 2.6. Mobile Pallet Rac/(/ng Systems. { **1a, 2019).

The mobile racking system is a dynamic system consisting of two main parts: the mobile base of
the rack and the rack itself, which is generally the same type of rack used in conventional versions.
The mobile base moves on tracks embedded in the floor, and the operation is controlled
electronically. This system represents one of the most efficient solutions in terms of space savings.

Figure 2.7 shows pallet racking systems where paIIet handllng is done with cranes.
: i ‘

Figure 2.7. Crane Handled Pallet A’ac/(/ng S ystems (***a, 2019).



This type of racking belongs to the category of semi-automated or fully automated dynamic systems.
They are generally used in storage systems with heights up to 25 meters. Cranes are integrated into
the warehouse management system and can move up to 200 pallets per hour.

2.2 Constructive elements of metal racking structures

The load-bearing structure for these types of metal racks is generally made from cold-rolled steel. The
main elements of these structures are:

- Beams

- Columns (Uprights)

- Bracing

Beams are composed of two "C" profiles assembled together (see Fig. 2.8a), which are equipped with
metal connectors with pins at their ends (see Fig. 2.8b and Fig. 2.8c). The connectors can be joined to
the beams either by welding or through other methods, such as bolts or other devices (hooks or pins),
which facilitate the connection with the vertical columns via the perforations on their front side.

N

(@) (b) ()
Figure 2.8. Beam's elements:(a) Cross-section of the beam formed by joining two C profiles;(b)
Connector; (c) Assembly consisting of a beam and two connectors.

Uprights are the vertical elements of the structure and generally have an Omega (Q) cross-section.
They are equipped with perforations on the front side and holes on the side flanges. The perforations
allow for the connection with connectors fixed to the ends of the beams, while the side holes facilitate
the attachment of bracing using bolts.

(@) Upright (b) Bracing (c) Frame
Figure 2.9. Frame configurations (a) upright: (b) bracing; (c) frame assembled from bracing and
uprights.

10



In addition to supporting vertical loads, the beams ensure stability in the aisle direction (Dumbrava and
Cerbu, 2020b) between the storage systems, referred to as "Down Aisle — D.A." in English-language
literature. In this context, the design of the connection between the beam and the upright (see Fig.

2.10a) is of major importance.

Stability in the aisle direction is also influenced by the connections between the base plate and the
upright (see Fig. 2.10b).

(@ (b)
Figure 2.10. Connections in Storage Systems: (a) Connection between the beam and the upright; (b)
Connection between the upright and the base plate.

The stability of the structure in the direction perpendicular to the aisle, known in the literature as "Cross
Aisle," is provided by the frame formed by the uprights and bracing. There are several types of frames,
depending on the arrangement of the bracing, as shown in Figure 2.11.

N . S . I S WU VU — NU—— - S S —— - N E_—

() (b) (c) (d) ()
Figure 2.11. Types of Braced Frame Configurations: (a) Frame with Tension Bracing; (b) **Frame with
Regular "D" Bracing; (c) Frame with Irregular "D" Bracing; (d) Frame with "Z" Bracing; (e) Frame with "K"
Bracing.
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2.3 Types of connections used in metal racking structures

The following section will present a classification of the main types of connections, as well as a
classification of the different shapes of columns used in the construction of pallet racking storage
systems.

- Connections with metal connectors with pins

- Connections with metal connectors with pins and bolts
- Connections used in cantilever beams

- Connections with end plates and bolts

2.4 Types of columns used in metal racking structures

The most common cross-section shape used for columns in these types of structures is the omega (Q)
shape. There is a considerable variety of columns with this type of cross-section, each with distinct
characteristics. The main differences between them include:

- The configuration of the perforations on the front of the columns, which facilitates the connection of
beams to columns using pin connectors; usually, each supplier of such construction solutions uses a
specific type of perforation, which becomes a distinctive mark for each manufacturer.

- The shape of the column's cross-section.

- The type of steel used.

There are various geometric shapes of perforations, typically located on the front of the columns. The
geometric shape and position of the perforations are some of the defining features of the columns. A
different shape will also require special metal pins to ensure proper connection with the beams. The
geometry and dimensions of the perforations affect the stability of the columns, particularly their
effective area.

= Types of geometric shapes for column perforations
Figure 2.17 presents several perforation shapes encountered among some of the leading suppliers of

ool N\
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Figure 2.17. Shapes of perforations present on the front side of columns

such systems in Europe and other regions.
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¢ Different geometries of column profiles
One of the most important characteristics for determining the strength of these types of columns is
their geometric cross-sectional shape (see Fig. 2.18).

SRR
| @Hﬁg%w

Figure 2.18. Types of cross-sections for omega columns

2.5 Aspects of manufacturing technology for storage structure elements

The manufacturing process used for producing beams in storage structures is known as cold rolling or
cold forming. The technology for manufacturing cold-formed elements can be carried out using one of
the following two methods:

- Cold Rolling: This process involves passing the steel through rollers at room temperature to achieve
the desired cross-sectional shape. Cold rolling increases the strength and hardness of the material
through deformation.

- Cold Bending: This technique involves bending the steel at room temperature to achieve the desired
shape. It is often used to create complex profiles and geometric forms.

Both methods are employed to create structural elements with precise dimensions and enhanced
mechanical properties, crucial for the stability and performance of storage systems.

2.6 Conclusions

Cold-formed metal profiles are widely used in storage systems, providing a variety of shapes required
in the industry. In Romania, Dexion Storage Solutions is a leading producer of these structures,
consuming approximately 18,000 tons of steel in 2023. The study focuses on theoretical and
experimental research concerning columns and connections between beams and columns, both
produced through cold rolling. The columns have wall thicknesses up to 5 mm, while the beams have
thicknesses up to 3 mm.

Compared to sections obtained through hot rolling or welding, thin-walled profiles with open contours,
used for beams and columns, present complex structural issues. The steels used have high vyield
strengths, ranging from 320 MPa to over 500 MPa. Reducing the steel thickness, combined with using
high-strength steels, can lead to stability loss in structures due to wall buckling and global buckling,
thereby affecting the material's ductility.

These conclusions underscore the importance of considering both the material properties and the
structural design when using cold-formed profiles in storage systems to ensure stability and
performance.
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3.. CURRENT STATE OF RESEARCH ON MODELING AND TESTING OF COMPONENTS IN
METAL STORAGE STRUCTURES

3.7 Standards and design codes used for calculating metal storage structures

To provide an overview of the most important structural design guidelines for storage
structures, it is essential to understand the specifics of these types of structures based on several
criteria presented below:

Materials and Sections: Metal structures used for pallet storage are generally made from cold-rolled
steel, resulting in thin-walled sections with open contours, which feature perforations along their
length, influencing the geometric characteristics of the sections.

Symmetry and Buckling: The profiles are symmetrical only with respect to one axis, making them prone
to buckling through twisting (twisting around the shear center of the section).

Stability and Strength Limits: Stability loss can occur before the element reaches its strength limit.
Connections: Special connections are used between the structural elements, exhibiting semi-rigid
behavior.

Eccentricities: Various eccentricities between elements arise, which are generally neglected by
European standards concerning traditional steel structures.

Calculation Methods: Calculation methods are based on experimental tests due to the specific
characteristics of sections, which differ significantly from one manufacturer to another.

All these aspects have led to the development of specific design guidelines for the structural calculation
of storage structure components.

In Europe, since 2020, the standard EN 15512 (2020) has been in use. This standard provides
principles for the structural calculation of storage structures. The need for this standard arose from the
desire to unify the calculation principles used by major racking manufacturers in Europe. This standard
is based on the FEM 10.2.02 design code developed by FEM — European Materials Handling Federation,
which subsequently led to the European standard (EN 15512, 2009), revised in 2020 (EN 15512, 2020).

Efforts have been made to correlate the principles presented in the standard (EN 15512) with
relevant European codes for calculating thin-walled sheet structures.

Therefore, these standards offer a unified and detailed framework for designing and calculating
storage structures, considering the specificities and complexities of these types of structures.

In the field of metal storage structures, which differ significantly from traditional steel
constructions, specific standards and design codes apply. These standards consider the structural and
performance characteristics of these systems, ensuring their safety and efficiency. The complete
thesis specifies the standards used in the design of metal storage rack structures.
ge systems.

These standards and codes are essential for the proper design and use of metal storage structures,
providing clear guidelines and safety standards for engineers and designers.

These standards and codes offer a detailed and coherent framework for the design and assessment of
storage structures, ensuring compliance and safety in their use.

The European standard EN 15512:2009 has been revised and replaced with EN 15512:2020, a process
coordinated by the working group within Technical Committee 344 (CEN TC344). The Romanian
Standardization Association (ASRO) is also represented in this working group at the European level.

14



The new EN 15512 standard aims to align calculation principles as closely as possible with other
relevant European standards, which are also undergoing revision.

In the United Kingdom, in addition to EN 15512, the SEMA — Code of Practice for Design of Adjustable
Pallet Racking is used. The latest version of the SEMA code, available since 2014, is based on the British
standard BX5950 - Structural Use of Steelwork in Building. Code of Practice for Design. Rolled and
Welded Sections. The SEMA code offers a number of simplifications compared to the principles
presented in the European standard EN 15512 (2020). It first appeared in 2008, and the current version
differs slightly from the previous one.

In Australia, the AS 4084 — Steel Storage Racking standard, introduced in 2012, is used. This standard
is based on the European standard EN 15512, version 2009. Although there are numerous similarities
between EN 15512 and AS 4084, significant changes have been made to adapt to local requirements.
In the United States, the ANSI MH16.1 standard is used, last revised in 2023. This is an updated version
of the first edition that appeared in 2012. The development was based on the procedures established
by the Material Handling Industry (MHI) and was carried out by the Rack Manufacturers Institute (RMI).

3.2 Theoretical and experimental aspects of beam-to-column connections used in the metal racking
industry

All design codes and standards that establish calculation principles for these types of structures detalil
methods for obtaining the mechanical characteristics of elements through experiments. In this chapter
of the doctoral thesis, the experimental-assisted calculation method for determining the rotational
stiffness of the joint between beam and column, as well as for determining the design moment of the
joint used in the construction of metal structures for pallet storage, is presented.

The experimental method is described in detail in the European standard EN 15515 (2020), and Figure
3.1 illustrates the loading scheme specific to this type of experiment.
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Figure 3.1. Testing schemne for Bearn End Connector Test

The European Standard EN 15512 (2020) also specifies the method for evaluating rotational stiffness
and design moment capacity.
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The experimental method involves determining the rotation-moment curve, as shown in Figure 3.2.
This curve is crucial for understanding how the joint behaves under load and is essential for accurate

structural design.

