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Abstract

In practical applications, steel storage racks include a wide range of beam-to-column
connections (BCCs), which have a significant impact on their structural stability, particularly
under various loading conditions. This systematic review focuses on the application of the
finite element method (FEM) as a complementary tool to evaluate the mechanical behavior
of these connections. Key parameters that influence connection performance include
the connector’s class and hook configuration, column thickness, beam height and weld
position on the connector. Although the Eurocode 3 standard provides design guidelines for
connections, experimental testing remains the most reliable method due to the complexity
of semi-rigid connections, particularly in the context of pallet racks. Validated FEM analysis
emerges as a dependable and cost-effective alternative to experiments, enabling more
detailed parametric studies and improving the prediction of structural response. This
review focuses on the advantages of FEM integration into design workflows via quantitative
synthesis, while also emphasizing the role of contact formulations in modeling accuracy.
To establish FEM as an independent predictive tool for the design and optimization of steel
storage racks, future research should focus on cohesive zone modeling, ductile damage
criteria, advanced contact strategies and additional machine learning (ML) techniques.

Keywords: semi-rigid connections; beam-to-column joints; steel storage racks; moment-rotation
characteristic; structural performance; finite element method

1. Introduction

This review synthesizes key findings from the literature to evaluate the effectiveness
of the potential independent usage of FEM in analyzing semi-rigid connections. Pallet
racks, as part of warehouse equipment, are of enormous importance for the organization
and location of stored products. Storage of any type of item is made possible by their
configuration and design, making them highly adaptable to different needs, which in-
creases their popularity. Pallet racks, depending on type, can be organized in blocks or
rows with aisles in warehouses. Arranging them in such a way allows for appropriate
access to each unit load. A crucial aspect of organized storage is the reliable and quick
accessibility of items. That is why several types of racks can be used to optimize ware-
house efficiency, while their layout ensures that the structural reliability of pallet racks
depends primarily on the performance of all existing connections under various loading
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conditions. Due to the nature of pallet racks, which are typically made from cold-formed
thin-walled steel sections [1], conventional welded or bolted joints from a long time ago
have been replaced by semi-rigid, boltless connections that improve efficient assembly and
reduce cost while maintaining structural performance. Given the relatively short history of
thin-walled racking profiles, their research is still in the phase of intensive expansion [2].
The chronological trend in research approaches is evident: the earliest contributions fo-
cused predominantly on analytical formulations that idealize the M-0 behavior of semi-
rigid connections. As pallet rack technology evolved, analytical models were followed
by experimental testing, which became the dominant research method. Special attention
was given to experimental tests of different types of connections, as well as a numerical
analysis of their behavior. Numerous studies confirm that the existing models do not
provide sufficient precision in order to predict connection behavior, highlighting the need
for further optimization and improvement of the current design, analyses and standards.
Accordingly, the European standards, including Eurocode 3 [3], the European Materials
Handling Federation (FEM) [4] and EN 15512 [5] define general design criteria that are
applicable to adjustable storage systems, and provide procedures to characterize their
moment rotation (M-0) response. Only in recent years has FEM gained importance, and
current research trends show a clear shift toward using FEM as an independent method
that is capable of estimating behavior, performing parametric optimization and predicting
failure modes without extensive experimental testing in the future. Therefore, the litera-
ture review primarily focuses on studies published within the last 20 years, as advances
in numerical modeling during this period have led to more precise and reliable results.
Although older studies exist and are acknowledged, they are not analyzed in detail due to
the increase in the development of numerical analysis in current practice. Analyzed articles
were examined in terms of their approach (experimental, FEM, analytical) and classified