M [Knm]

Bending Moment M [knm]

Y

'
0 Bire

Rotation 0 [rad]

Figure 3.2. Obtaining Rotational Stiffness According to EN 15572

The results obtained are then integrated into the global analysis of pallet racking systems.
For analytical calculation, the following relationships are used:

_ qL’ .
Meon = agL (L L\’ (3.5)
z (H + 2Elz)
qlL?
Minij = 8 Mcon; (3.6)

L*(10EL, + Lk

Vmax = 384EI(2EL, + Lk,,)

In which M., and M,,;;represent the bending moments developing at both ends of the beam at the
semi-rigid connections and the bending moment developing at the midpoint of the beam, respectively;
Lis the length of the beam; E'is the longitudinal modulus of elasticity; I, is the moment of inertia of the
beam's cross-section with respect to the neutral axis; k,,, denotes the rotational stiffness of the end
connection; and v;,,4, is the maximum deflection at the midpoint of the beam.

The derivation of equations (3.5), (3.6), and (3.7) is presented in detail in Appendix 2 of the thesis.
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3.3. Current research on bearn-to-column connections in steel racking systems

In recent years, there has been a significant increase in consumption, leading to a rise in the
production of storage rack systems. Products are often stored in pallet racking systems in
supermarkets or in warehouses for products or raw materials within factories.

Pallet racking systems are self-supporting structures that must bear substantial vertical loads.
They are generally composed of two main types of components: frames and beams. The frames are
made from vertical thin-walled profiles with perforations along their entire length, which facilitate
connections with the beams, typically using metal connectors with pins (Shariati et al., 2018; Zhao et
al., 2014). These connectors are welded to both ends of the beams. Horizontal and diagonal bracing
welded between the uprights (columns) ensures the stability of the frame in the transverse direction.
Beams provide stability in the longitudinal direction, and the rigidity of the connections is a crucial
characteristic of storage racking systems in this context.

In addition to metal connectors with pins, there are other types of connections used in
construction, including metal connectors with bolts or screws (Dai et al., 2018a), wood-steel-wood
connections with external parts made of wood and an internal steel component (Elza and Pedro, 2020),
and pin connectors combined with additional fastening by bolts (Gusella et al., 2018). The latter type of
connection is commonly known as "speed lock" connections (Dai et al., 2018b).

In simple terms, the connections used between beams and uprights (columns) are either pinned
or rigid. In practice, for nearly all connections, even those considered rigid, there can be some rotations
affecting internal forces, particularly bending moments. Not all connections deemed rigid are
completely rigid in reality. Conversely, connections considered pinned are not perfectly pinned due to
friction that affects the rotation of the connection. Therefore, estimating the stiffness of connections
becomes necessary, especially for those used in pallet racking structures.

With the introduction of EN 1993-1-3, Eurocode 3 (EC3-3, 2006), a classification of
connections used between beams and uprights based on their stiffness was established. The
connections investigated in this research fall into the category of semi-rigid connections. The stiffness
of these connections is determined experimentally, according to standard EN 15512 (EN 15512, 2009).
It is essential to understand that determining the rotational stiffness of the connections and the
capable bending moment is crucial; otherwise, pallet racking systems may not function safely.

Theoretically, some researchers have proposed in recent publications (Zhao et al., 2017,
Gusella et al., 2018; Gusella et al., 2019) a mechanical model that includes five basic deformable
components (bending metal pins, the column profile wall subjected to shear force and bending, the
metal pin connector in bending and shear) of beam-to-column connections to evaluate the initial
rotational stiffness of the connections.

Regarding beams used for storage racking systems, since they are cold-formed thin-walled
steel structural elements, distortional buckling failures may occur in bending, and the effects of shear
force need to be accurately evaluated in bending, especially for thin-walled elements with open
sections (Degtyareva and Degtyarev, 2016; Degtyareva, 2017). An interesting study (Degtyarev and
Degtyareva, 2016) presents results on elastic buckling loads and ultimate strength using numerical
simulations of stresses and deformations in finite element models of cold-formed C-profiles with slots
subjected to shear.
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3.4. Theoretical aspects of column compression

First, we present the columns with a cross-section shaped like the letter omega (Q), as they are the
focus of this study.

Columns with an omega (1) shaped cross-section are made from thin steel sheets, usually up to four
or even five millimeters thick, though in general, thinner sheets, even as little as one and a half
millimeters, are used. Due to the shape of the cross-section, the shear center is offset from the center
of mass, which makes the profile sensitive to torsion (see Fig. 3.15).

d (€ C.J(E
!

C.G - Center of gravity
S.C - Shear center
e - eccentricity

Figure 3.15. Distance Between the Center of Gravity and the Shear Center of an Omega Column
Section.

Depending on the slenderness of the bar and the critical force or moment, three main types of buckling
are distinguished:

e Short Columns: Characterized by local and/or distortional buckling. These are bars where the
length is relatively short compared to their cross-sectional dimensions, leading to local
deformation patterns or distortions in the cross-section under load.

e Medium-Length Columns: These may exhibit coupled (combined) modes of buckling. In these
bars, the length is such that both local and global buckling modes can interact, resulting in
complex deformation patterns.

e long Columns: Characterized by global buckling. These are bars with a length that is
significantly greater than their cross-sectional dimensions, leading to overall bending or
buckling of the entire column.

i —

(a) local(L) (b) distortional D) (c) gobal buckling 0] (d )torsional buckling (R)
Figure 3.16. Typical buckling modes for omga shape columns.

Local buckling occurs through deformation of the front web of the profile (referred to as the web of
the profile), and this deformation happens without rotation of the cross-section (Fig. 3.16a).
Distortional buckling occurs on the open side of the profile, through the opening (or closing) of the
profile's flanges (Fig. 3.16b).
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For long columns, general instability occurs through bending or bending-twisting (Figs. 3.16c and
3.16d).

In the case of thin-walled bars, instability through local wall buckling occurs before the onset of plastic
deformation of the section, at point L (Fig. 3.17). Local wall buckling causes a premature loss of rigidity
of the bar without leading to its failure. Plastic deformation begins at point B (Fig. 3.17), at the corners
of the cross-section, shortly before the failure of the element, at which point section buckling
transforms into a local plastic mechanism, concurrently with the onset of general buckling (Dubina et
al., 2010). In this scenario, the ultimate load capacity of the bar is lower than that of a bar where no
local buckling occurs. Practically, section buckling precedes general buckling, and in design practice,
reduced geometric characteristics of the cross-section are used (Dubing, 2000).

3.5, Current research on omega-section columns under compression

Currently, various cross-sectional profiles are utilized in the industry, including thin-walled sections
with closed or open (Omega, Sigma, C) contours, as well as symmetrical and asymmetrical sections.
The global use of steel pallet racking systems necessitates designing them to ensure structural safety,
long-term reliability under diverse environmental conditions and dynamic loads. Recent research has
focused on the local, distortional, and global stability of columns, the evaluation of the rigidity of
connections between beams and columns, and the lateral stability of beams under bending.
Omega-section perforated columns are used in steel storage structures and are commonly referred to
in practice as vertical columns or uprights. These columns feature frontal perforations for the rapid
connection of beams and lateral holes for bolt connections. Chapter 7 provides a detailed analysis of
the local stability loss of these columns.

3.6 Conclusions

The existing literature contains limited publications on the behavior of beam-column connections
under bending tests used in pallet racking systems and the effects of geometric parameters on rigidity
and design moment capacity. Recent studies (Zhao et al., 2014; Mohan et al., 2015) indicate that the
beam section width and the type of connector affect the connection’s rigidity and failure modes, with
common failures including rupture and deformation of column profiles and pin cracking or shearing.
Chapter 5 of this thesis examines the effects of column cross-sectional shapes on connection rigidity.
Comparative studies on the effects of geometric imperfections imposed in Finite Element Analysis
(FEA) of the critical buckling strength, as specified by the European standard EN 1993-1-5, are lacking
for short, thin, cold-formed columns under axial loads. Additionally, experimental results on the critical
buckling strength and effective section area of thin-profile columns, determined through compression
tests for perforated Omega columns used in storage systems, are not available.

The experimental method for determining the effective area of perforated columns according to the
EN 15512 (2020) standard is costly and inaccessible for small and medium-sized enterprises. The
method for investigating play, specifically the rotation of the connector until the play is eliminated, and
its effects on beam deformations and bending moments, are presented in the EN 15512 (2020)
standard. Experimental research on the connector rotation angle until play is eliminated could
significantly enhance the literature on testing connection elements in metal structures (Schabowicz,
2021).
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4, PURPOSE AND OBJECTIVES OF THE DOCTORAL THESIS

The doctoral thesis addresses a topic related to the simulation and testing of components within thin-
walled metallic structures, specifically for pallet racking systems. The aim and objectives of the thesis
were established considering current solutions for constructing metal structures intended for storage,
the practical requirements that such structures must meet (presented in Chapter 1), and the issues and
gaps identified in the literature, following the author's review of the current state regarding the
calculation, modeling, and mechanical testing of such metal structure components (presented in
Chapter 3).

The main objective of the research presented in this thesis is to conduct mechanical testing of the
components (beam-to-column connections, support columns) of metal storage structures with pallet
racking, as well as to perform numerical simulations of the mechanical behavior of these components.
This aims to determine their mechanical properties, identify the main design factors influencing their
rigidity and load-bearing capacity, and develop finite element models that simulate the local buckling
of columns (uprights), validated by experimental results.

To achieve the main objective mentioned above, the following specific objectives were established for
the doctoral thesis:

e (Conduct mechanical bending tests on beam-to-column connections using metal connectors
with pins, for various combinations regarding beam section sizes, column wall thicknesses, and
types of pin connectors (different numbers of pins).

e Determine the rotational rigidities and limit buckling moments for beam-to-column
connections in accordance with current standards, for all types of beam-connector-column
assemblies involved in the research.

e Study the effects of the type of metal pin connector and the dimensions of the assembled
elements (beams and columns) on rotational rigidity and buckling moment recorded at the
failure of these connections.

e Investigate the failure modes of beam-to-column connections depending on the connector
type, beam section sizes, and column profile wall thickness.

e Incorporate experimental results into a theoretical study on the effects of rotational rigidity of
beam-to-column connections on the mechanical behavior of beams with such end
connections. This includes evaluating the buckling moment that develops at the end of the
beam (at the connection) and the maximum deflection of the beam, for theoretical estimation
of safety factors regarding both the connection’s load-bearing capacity and the beam's rigidity.

e (Conduct a comparative theoretical study on the maximum deflection and maximum moment
occurring at the mid-span of beams with semi-rigid connections at both ends (as involved in
this thesis) versus cases of beams with double-pin or double-fixed ends.

e (Conduct mechanical tests to determine the rotation angle of the connection until play is
eliminated for different beam-to-connector-to-column assemblies, varying in terms of the
thickness of the open-profile section used for the columns.

e I|dentify the influence of profile wall thickness on the rotation of the connection until play is
eliminated in the beam-to-column connector connection.

e Consider experimental results obtained for rotation angles until play elimination in a
comparative theoretical analysis of the mechanical behavior of beams with connections at both
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ends (as studied), estimating the effects of play in the beam-to-column connections on the
bending moment developed at mid-span and the maximum deflection of the beam.

Conduct mechanical tests to analyze local and distortional buckling of columns made from
various perforated profiles with an Omega-shaped open section and thin walls, used in the
construction of columns for metal storage structures with pallet racks.

Determine the critical buckling force and effective area corresponding to the section of profiles
used for storage columns, by processing experimental data obtained from mechanical tests on
local and distortional buckling.

Develop finite element models for various perforated profiles with thin walls and an Omega-
shaped cross-section used for storage columns, to simulate local and distortional buckling,
considering multiple cases of imposed imperfections.

Conduct a comparative study on the critical buckling force obtained through numerical
simulation for various cases considering the size of imposed imperfections in finite element
analysis, regarding local and distortional buckling of the columns involved in the research.
Validate the proposed numerical model for finite element analysis of local and distortional
buckling of perforated profiles with an Omega-shaped cross-section by comparing critical
buckling forces obtained through numerical simulation with experimental values for all studied
profiles.

Identify the most suitable method for the size of imposed imperfections in the numerical model
that reduces errors between numerical and experimental results regarding the critical buckling
force for local and distortional instability of the profiles involved in the research.

Perform a comparative analysis of buckling modes (local or distortional) obtained through
numerical simulation with those observed in experimental testing for perforated profiles with
thin walls involved in the study.
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5. RESEARCH ON THE EFFECTS OF CONSTRUCTIVE PARAMETERS ON THE RIGIDITY
OF BEAM-TO-COLUMN CONNECTIONS IN STORAGE SYSTEMS

5.7 Introduction

The purpose of the research in this chapter is to analyze the impact of the type of metal connector and
the dimensions of the elements (beams and columns) on the rotational rigidity and bending moment
of connections in pallet rack storage systems. The objectives include: (i) testing beam-connector-
column assemblies with four or five-pin connectors; (ii) comparing the rigidity of connections based on
the type of connector; (iii) analyzing the effects of column wall thickness and beam cross-section
dimensions on rigidity and moment capacity; (iv) comparing safety coefficients for different
connections to identify the best option; (v) comparing the maximum deflections estimated for beams
with semi-rigid connections at both ends. Experimental results for rotational rigidity and bending
moments are used to evaluate the maximum deflections of the beams and compare them with those
of beams with joints or rigid connectors.

Eighteen different groups of beam-connector-column assemblies were tested, including three types
of beams, three types of column profiles, and two types of connectors, with a total of 101 bending
tests performed.

5.2 Tested connections

The main elements used in the beam-to-column connections in the pallet rack storage structure
industry are shown in Figure 5.1.

(c) (e)

(b) (d) (f)

Figure 5.1. The main elements used in the experimental tests are: (a, b) beam-connector-column
assembly; (c, d) column; (e, f) beam with welded connector (Dumbrava and Cerbu, 2020a).
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The upright shown in Figure 5.1(c) and Figure 5.1(d) is a thin-walled profile obtained by cold rolling. The
cross-sectional shape is similar to the omega letter shape (Fig. 5.2). The upright has perforations along
its entire length, which allow for the connection with the load-bearing beams through the metal pins
present on the surface of the metal connector. The main dimensions for the upright sections used in
this research are presented in Table 5.1.

The beams have a rectangular cross-section with thin walls (Fig. 5.1e and Fig. 5.1f) and are made from
two assembled C profiles (Fig. 5.3). The main dimensions of the beams used in the research presented
in this chapter are given in Table 5.2.

Table 5.1. The dimensions of the cross-sections of the uprights used (Dumbrava and Cerbu, 2020a).

Type of the  Code of the D’ wr b’ t
Upright Upright (mm) (mm) (mm) (mm)
90x1.50 | 1.50
90x1.75 I 70 90 50 1.75
90x2.00 Il 2.00

*Dimensions of the uprights are shown in Figure 5.2.
TR B
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Figure 5.2. The shape and dimensions of the cross-section of the uprights (dimensions D, W, B, t are
provided in Table 5.7) (Dumbrava and Cerbu, 2020).

Table 5.2. The dimensions of the cross-sections of the beams used (Dumbrava and Cerbu, 2020a).

Beam Beam H W t

Type Code (mm) (mm)  (mm)
BOX 90 A 90 40 1.50
BOX 100 B 100 40 1.50
BOX 110 C 110 40 1.50

*Dimensions of the beams are shown in Figure 5.3.
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Figure 5.3. The shape and dimensions of the cross-sections of the beamns (dimensions D, W, b, t are
given in Table 5.2) (Dumbrava and Cerbu, 2020a).

Table 5.3 presents the general dimensions (Figure 5.4) and the corresponding codes for each type of
connector used in this experimental study.

Table 5.3. Dimensions of the metal pin connectors (Dumbrava and Cerbu, 2020a).

Connector  No. Of H D W Thickness
Connector Type
Code Tabs  (mm) (mm) (mm) (mm)
Conector with 5
5L 5 238 63 41 4.0
Tabs
Connector with 4
4L 4 190 63 41 4.0
Tabs

*Dimensions of the connectors are shown infigure 5.4.
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Figure 5.4. The shape and dimensions of the metal pin connectors used in this experimental study
(dimensions are given in Table 5.3) (Dumbrava and Cerbu, 2020a).
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Table 5.4. The beam-upright-connector assemblies that were tested (Dumbrava and Cerbu, 2020a).

Assembly Number of
P . Connector
Identification Upright Beam T Tests for
e
Code vP Assembly

A-l-4L 4L 5
90x1,50

A-I-5L 5L 6

A-ll-4L A 4L 6
90x1,75

A-11-5L (BOX 90) 5L 6

A-lll-4L 4L 6
90x2,00

A-IlI-5L 5L 6

B-I-4L 4L 5
90x1,50

B-I-5L 5L 6

B-ll-4L B 4L 6
90x1,75

B-II-5L (BOX 100) 5L 6

B-lll-4L 4L 3
90x2,00

B-lI-5L 5L 5

C-1-4L 4L 6
90x1,50

C-1-5L 5L 6

C-ll-4L C 4L 6
90x1,75

C-1I-5L (BOX 110) 5L 6

C-1lI-4L 4L 5
90x2,00

C-1l1-5L 5L 6

Table 5.4 presents the combinations used in the experimental study to determine the rotational
stiffness and the capable bending moment of the tested assemblies, including the identification codes.
The three types of uprights tested have the same cross-sectional shape, differing only in profile
thickness: 1.50 mm, 1.75 mm, and 2.00 mm. Each beam and upright combination was tested with two
types of connectors: with four or five metal pins. In total, 101 individual tests were conducted for all
beam-upright-connector combinations. The tested materials were provided by SC Dexion Storage
Solutions SRL (Rasnov, Romania).

5.3. Testing methods used to determine the rotational stiffness of beamn-upright connections

5.3.1. Tensile testing for steel

For each component of the tested assembly (upright, connector, beam) used in this experimental study,
samples were taken to determine the material characteristics. All elements are made of steel, and
therefore, tensile tests were performed according to the European standard EN15512 (2020). The
tensile tests provided the actual material properties of the steel components, including yield strength,
ultimate tensile strength, and elongation at maximum force. These material characteristics obtained
from tensile testing are then used in the analysis of the experimental data.
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The samples for these tests were cut from the tested components (upright, connector, beam) as shown
in Figure 5.5.

(@) (b) (0

Figure 5.5, The areas from which the samples for the tensile tests were taken: (a) from the upright; (b)
from the beam, (c) from the connector (Dumbrava and Cerbu, 2020a).

5.3.2. Bending tests for upright-connector-beam assemblies

The bending tests for the beam-connector-upright assemblies were conducted according to the EN
15512 (2020) standard. The loading scheme used for the bending tests of the connections, as well as
the photograph of the testing rig, are shown in Figure 5.6. It is noted that this specialized bending test
rig (Fig. 5.6b), used for all the tests whose results are presented in this chapter, is located in the
Mechanical Testing Laboratory at SC Dexion Storage Solutions SRL (Rasnov, Romania). The author of
the doctoral thesis played a crucial role in designing and constructing this experimental rig while being
employed by this company. SC Dexion Storage Solutions SRL is directly interested in the results of the
research presented in this chapter.

According to Figure 5.6(a) and the European standard EN 15512 (2020), a short upright was attached
to a very rigid test frame at two points 470 mm apart. A beam, 650 mm long, was connected to the
upright using the connector. Lateral movement and twisting of the beam were prevented. The beam
was able to move freely in the vertical direction of the load because a steel plate welded to the free
end of the beam was guided between bearings. The vertical force was applied at a distance of 400 mm
from the upright (Fig. 5.6a), using a SEG Instruments force transducer with an accuracy of 0.001 kN
and a maximum capacity of 12.5 kN.
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(1) - frame machine (4) - connector
(2) -loadjack (5) -beam
(3)  -upright (6) - lateral restraint
Dy, D, - displacement transducers

(a) (b)

Figure 5.6 Bending test according to EN 15512 (2020): (a) Loading scheme; (b) Photograph of the
experimental rig (Dumbrava and Cerbu, 2020a; Dumbrava and Cerbu, 2022a).

The rotation of the connection was measured using displacement transducers whose probes are in
constant contact with the plate fixed to the beam, close to the connector, so that the distance \(a \)
equals 50 mm (see Fig. 5.6a). The WA-100 displacement transducers (manufactured by HBM -
Hottinger Baldwin Messtechnik) can record displacements with a range of less than 100 mm and have
a precision of 0.001 mm.

The tests were repeated identically for each beam-connector-upright assembly listed in Table 5.4. A
minimum of three tests were conducted for each type of beam-connector-upright assembly shown in
Table 5.4, allowing for analysis of the variability in the results.

5.4 Experimental results and discussions

5.4.1. Results from steel tensile tests

Table 5.5 presents the tensile properties of the materials from the tensile specimens taken from each
type of component in the beam-upright-connector assembly. The tensile test results for the steel
corresponding to the four-pin connectors are identical to those for the five-pin connectors, as five-pin
connectors were used for all beams, and the four-pin connectors were obtained by cutting down the
five-pin connectors. This approach was chosen to ensure that the same material was used for both
types of connectors.
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Table 5.5. Material properties of the components tested in the beam-connector-upright assembly
(Dumbrava and Cerbu, 2020a).

Measured Yield STress Ultimate Elongation
Component Coresponding to the Tensile Thickness (Rp,02) Stress
Specimen o/ o/
(mm) (MPa) (MPa) (%)

Upright 1 (90 x 1.50) 1.48 447.9 528.9 19.2
Upright 11 (90 x 1.75) 1.80 496.2 536.2 15.3
Upright 111 (90 x 2.00) 2.09 535.1 590.2 18.5
Beam A (box 90) 1.25 360.6 4595 38.8
Beam B (box 100) 1.23 379.8 4295 29.7
Beam C (box 110) 1.27 344.2 411.6 38.1
4-tab connector Box 90 4.04 409.9 469.8 25.6
5-tab connector Box 90 4.04 409. 469.8 25.6
4-tab connector Box 100 4.07 395.3 464 32.6
5-tab connector Box 100 4.07 395.3 464 32.6
4-tab connector Box 110 4,05 L4447 503.5 24.5
5-tab connector Box 110 4.05 Lun.7 503.5 24.5

* Aceste valori au fost obtinute prin incercari de tractiune, realizate pe masina de testare INSTRON 3369.

5.4.2. Results from bending tests

All the beam-connector-upright assemblies listed in Table 5.4 were tested according to the procedure
outlined in the European standard EN 15512 (2020).

To compare the effects of connector type on the bending behavior of beam-connector-upright
connections, the average moment-rotation curves (6-M) are analyzed. These curves are illustrated in
Figures 5.8, 5.9, and 5.10 for each set of assemblies containing beam types A, B, and C, respectively.
The results reveal the nonlinear behavior of the connections and show that assemblies with five-pin
connectors consistently provide higher rotational stiffness compared to those with four-pin
connectors across all tested assemblies, which was anticipated.
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(a) (b) (c)
Figure 5.8 Comparison of the oment-Rotation Curves determined for assemblies: (a) A-I-4L vs. A-1-5L;
(b) A-1-4L vs. A-11-51, (c) A-IlI-4L vs. A-Ill-5L (Dumbrava and Cerbu, 2020a3).
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Figure 5.9, Comparison of the Moment-Rotation Curves determined for assemblies: (a) B-1-4L vs, B-I-
51, (b) B-1I-4L vs. B-1I-5L, (c) B-1ll-41 vs. B-1/l-5L (Dumbrava and Cerbu, 2020a).
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Figure 5.10. Comparison of the Moment-Rotation Curves determined for assemblies: (a) C-1-4L vs. C-1-
51, (b) C-11-4L vs. C-1I-51, (c) C-lll-4L vs. C-ll/-5L (Dumbrava and Cerbu, 2020a3).

To perform the comparative analysis of the test results, the rotational stiffness k,,; of the connection
for a given assembly type was determined at the maximum bending moment, when the moment

capacity My, equals 1. All the obtained results are presented in Table 5.6.

The table also provides the average values and standard deviations for both the bending moment
capacity Mg, and the rotational stiffness k,,, corresponding to each beam-connector-upright assembly
group subjected to bending. The ratio of the standard deviation to the average value for the bending
moment capacity M4 across each tested assembly group is, on average, 0.0362 (or 3.62%), indicating
a high level of accuracy in the experimental tests.
Similar observations can be made regarding the ratios of the standard deviations to the average values
for the rotational stiffness k,, of each tested assembly.
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Table 5.6. Bending test results for all studies assemblies (Dumbrava and Cerbu, 2020a).

Design Rotational Stiffness Design Rotational Stiffness Design Rotational Stiffness
Moment Moment Moment
(] [J) (]
© o =}
S 8 S
é Mn/ M,qd Stdev /(ni /(m Stdev EZ Mn/ M,Qd Stdev kn/' /(m Stdev é Mn/ Mpd Stdev /(ni km Stdev
a g s
2 kNm/ (kNm/ (kNm/| &£ kNm/ (kNm/ (kNm/| &£ kNm/ (kNm/ (KNm/
< kNm) (Nm) (kNm) ( ( < (Nm) (kNm) (kNm) ( ( < m) (kNm) kNm) | ( (
rad) rad) rad) rad) rad) rad) rad) rad) rad)
2.1 40 2.03 34 212 44
1.99 38 2.06 36 2.13 L4
3 208 38 I 208 35 3 213 45
= 1.54 0.12 39.0 1.34 _: 1.84 0.02 35.9 1.38 £ 1.70 0.08 43.7 1.26
< 190 37 o 2.07 38 d 1.95 41
1.81 40 2.07 37 2.14 L4
1.96 40
2.68 47 2.69 55 2.84 72
2.65 45 2.75 59 3.05 73
n 277 48 n 262 46 m  3.01 73
4 2.3 0.07 48.0 6.18 =+ 2.24 0.12 57.8 7.29 -4 2.15 0.20 77.4 5.71
: 2.60 40 ' 2.58 61 ! 2.60 80
2.78 55 2.76 58 2.61 81
2.64 56 2.92 68 2.69 86
2.73 41 3.04 56.1 3.08 50.1
2.75 37 2.67 54.3 3.03 49.3
- ) -}
g 272 40 < 2.87 57.6 & 3.07 52.8
= 2.43 0.05 42.0 3.37 = 2.03 0.18 56.0 1.65 = 2.74 0.03 52.4 2.97
& 284 45 & 4 31 53.1
2.77 45 3.08 56.8
2.81 45
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2.54 63 2.66 65 3.29 79
269 57 2.78 77 3.39 93
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The analysis of the low values recorded for the standard deviation (denoted as stdev) compared to the
average rotational stiffness k,, shows that the degree of dispersion in the results is minimal. The
differences between the results obtained for assemblies within the same set are attributed to the
geometric imperfections of the cross-sections, which are characteristic of cold-formed steel profiles.

5.5 Failure modes of bearn-column connections in bending tests

In the bending tests, the failure mode varied from one assembly to another. Column failure is the
primary failure mode, especially for assemblies where the column profile thickness was 1.50 mm (see
Fig. 5.14). This occurs because when the beam is loaded and the connector rotates, the first two pins
are subjected to the greatest stress, causing deformation of the column in the perforation areas, as
the beam experiences tensile normal stresses in the upper part (see Fig. 5.14c).

() (b) ()

Figure 5.74. Failure modes for columns with a wall thickness of 1.50 mm: (a, b) failure modes for
the connector; (c) failure mode in the perforation area on the front side of the column (Dumbrava
and Cerbu, 2020a).

(a) (b) (c)

Figure 5.15. Modes of Failure in Assemblies Containing Columns with a Wall Thickness of 1.75 mm:
(a) Mode of failure of the metallic pin connector; (b) Mode of failure of the beamn; (c) Mode of failure
of the column (Dumbrava and Cerbu, 2020a)
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It was observed that as the thickness of the column increases, the failure mode changes for columns
with a thickness of 1.75 mm. All components (the column, connector, and beam) begin to be part of the
failure mode (Fig. 5.15). In this case, rotation decreases (Fig. 5.15a), especially if the height of the beam
section increases. The lower part of the beam is subjected to normal compressive stresses and starts
to buckle locally (Fig. 5.15b). The connector also deforms under the bending load (Fig. 5.15a).

In assemblies with columns having a profile thickness of 2.00 mm, the effects of the metal pins in the
connector on the column are very minimal, especially for the five-pin connector (fig. 5.163, fig. 5.16c).
It is observed that the rotation of the connector is smaller (fig. 5.16a), indicating that the highest
rotational stiffness corresponds to these situations (see Table 5.6). In this case, the primary failure
modes are the bending of the connector (fig. 5.16a) and local deformation of the beam near the
connector (fig. 5.16b). For the assembly with the four-pin connector (fig. 5.17), due to the greater
rotation of the beam compared to the assembly with the five-pin connector, the top pin deforms the
column in the sIot'where the metal pin is mounted (fig. 5.17¢).

(@ (b)

Figure 5.16. Failure modes in assemblies with columns having a wall thickness of 2.00 mm and five-
pin connectors: (a) failure mode of the connector; (b) failure mode of the beam; (c) failure mode of
the column (deformation of the slot shape) (Dumbrava and Cerbu, 2020a).

(b) (c)

Figure 5.17. Failure modes in assemblies with columns having a wall thickness of 2.00 mm and four-

pin connectors: (a) failure mode of the connector; (b) failure mode of the beam; (c) failure mode of
the column, slot deformation (Dumbrava and Cerbu, 2020a).
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5.6 Effects of connection rotation rigidity between beam and column on bearn mechanical behavior

The experimental values obtained for the design moment My, and rotation rigidity k,, of the
connection are crucial for verifying the safety of the beam-connector-column assembly, from both a
strength and rigidity perspective. In a typical example for pallet racking systems, two beams, each 2.7
meters long, must support the weight of three wooden pallets, each weighing 500 kg. The total weight
of the three pallets is 15,000 N, distributed evenly across the two beams, resulting in a force of 7,500
N per beam, or a uniformly distributed load of 2.78 N/mm. It is assumed that these beams are
connected to the columns via semi-rigid connections, with the values of My, and k,,, specified in Table
5.6.

Pallet
k 2.78 N/mm
Ve 5000 N 5000 N 5000 N S >
k, = = =k k., k. (L
4 2.7 m 4 2700 mm
(@) (b)

Figure 5.18. Loading Diagram for the Pallet Storage Systemn Rack: (a) Loading on two beams to
support three pallets; (b) Equivalent loading diagram for a single beam, incorporating the
rotational stiffness k., of the beam-to-column connection (Dumbrava and Cerbu, 2020a)

To better understand the importance of experimentally determining the rotational stiffness of the
beam-to-column connection, a comparative study is presented for the same practical case previously
discussed, corresponding to beam type B for the following different situations regarding the rotational
stiffness of the beam end connections:

- Beam Type B, shown in Figure 5.19(a): For which the rotational stiffness of the connections is zero,
corresponding to pinned ends of the beam.

- Beam Type B, shown in Figure 5.19(b): For which the rotational stiffness of both end connections is
35.9 kN-m/rad, corresponding to semi-rigid connections.

- Beam Type B, shown in Figure 5.19(c): For which the rotational stiffness of both end connections is
102 kN-m/rad, corresponding to semi-rigid connections.

- Beam Type B, shown in Figure 5.19(d): For which the rotational stiffness of the connections is
infinite, corresponding to rigid connections (double fixed beam).
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Figure 5.19. The diagrams for the bending moment for all boundary conditions of Bearn Type B are
as follows: (a) Beamn with pinned supports at both ends.; (b) Semi-rigid connection with a four-pin
metal connector;(c) Semi-rigid connection with a five-pin metal connector; (a) Rigid connection.
Dumbrava and Cerbu, 2020a).

It is noted that all results are presented for cases involving the type B beam assembly. For the
numerical models of beams with semi-rigid connections at both ends (Fig. 5.19b, Fig. 5.19c¢), only cases
corresponding to the extreme values of rotational stiffness (the smallest and largest values) are
considered.

For visual comparisons, Fig. 5.20 and Fig. 5.21 display the bending moment diagrams and, respectively,
the deflection diagrams (vertical displacements) for all cases shown in Fig. 5.19.

The comparison of results presented in Figs. 5.20 and 5.21 highlights the importance of determining
the rotational stiffness for such semi-rigid connections, as deflection, bending moments, and stresses
are influenced by support conditions.

Comprehensive details on the analysis of these semi-rigid connections can be found in the complete
thesis.

-1.69 kNm

-877 KNm
-1.69 kNm

-0.39 kNm Incastrat
v

-0.77 kNm

<" Conectorcu5 pini
Conector cu 4 pini

) Articulat

Figure 5.20. Comparison of bending moment diagrams for all support conditions considered
for the type B beam (Dumbrava and Cerbu, 2020a).
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Figure 5.21. Comparison of maximum deflections vy, for all support conditions considered
for the type B beam (Dumbrava and Cerbu, 2020a).

5.7 Conclusions

Semi-rigid connections are commonly used in the metal storage systems with pallet racks industry.
This experimental study investigates the mechanical behavior of the connectors at the ends of beams
used for assembling them with columns. The primary objective of the research presented in this
chapter was to examine the influence of the connector type (four-pin connector and five-pin connector)
and the effects of column profile thickness on the load-bearing capacity of the connections under
mechanical loads. For all tested beam-connector-column assemblies, moment-rotation curves were
plotted. Additionally, the experimentally obtained values for the design moment My, capacity and
rotational stiffness k,, of the connections were compared. Complete details about this analysis are
presented in the full doctoral thesis.
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RESEARCH ON THE EFFECTS OF LOOSENESS IN BEAM-COLUMN CONNECTIONS ON
SECTIONAL FORCES AND BEAM DEFLECTIONS

6.1. Aspects of looseness in beam-column connections used in metal pallet racking systems

In the design of pallet racking systems, the mechanical behavior of semi-rigid joints is assessed
through tests in accordance with the European standard EN 15512. The 2020 version of this standard
includes procedures for adjusting bending moments and maximum beam deflections due to clearances
between beams and columns. Connections may be bolted or pinned, each with its own advantages and
disadvantages: bolted connections are less economical, while pinned connections are faster to install
and offer more flexibility. However, pinned connectors require the initial clearances to be considered in
the design calculations. The latest version of the EN 15512 standard details the testing method for
connector rotation and the effects of clearances on deformations and bending moments, contributing
significantly to the field.

In the case of clearances in bolted connections (see Fig. 6.1), the sliding effect can also be observed
(see Fig. 6.2). The main difference compared to pinned connections is that, in bolted connections, the
sliding effect does not occur at the beginning of the moment-rotation curve (see Fig. 6.2).

g N

Bolt
Hole

(a) (b)
Figure 6.1. Looseness in Bolted Connections: (a) Looseness between the bolt and the hole; (b) Actual
looseness when the bolt is in contact with the hole (Dumbrava and Cerbu, 20223).

In contrast to bolted connections, the European standard EN 15512 highlights the need to consider the
looseness present in pin connector joints used between columns and beams in the structural analysis
of pallet rack storage systems. The effects of looseness in these connections become apparent at
lower loads compared to bolted connections. This behavior is explained by the fact that bolts are
generally pre-tensioned, whereas pin connectors lack a general rule accounting for the effects of
looseness due to varying forms and dimensions of both the column perforations and the pin
connectors fixed at the beam ends.
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Figure 6.2. Typical behavior of bolted connections in cold-formed steel structures: (7) - linear behavior
before slipping (elimination of looseness); (2) - effects of slipping caused by the looseness between the
bolt and the hole; (3) - linear behavior after the elimination of looseness; (4) - nonlinear behavior

(Dumbrava and Cerbu, 20223).

6.2. Materials tested and methodology.

6.2.1. Types of tested assemblies

The purpose of the experimental program is to determine the effects of looseness in the pin connector
connection between the beam and the column for three different types of connections, as presented

in Table 6.1.

The identification codes corresponding to the beam-column-connector assemblies that were tested
are presented in Table 6.1 and are used for presenting the results obtained.

Table 6.1. Assemblies of the beam-column-connector type tested (Dumbrava and Cerbu, 2022a)

Assembly Upright Beam Conector Number of Numbar of
code wxe H™x W™ x 4" type looseness tests for bending
assembly tests for
assembly
0-1-5T 90 x 1.50 4 6
BOX
O-11-5T 90x1.75 5T 4 6
150x50x 1.75
O-1lI-5T 90x 2.00 4 6

*The dimensions of the uprights are shown in Figure 6.3(a).
**The dimensions of the beams are shown in Figure 6.3(b).
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Figure 6.3. Components of the column-connector-bearm assemblies: (a) column section; (b) bearn
section; (c) 5-pin connector; (d) sketch of the tested assembly (Dumbrava and Cerbu, 2022a),

The components of the beam-connector-column assemblies tested are shown in Figure 6.3. Three
columns with different cross-sections (Fig. 6.3a) were used, all having the same shape but varying wall
thicknesses (1.50 mm, 1.75 mm, and 2.00 mm), as presented in Table 6.1. The same composite beam,
created by joining two C profiles (Fig. 6.3b), is connected to the column using a five-pin metal connector
(Fig. 6.3c), which is welded to the end of the beam. For each tested assembly (Fig. 6.3d and Table 6.1),
the same type of five-pin connector, coded as 5T in Table 6.1, was used. A beam with a high moment
of inertia about the principal axis (with greater rigidity) was used to minimize the effect of beam
deformations during the mechanical tests aimed at determining the rotation of the connector until the
existing clearances in the connection between the beam and columns were eliminated. An example of
a tested assembly is shown in Figure 6.3(d). Sets of four individual assemblies were prepared for each
testing configuration to determine the effects of existing clearances in the connection (see the
penultimate column in Table 6.1), resulting in a total of 12 assemblies for testing. Additionally, a set of
six assemblies of each type of beam-connector-column configuration (see the last column in Table 6.1)
was prepared for bending tests to determine the rotational rigidity of the respective connection.
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6.2.2. Methodology for bending tests to determine the effects of existing clearances in the
beam-column connection

The different beam-connector-column assemblies were subjected to bending tests and tests to
determine the rotation of the connector until the clearances in the beam-column connection with pin
connectors were eliminated, according to the European standard EN 15512 (2020).

The experimental setup is shown in Figure 6.4 and is the same for both the bending test and the test
used to determine the effects of clearances in the beam-column connection, in accordance with the
European standard EN 15512 (2020). The loading scheme for this experimental stand is identical to
that presented in Figure 5.6(a) in Chapter 5. Figure 6.4 shows a photograph of the stand taken during
the testing of a beam-connector-column assembly. It is reiterated that this specialized bending test
stand, on which all tests whose results are presented in this chapter were conducted, is located in the
Mechanical Testing Laboratory of SC Dexion Storage Solutions SRL (Rasnov, Romania). The author of
the doctoral thesis designed and built this experimental stand within the company.

Firstly, the bending test for each type of beam-connector-column assembly was performed to
determine the design moment, denoted as Mz, and the rotational rigidity, denoted as k.. The bending
test for the beam-connector-column assembly and the method for determining both the design
moment Mzs and the rotational rigidity k. are described in the previous chapter of this work, in
accordance with the European standard EN 15512 (2020). It should be noted that to determine the
rotation of the connector, measured until the clearances in the beam-column connection are
eliminated, the loading system must allow the application of the loading force in both directions, that
is, both upward and downward (Fig. 6.4a), so that the bending moment can be applied in both
directions.

Figure 6.4. Testing rig for bending and rotation tests: (a) Testing stand diagram: Picture of the setup
used for both the bending test and the test to determine the rotation of the connector until clearances
are eliminated, in accordance with the European standard EN 15572 (2020). (b) Photograph of the
testing stand: Photograph taken during the testing of a bearm-connector-column assembly, showing
the actual experimental setup (Dumbrava and Cerbu, 2022a).
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For both the bending tests conducted to determine the rotational stiffness of the beam-to-column
connection and the tests aimed at determining the rotation of the connector until the clearances are
eliminated, it is necessary to plot the moment-rotation curve (M — 6). According to the notations
presented in Figure 5.6(a), the bending moment M; developing at the connector at the end of the beam,
as well as the rotation 6 of the connector, expressed in radians, are calculated using relation (6.1) and
relation (6.2), respectively.

M; = bF, (6.1)
6 = (dy —dy)/h. (6.2)
=
=
=
S
55
E
= 5
S =
S
P
o
a
©
Rotation 8 (rad)
| 2,

Figure 6.5. Typical moment-rotation curve obtained in the bending test to determine the effects of play
in the beam-to-column connection (Dumbrava and Cerbu, 2022a)

In the tests conducted to study the effects of play in the connection, the force £ (Fig. 6.4a) was applied
gradually until the moment at the connector reached a value approximately equal to 10% of the design
moment, denoted by Mg, and calculated using equation (5.12) from Chapter 5. Subsequently, the
loading force was reduced and then reversed until the moment value was approximately 10% of the
design moment My .

The double of the connector’s rotation angle, until the play between the connector pins and the column
perforations was eliminated, denoted by 2¢;, is measured for each test by extrapolating the linear
portions of the moment-rotation curve to the origin to find their intersection points with the abscissa
(rotation axis), as shown in Fig. 6.5. The difference between the abscissas of these intersection points
obtained in this way equals twice the rotation @; of the connector in the beam-to-column connection,
corresponding to the moment at which the play was eliminated.

All moment-rotation curves (M — @) obtained for the beam-connector-column assemblies involved in
this research are reported as results. The study also presents the following data obtained from
processing the experimental data: the rotation @; of the connector measured at the point of play
elimination in the beam-to-column connection, the design moment My,4, and the rotational stiffness
k.
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6.3. Experimental results

Figure 6.8 shows the moment-rotation curves \( M(\theta) \) recorded in tests conducted to study the
effects of play in the beam-to-column connections with pin connectors, for the following beam-
connector-column assemblies: 0-1-5L; O-11-5L; O-1lI-5L. These curves were corrected using equations
(5.5) and (5.8) from Chapter 5.
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(c)
Figure 6.8. Moment-rotation curve (M,, — 6,,) recorded in the tests conducted to study the effects of

looseness in the connections, for the following bearm-connector-column assemblies: (a) O-1-5L, (b) O-
II-5L; (c) O-1lI-5L (Dumbrava and Cerbu, 2022a).
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Figure 6.9. Moment-rotation curve (M,, — 6,,) recorded in the bending tests for the beam-connector-
column assembly of type O-1-5T (Dumbrava and Cerbu, 2022a).
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Figure 6.10. Moment-rotation curve (M,, — 6y,) recorded in the bending tests for the beam-connector-
column assembly of type O-11-5T (Dumbrava and Cerbu, 2022a).
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Figure 6.11. Moment-rotation curve (M, — 6,,) recorded in the bending tests for the beam-connector-
column assembly of type O-1lI-5T (Dumbrava and Cerbu, 2022a).

The moment-rotation curves (M - 6) recorded in the bending tests for the three investigated beam-
connector-column assemblies (0-1-5L, O-1I-5L, and O-llI-5L) are presented in Figures 6.9, 6.10, and
6.11, respectively.
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The experimental results regarding the rotation @, of the connector until the clearance is eliminated,
the design moment Mgy, and the rotational stiffness 4, for the beam-connector-column assemblies
involved in this study are summarized in Table 6.3.

Table 6.3. Results Obtained in Tests for Studying the Effects of Clearances in Beam-Column
Connections and in Bending Tests for All Assemblies Involved in the Research (Dumbrava and Cerbu,
2022a)

Looseness angle Design moment Rotational stiffness
D, @, Stdev Mg, Stdev k,, Stdev

(rad) (rad) (rad) (kN-m) (kN-m) (kN-m/ rad) (kN-m/ rad)
0.00139
0.00140

0-1-5T 0.00114 0.00133 0.000124 2.91 0.035 72 10.029
0.00137
0.00115

O-II-5T %0.00116 0.000171 4,02 0.058 96 4118
0.00092
0.00075
0.00093

O-IlI-5T 0.00083 0.00080 0.000104 4,32 0.086 114 4.425

0.00069

Assembly
code

6.4. Effects of looseness in beam-column connections

To assess the impact of looseness in pin-connected beam-to-column connections, the maximum
deflection vy,4, and bending moment M,,;; occurring at the midspan of the beam are calculated in the
context of pallet rack storage systems. The study is based on the test case presented in Figure 5.18,
where the rack consists of two 2.7 m beams supporting a maximum load of 15,000 N (equivalent to
three pallets). Assuming each beam carries a uniformly distributed force of 7,500 N over a length of
2.7 m, the force is uniformly distributed at 2.78 N/mm.

The study analyzes the effects of looseness in all types of connections, with rotational stiffness 4,
presented in Tables 6.2 and 6.3. The values for the moments of inertia of the beams are taken from
the manufacturer's technical documentation. The rotation @, of the connector, at the moment the
looseness is eliminated, is considered constant for assemblies combining the same type of column and
the same type of connector (4 pins or 5 pins). The research particularly investigated the critical case of
connections with 5-pin connectors.

The results regarding rotation @; have been extended and applied to all beam-connector-column
assemblies presented in Table 6.2, with specified values in Table 6.4. The calculation of the bending
moment M,;; and maximum deflection v,,,, was carried out using the appropriate relations, taking
into account the effects of looseness in the connections. The obtained results are presented in Table
6.4, compared with those calculated without the effects of looseness.
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Table 6.4. Effects of looseness on the bending moment and maximum deflection at the midspan of the
beam for the involved column-connector-beam assemblies (Dumbrava and Cerbu, 2022a).

Assembly Looseness With looseness Without looseness CORRy . CORR, .
code angle effects effects (%) (%)
D Bending Max. Bending Max.
(rad) moment deflection moment deflection
at mid. at mid. at mid. at mid.
M mid,t vmax,t M mid Vmax
(kN-m) (mm) (kN:m) (mm)
0-1-5T 0.00133 3.245 2.83 3.163 2.709 2.59 4L4.47
O-II-5T 0.00116 3.168 2.753 3.076 2.618 2.99 5.16
O-1lI-5T 0.00080 3.089 2.662 3.016 2.555 2.42 419
A-I1-4T 2.794 12.383 2.758 12.104 1.31 2.31
0.00133
A-I-5T 2.692 11.831 2.651 11.511 1.55 2.78
A-II-4T 2.753 12.153 2.72 11.897 1.21 2.15
0.00116
A-II-5T 2.441 10.45 2.394 10.085 1.96 3.62
A-llI-4T 2.709 11.884 2.685 11.7 0.89 1.57
0.00080
A-IlI-5T 2.419 10.297 2.387 10.043 1.34 2.53
B-1-4T 2.947 10.325 2.911 10.106 1.24 2.17
0.00133
B-I-5T 2.735 9.429 2.684 9.122 1.90 3.37
B-11-4T 2.744 9.455 2.7 9.193 1.63 2.85
0.00116
B-1I-5T 2522 8.515 2.465 8.174 2.31 417
B-1Il-4T 2774 9.561 2.746 9.39 1.02 1.82
0.00080
B-III-5T 2.41 8.01 2.368 7.752 1.77 3.33
C-I1-4T 0.00133 2.968 8.321 2.923 8.106 1.54 2.65
C-I-5T 2.715 7.478 2.649 7.158 2.49 4L4.47
C-1I-4T 0.00116 2.887 8.043 2.843 7.83 1.55 2.72
C-1I-5T 2.668 7.306 2.607 7.012 2.34 4,19
C-I-4T 0.00080 2.79 7.693 2.755 7.524 1.27 2.25
C-1l-5T 2.479 6.64 2.426 6.396 2.18 3.81

6.5. Conclusions

This study analyzes the experimental results regarding the rotation of the connector until the
elimination of looseness, according to the European standard EN 15512 (2020), for various beam-
connector-column assemblies. Additionally, the assessment of the effects of looseness in connections
focuses on their impact on the maximum deflection of the beams and the bending moment at the
midspan of the beams used in pallet rack systems. Complete details on these aspects are presented in
the full doctoral thesis.

The experimental results show that, for the case studied, the maximum corrections for the calculation
of the bending moment and maximum deflection are 2.99% and 5.16%, respectively, compared to the
situation where the effects of looseness are neglected. The graphical interpretation highlights that
these corrections are more significant when the column wall is thinner. Additionally, the ratio between

45



I
I
n Universitatea
Transilvania
[ ]| din Brasov
the maximum deflection calculated considering the effects of looseness and the maximum deflection

without these effects is higher for the five-pin connector (ranging from 1.025 to 1.052) compared to
the four-pin connector (ranging from 1.016 to 1.029).
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7. RESEARCH ON THE COMPRESSION OF COLUMNS IN METAL STORAGE STRUCTURES

7.1. Experimental research on local buckling of columns in storage structures

This chapter addresses the research on the loss of stability in short, perforated steel columns with
Omega-shaped cross-sections used in pallet storage systems. The main objective is to determine the
critical buckling load and effective area for these columns subjected to compressive forces, as well as
to analyze the effects of imperfections in finite element models on the accuracy of results compared
to experimental data.

The research involves the following stages:

e Determination of the critical buckling loads for the 15 types of short perforated columns.

¢ Nonlinear analysis using finite element methods of stability loss for the same columns, with
initial imperfections of varying magnitudes.

e Comparison of results obtained from numerical simulations with experimental data to validate
the numerical model.

7.1.1. Geometry of the tested columns

This section investigates 15 different steel profiles with Omega-shaped cross-sections used in the
manufacture of columns for pallet racking storage systems. These profiles, which are used for columns,
were subjected to compression tests. The cross-sectional shape, as well as the front view, for each
tested profile is shown in Figure 7.1. Each type of profile is coded with a capital letter.
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Figure 7.1. The types of columns considered in the study, with different shapes of cross-sections and

perforations located on the front side (Dumbrava and Cerbu, 2024)
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Figure 7.2. The side view of the tested column flanges and their perforations (Dumbrava and Cerbu,
2024).

The notations used for the main dimensions of the cross-section are indicated in Figure 5.2, and the
design values for these dimensions are presented in Table 7.1 for all types of columns tested in these
studies. The wall thickness of the cross-section was measured for each tested column, as it slightly
differs from the nominal thickness due to the manufacturing process, and the corresponding average
value is provided in Table 7.1. The side view for each type of tested column is shown in Figure 7.2 to
illustrate the dimensions of the perforations located on the flanges.

The specimens for the tensile test were cut from the same steel sheet roll used to create each Omega-
shaped profile through cold plastic deformation technologies. The measured thickness of the column
and the experimentally obtained yield stress are used in processing the experimental data recorded
during the compression test of the profiles, to correct the recorded value of the force at the loss of
column stability, in accordance with the European standard EN 15512 (2020).

The number of compression test specimens for each type of column is shown in the penultimate
column of Table 7.1, and this number complies with the European standard EN 15512: 2020 (2020),
which stipulates that the minimum number of samples must be three. The dimensions of the profile
sections were either measured or obtained from technical datasheets (***b, 2019).
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Table 7.1. Main dimension values of the Omega-shaped cross-sections of the tested columns and the
corresponding yield stress of their material (Dumbrava and Cerbu, 2024).

No.  Upright Design dimensions of the Measured Yield stress Number of  Coefficient

type cross section thickness of the specimens ks
Width Depth Thickness flange t,, Nominal Measured tested
w o ¢ (mm) fy frem™
(mm)  (mm) (mm) (MPa) (MPa)

1 Typeh 850 648 1.8 1.78 355 384.4 9 185
2 TypeB 1190 916 25 2.51 420 441.3 26 1.74
3 TypeC 1190 916 25 253 420 4610 5 233
4  TypeD 880 714 1.5 3.47 420 4259 30 1.73
5 TypekE 1405 926 35 1.53 420 5200 20 1.76
6 TypeF 880 714 15 1.51 420 4075 10 192
7 TypeG 995 916 25 253 420 534.1 " 1.89
8 TypeH 995 916 25 253 420 471.7 35 1.72
9 Typel 745 663 15 1.51 420 516.8 3 337
10 Typel 605 550 2.0 2.03 350 3530 7 208
11 TypeK 1200 75.0 25 2.60 355 4308 5 233
12 Typel 800 688 18 1.80 280 288.7 8 200
13 TypeM 848 728 15 1.49 420 427.2 10 192
14 TypeN 63.0 450 15 1.50 355 380.0 7 208
15 TypeO 1000 825 20 200 355 348.2 8 2100

*The significance of the cross-sectional dimensians of the columns is shown in Figure 5.2 in Chapter 5.
** \alues were obtained from tensile tests performed with the INSTRON 3369 machine.

*** is a coefficient provided in the European standard EN 15512 (2020), selected based on the number of
specimens tested in the respective set.

7.1.2. Testing method for determining the critical buckling load of columns

To determine the effective area of Omega-shaped profiles, compression tests were conducted on short
columns according to the EN 15512 (2020) standard. The buckling load was measured for each profile,
and the average value was used to calculate the effective area. Failure modes and the effects of
different dimensions and shapes of perforations on the buckling strength were also analyzed. Test
specimens were prepared according to the standard, with a minimum length of three times the profile
width and including at least five sets of perforations. Each profile's length was checked to ensure it had
a relative slenderness ratio less than 0.2, in accordance with EN 15512 (2020).

The loading scheme for the compression test is shown in Figure 7.3(a), as per the European standard
EN 15512 (2020), while Figure 7.3(b) presents a photograph of a column mounted on the device during
the compression test.
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&,

(@) (b)
Figure 7.3. Compression Test Configuration Used to Determine the Buckling Load for Short Columns
with Omega-Shaped Cross-Section:(a) Loading scheme; (b) Photograph of a column fixed at both
ends on the test bench (Dumbrava and Cerbu, 2024).

7.1.3. Results of the compression testing of columns

In the initial phase of the research, preliminary tests were conducted to identify the optimal position
for applying the axial load on the columns to maximize the buckling load. Initially, the axial force was
applied at the theoretical center of gravity of the profile without perforations, but later the force
application was adjusted by 1-2 mm along the axis of symmetry to account for the perforations.
Following these preliminary tests, additional tests were carried out on the number of columns specified
in Table 7.1, determining the buckling load for each profile type. The average values of the critical
buckling loads, along with the standard deviation, are presented in Table 7.2. These values were
corrected according to the EN 15512 (2020) standard to obtain the corrected critical buckling load.
Finally, the effective area was calculated for each profile type, and the results are presented in Table
7.2.
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Table 7.2. Experimental Results from Compression Tests {Dumbrava and Cerbu, 2024)

No.  Upright Average value of the Stdev  Correction  Experimental  Effective

type experimental failure forces coefficient failure force area
Fexpave s ke Foxp ™ Acts exp

(kN) (kN) (kN) (mm?)
1 TypeA 124.3 153 1.95 121.3 341.7
2 TypeB 291.3 3.41 1.74 285.4 6795
3  TypeC 334.7 2.04 233 3299 7855
4  TypeD L4476 4.39 1.73 440.0 1047.6
5 TypeE 121.4 1.94 1.76 117.9 280.7
6 TypeF 1179 1.97 1.92 114.1 271.7
7 TypeG 2539 3.23 1.89 2478 590.0
8 TypeH 259.5 2.47 1.72 255.3 607.9
9 Typel 89.1 1.20 3.37 85.0 202.4
10  Type] 98.4 1.90 2.08 94.4 269.7
11 TypeK 204.9 29 233 198.2 558.3
12 Typel 97.4 0.93 2.00 95.5 3411
13 TypeM 139.1 1.61 1.92 136.0 3238
14 TypeN 82.7 1.15 2.08 80.3 226.2
15 TypeO 156.1 1.38 2.00 153.3 4318

* The correction factor was established according to the European standard EN 15512 (2020).
** This value was corrected according to the European standard EN 15512 (2020).

7.2. Numerical simulation of stress and strain states in compressed storage system columns

The simulation of profile stability loss was performed using RFEM 5.28 software with finite element
modeling. The columns were modeled with shell elements, while the end plates were represented with
solid elements (Fig. 7.7). Welded connections were simulated using close contact between the upper
section of the column and the end plates. Spherical joints were used to restrict movements, except for
axial displacement. The model included the nonlinear behavior of steel, employing a bilinear scheme
for the stress-strain curve, with an elastic zone limited to the yield stress and a plastic modulus of 2.1
GPa. The analysis also considered geometric nonlinearities.
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Figure 7.7. Finite Element Model Used for Numerical Simulation of Column Stability Loss (Dumbrava
and Cerbu, 2024).

In the numerical model, geometric imperfections were introduced according to the recommendations
of the EN 1993-1-5 (2007) standard: (i) for local buckling, the imperfection size was the width of the
front part of the column divided by 200; (ii) for distortional buckling, the dimension was the cross-
sectional size divided by 50. Additionally, two other imperfections, 15% and 5% of the nominal section
thickness, were also considered. The four types of imperfections used in the analysis are: Imp _\W/200,
Imp_D/50, Imp_0.15t, and Imp_0.05t, and their values are presented in Table 7.3.

L-

Figure 7.8. Geometric imperfections infroduced in the numerical model for the corresponding buckling
mades: (a) local buckling; (b) distortional buckling (Dumbrava and Cerbu, 2024).
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Table 7.3 Dimensions of geometric imperfections considered for the numerical models used in the
analysis of column stability loss (Dumbrava and Cerbu, 2024).

Size of the geometrical imperfection

No. Upright (mm)
type Imp_W/200° Imp_D/50" Imp_0.15t" Imp_0.05t™
1 TypeA 0.4250 1.2960 0.2625 0.0875
2 TypeB 0.5950 1.8320 0.3750 0.1250
3 TypeC 0.5950 18320 0.3750 0.1250
4  TypeD 0.7025 1.8520 0.5250 0.1750
5 TypeE 0.4400 1.4280 0.2250 0.0750
6 TypeF 0.4400 1.4280 0.2250 0.0750
7 TypeG 0.4975 1.8320 0.3750 0.1250
8 TypeH 0.4975 1.8320 0.3750 0.1250
9  Typel 0.3725 1.3260 0.2250 0.0750
10 Type) 0.3025 1.1000 0.3000 0.1000
11 TypeK 0.6000 1.5000 0.3750 0.1250
12 Typel 0.4000 1.3760 0.2625 0.0875
13 TypeM 0.4240 1.4560 0.2250 0.0750
14  TypeN 0.3150 0.9000 0.2250 0.0750
15 Type O 0.5000 1.6500 0.3000 0.1000

* The imperfection is introduced for the local buckling mode.
** The imperfection is introduced for the distortional buckling mode.
** The imperfection is introduced for the first buckling mode.

7.3. Validation of the numerical model

In the second phase of the buckling analysis, the geometric imperfections listed in Table 7.3 were
considered. According to the EN 1993-1-5 standard, imperfections coded as Imp_W/200 were applied
for local buckling, while those coded as Imp_D/50 were used for distortional buckling. The
imperfections Imp_0.15t and Imp_0.05t were employed for the first buckling mode of all analyzed
profiles. The buckling loads obtained through finite element analysis (FEA) are presented in Table 7.5.
The calculated errors compared to the experimental average values for each profile and type of
geometric imperfection are also shown in Table 7.5.
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Table 7.5. Results from Finite Element Analysis (FEA) for the Numerical Models of Columns,
Considering Geometric Imperfections (Dumbrava and Cerbu, 2024)

Buckling force Fpgy Experimental Error
No. Upright (kN) buckling (%)
WP®  mp_W/200 Imp_D/S0  Imp_015t Imp_0.05t fmik?ﬁ? @ mp_W/200 Imp_D/S0  Imp_0.15t Imp_0.05t

1 Type A 115.92 106.68 11676 118.45 1263 7.23 16.52 6.46 4,94
2 TypeB 273.40 261.45 281.32 286.53 2913 6.55 11.42 3.55 1.66
3 Type C 306.69 281.91 304,43 300.87 3347 913 18.73 9.94 8.01
1 TypeD 407.54 379.54 £13,08 £17.10 4476 9.83 17.93 836 7.31
5 Type E 112.03 108.13 115.96 116.56 117.7 5.06 885 1.50 0.598
6 TypeF 11501 107.34 115.3 115.27 117.9 2.51 9.84 2.25 2.28
7 Type G 262.55 23216 263.65 264,49 259.8 1.05 1.9 1.46 1.77
8 Type H 262.28 229.22 263.47 265.19 259.5 1.06 8.8 1.51 215
9 Typel 89.65 87.08 90.15 90.53 89.1 061 232 1.16 158
10 Typel 96.13 92.05 96.44 100.96 98.4 2.36 6.90 203 254
1 Type K 190.38 185.58 20055 203.79 2049 7.63 10,61 217 0.54
12 Type L 88.77 82.69 89.15 89.22 97.4 9.72 17.79 9.25 9.17
13 Type M 132.27 133.47 132.32 134,58 139.1 5.16 4.22 512 3.36
14 TypeN 77.16 75.68 77.34 77.80 82.7 718 9.28 693 6.30
15 Type O 147.34 152.60 14981 154.55 156.1 5.95 2.29 4,20 1.00
Average values of the errors 5.40 10.56 4,39 357

Upon analyzing the average error values (Table 7.5) for all cases concerning the imposed geometric
imperfections in the numerical model used for simulating the stability loss of each profile involved in
the study, the conclusion is that the lowest average error value corresponds to the imperfection case
coded as Imp_0.05t.

For the imperfection coded as Imp_0.05t, Figure 7.14 illustrates the global deformation states and
stress states according to the Von Mises criterion for all four types of profiles analyzed. Detailed
information on all profile types can be found in the extended doctoral thesis. These stress and
deformation states are presented for the maximum recorded reaction force at stability loss,
corresponding to the values in Table 7.5 for the imperfection Imp_0.05t.
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Figure 7.74 Global Deformation and Von Mises Stress Distributions for Stability Loss Force, Obtained
with FEA, Considering Geometric Imperfections mp_0.05t for Profiles: (al), (a2) Tvpe A; (b7} (b2)
Type B; (c1), (c2) Type C: (d7). (d2) Type D; (Dumbrava and Cerbu, 2024)

Figure 7.15 compares the failure modes observed in compression tests with those obtained through
FEA for two profile types (A, 1). Additional cases can be found in the extended doctoral thesis. The
results show a high degree of similarity between the experimentally observed failure modes and those
numerically simulated.
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(c) (d)

Figure 7.15. Comparisons between the stability failure mades observed in experiments and those
obtained through numerical simufation for the following column profiles: (a, b) Profile type A; (c, d)
Profile type | (Dumbrava and Cerbu, 2024).

7.4. Conclusions

The values of critical buckling forces for the tested profiles were obtained through compression tests
performed on 15 types of profiles used in the manufacturing of columns in steel storage systems.
These tests aimed to validate the numerical model used for simulating these tests. Each column was
analyzed using four finite element numerical models, each having different geometric imperfections:
the imperfections coded as Imp_W/200 and Imp_D/50, according to the European standard EN 1993-
1-5(2007), as well as the imperfections coded as Imp _0.15t and Imp_0.05t, corresponding to 15% and
5% of the wall thickness tof the column profile, respectively. Complete details and the main conclusions
of these studies are presented in the full doctoral thesis.

Based on the conclusions obtained from the research presented in this chapter, it is recommended to
use geometric imperfections of 5% of the profile thickness in the numerical models that simulate the
behavior of columns under compression. This approach will allow for obtaining precise values for the
critical buckling force through finite element analysis of the stability loss of perforated columns with
Omega-type cross-sections, which are frequently used in pallet rack storage systems.
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GENERAL CONCLUSIONS. PERSONAL CONTRIBUTIONS. FUTURE RESEARCH
DIRECTIONS.

8.1. General conclusions

The research presented in this doctoral thesis focused on two main areas of study: (i) experimental
testing of beam-column connections with pin connectors used in pallet racking storage systems;
and (ii) theoretical and experimental studies on the local or distortional instability of columns with
Omega-shaped cross-sections.
Regarding the study of mechanical behavior of connections, the research extended to the influence
of clearances between the metal pins of the connectors and the perforations in the columns on the
connector’s rotation angle until the clearances are eliminated, as well as the impact on the
maximum deflection of the loaded beam and the bending moment at the end of the beam for the
considered practical study case.
The studied connections are semi-rigid connections frequently used in pallet racking systems. For
the 15 types of beam-column connections, the mechanical behavior of pin connectors fixed at the
ends of the beams assembled with the columns was examined, analyzing the influence of the type
of connector (four and five pins) and the wall thickness of the profiles used for columns on the
rotational stiffness of the connection. Ultimately, the effect of these factors on the load-bearing
capacity and the maximum deflection of the beam under mechanical loading was also analyzed.
The diversity of the 15 types of profiles involved in research concerning the stability loss of columns
made from thin-walled profiles with Omega-shaped cross-sections, along with the validation of
numerical models through comparison of finite element analysis results with experimental results,
led to interesting conclusions and personal contributions regarding the magnitude of geometric
imperfections to be considered in finite element numerical simulations of stability loss for columns
with Omega-shaped cross-sections.

Considering the objectives of the research conducted in this doctoral thesis, the following

highlights the main conclusions of this work.

e The results from Chapter 5 show that for assemblies containing Type | columns with a profile
thickness of 1.50 mm, the use of a five-pin connector leads to higher values for the design
moment capacity My, and rotational stiffness k,,, compared to using four-pin connectors. In
contrast, for Type lll columns with a thickness of 2.00 mm, five-pin connectors exhibited
slightly lower design moments compared to four-pin connectors.

e For assemblies containing five-pin connectors, the rotational stiffness k,, is approximately
23.1%, 61%, and 77.1% greater than for assemblies containing four-pin connectors for beams
of Type A, Type B, and Type C, respectively. Similarly, for assemblies with five-pin connectors,
the increase in the design moment Mg, is approximately 49.3%, 21.7%, and 26.5% compared to
the values obtained for assemblies with four-pin connectors for beams of Type A, Type B, and
Type C, respectively (see Chapter 5).

e |tis noted that for the practical study case considered, concerning the beams that support the
pallets on the shelves of a storage structure, which have a length of 2.7 m and use the same
type of semi-rigid connection at both ends, the rigidity condition according to the European
standard EN 15512 (2020) is met for all types of beam-connector-column joints involved in
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this research (see Chapter 5.6).

For the practical study case considered in Chapter 5.6, using Type A and Type C beams, it is
found that the best assemblies are A-1I-4L and C-lI-4L from the perspective of the connection's
safety factor ¢, calculated as the ratio between the design moment capacity Mg, of the
connection and the moment at the end of the beam (from the connector), taking into account
the rotational stiffness k,,, of the connections at the beam end. Furthermore, these types of
connections lead to a reduction in the mass of the storage system with shelves, both due to
the reduced thickness of the column profile and the use of the four-pin connector.
Consequently, this also results in reduced material costs.

For the same study case considered in Chapter 5.6, it was observed that the ratio between the
highest and lowest safety factors is as follows: 1.68 (i.e., the ratio of 4.41/2.63) for assemblies
containing Type A beams; 1.69 (the ratio of 4.57/2.70) for assemblies containing Type B beams;
and 1.73 (the ratio of 5.94/3.42) for assemblies containing Type C beams. The conclusion is
that, for any beam type involved in this research, there is an approximate safety margin of 70%,
which depends on the type of connector, the type of column used, and the type of beam
employed.

In Chapter 5.5, it was shown that for beam-connector-column assemblies containing columns
made from the thinnest profile, with a thickness of 1.50 mm, the failure mode involves
deformation of the perforations on the front side of the column. Other failure modes include:
deformation of the connector under bending stress; and local buckling of the beam in the area
close to the connector.

Research on the effects of play between the pins of metal connectors and the perforations in
the columns, in the connections between the beam and the column, has led to quantitative
results for the rotational displacement @, of the connector (determined when the play in the
connection is eliminated). These results show that this value (expressed in radians in Table 6.3)
is 1.66 times greater when the beam-connector-column assembly contains a column made
from a profile with a wall thickness of 1.50 mm compared to when using a column made from
a profile with a wall thickness of 2 mm.

For the study case considered in Chapter 6.4, based on the experimental results for the
rotational displacement @; of the connector (determined when the play in the connection is
eliminated), the maximum calculation corrections were 2.99% and 5.16% (Table 6.4) for the
bending moment M,,;; developed at the mid-span of the beam and for the maximum deflection
Vmax, Fe€spectively, compared to the case where the effects of play in the connections are
ignored.

It was also concluded at the end of Chapter 6 that the correction values, both for the bending
moment M,,;; developed at the mid-span of the beam and for the maximum deflection v, .
are more significant as the column wall with which the beam is connected becomes thinner.
Additionally, it is noted that the ratio between the maximum deflection v,,,,, of the beam,
calculated considering the effects of play between the connector pins and the column
perforations, and the maximum deflection in the case where the effects of play are neglected,
is greater for the five-pin connector (with a ratio between 1.025 and 1.052) than for the four-
pin connector (with a ratio between 1.016 and 1.029).
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The results presented in Chapter 6 demonstrate that design engineers should account for the
effects of play in the connections between the beam and the column, made with pin
connectors, both in the calculation of the maximum deflection of beams used in pallet racking
storage structures and in the calculation of the bending moment developed at the mid-span of
the beam, especially for rotational stiffness k,, values of the connection greater than 80
kN-m/rad.

The theoretical and experimental research presented in Chapter 7, concerning the loss of
stability of metal profiles used in the manufacture of columns for storage systems, conducted
for 15 different types of profiles, has led to the creation of an extensive database regarding the
critical buckling force and effective area, determined through their compression tests.

The critical buckling forces obtained experimentally match very well with the values obtained
through finite element analysis (FEA) when introducing geometric imperfections coded as
Imp_0.15t and Imp_0.05t into the numerical model, for the first mode of buckling, with
average error values of 4.39% and 3.57%, respectively, for all tested profiles (see Chapter 7.3).
Howeuver, it was found that for the numerical model with the geometric imperfection coded as
Imp_0.05t, the errors exceed 5% (ranging from 6.3% to 9.2%) for only four of the tested profile
types: Type C, Type D, Type L, and Type N (see Table 7.5). Additionally, for the numerical model
with the imperfection coded as Imp_0.15t, the errors exceed 5% (ranging from 6.4% to 10%) for
the following tested profile types: Type A, Type C, Type D, Type L, and Type N.

Considering both cases of geometric imperfections imposed in accordance with the European
standard (EN 1993-1-5 - Eurocode 3 - Part 5, 2007), coded as Imp_W/200 and Imp_D/50,
which are recommended for columns without imperfections, it can be observed that the
methods for applying these imperfections are suitable only for certain types of tested profiles.
For the imperfection coded as Imp_W/200, the best match between the critical buckling force
obtained from tests and that obtained through FEA (i.e., with an error less than 5%) was
achieved for only half of the total types of columns tested: Type E, Type F, Type G, Type H, Type
[, Type J, and Type M (see Chapter 7.3). For the imperfection coded as Imp_D/50, the error is
less than 5% only for the following three types of column profiles: Type |, Type M, and Type O
(see Chapter 7.3).

A good match was observed between the modes of failure related to stability loss (local
buckling, distortion buckling with opening or closing of the column flanges) obtained from
compression tests and those derived from stability loss analysis through numerical finite
element modeling (see Chapter 7.3).

Based on the research results presented in Chapter 7, it is recommended to impose geometric
imperfections equal to 5% of the profile thickness in the numerical model simulating the
behavior of columns under compression. This is to achieve more accurate values for the critical
buckling force, through finite element analysis of the stability loss in perforated columns with
an Omega-shaped cross-section.

8.2. Personal contributions

The topic addressed in this doctoral thesis is highly relevant, considering the growing market demand

for pallet rack storage systems and the need for continuous improvement in their safety during
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operation. Both theoretical studies through numerical simulation and experimental investigations have
been conducted to analyze the behavior under mechanical loads of key structural elements (beam-to-
column connections, column profiles) in these metal storage structures. Numerical models using finite
element analysis for evaluating local and distortional buckling of various perforated profiles with an
Omega-shaped cross-section have been validated against experimental results.

The following are the author's personal and original contributions in the field of simulation and testing
of components in thin-walled metal structures:

e Experimental determination of rotational stiffness and the ultimate bending moment for 18
different types of beam-to-column connections with four- and five-pin metallic connectors
was achieved, providing a reference database for engineers and specialists involved in the
design of pallet rack storage systems.

e The effects of beam size, profile wall thickness used for columns, and the type of connector
(four-pin or five-pin) on the rotational stiffness of the beam-to-column connection were
studied, considering the experimentally obtained results.

¢ Based on experimental results, theoretical comparisons were made of safety coefficients, both
regarding the load-bearing capacity of the connection and the stiffness of the mechanically
loaded beam with connections at both ends, similar to those investigated in this doctoral
thesis. Recommendations were provided for construction variants that best ensure operational
safety for such beams.

e Comparative analysis of the maximum deflection and maximum moment developing at the
mid-span of the beam with semi-rigid connections at both ends (as considered in the thesis)
was performed against cases of double-pin or double-fixed end beams, based on experimental
results.

e Theimportance of considering the behavior of semi-rigid connections by design engineers was
justified, as ideal cases of pinned and rigid connections are only theoretical.

e Experimental determination of the rotation angle of the connection until play is eliminated for
three types of beam-to-connector-to-column assemblies, varying in profile thickness with an
open cross-section used for columns in storage structures.

e The influence of column profile wall thickness on the rotation of the connection until play
elimination between the connector's pins and the column was highlighted.

e Experimental results for rotational stiffness were used to theoretically analyze the mechanical
behavior of beams with connections at both ends, considering the effects of connection play
on the bending moment at mid-span and the maximum deflection.

e The critical buckling force and effective area were determined for 15 different types of profiles
used in the manufacture of columns for pallet storage structures, through mechanical testing
for local and distortional buckling.

e Numerical models with finite elements were developed for 15 different types of perforated
profiles with thin walls and Omega-shaped cross-sections used for storage columns,
simulating local and distortional buckling by considering various imperfection cases.

e A comparative analysis of the critical buckling forces for 15 different perforated profiles was
performed, obtained through numerical simulation for various imperfection cases in finite
element analysis of local and distortional buckling.
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e The proposed numerical model for finite element analysis of local and distortional buckling for
the 15 different profiles involved in the research was validated by comparing the critical
buckling forces obtained numerically with those obtained experimentally.

e Amethod deemed most appropriate among those studied and validated for the 15 profile types
considered in the research was proposed. This method aims to reduce errors between
numerical simulation results and experimental results for critical buckling force of local and
distortional buckling in the profiles studied. The recommended method may also be applied to
other types of perforated profiles with thin walls and open contours for estimating the critical
buckling force.

e A comparative analysis of stability loss modes (local or distortional) obtained through
numerical simulation versus experimental testing was conducted for the thin-walled
perforated profiles involved in the study, leading to further validation of the numerical model.

8.3. Future research directions

The limitations of the study concerning the comparison of four-pin and five-pin metallic connections
include the exclusive use of a single cross-sectional profile type for columns and the applicability of the
results only at ambient temperature. Future studies should involve diversifying the cross-sectional
shapes of columns and developing models adapted for fire conditions.

A promising research direction is investigating the use of Finite Element Analysis (FEA) for evaluating
the rotational stiffness of semi-rigid connections with metallic pins. Additionally, analyzing multi-pin
connectors and evaluating the stability of storage structures in this context is planned.

Expanding the study to investigate the effects of play in semi-rigid connections with pins would allow
for exploring these effects across different cross-sectional profiles for beams made from thin-walled
sections.

It is also suggested to extend the use of finite element analysis for studying the nonlinear buckling of
Omega profiles and for columns with longer lengths. Accurate measurement of columns used in these
studies is crucial to properly assess deviations of profiles from nominal dimensions.

Exploring an equivalent thickness for perforated cross-sections would facilitate the analysis of
structures. It is proposed to investigate the possibility of establishing an equivalent thickness for
determining the yield strength of Omega-type columns.
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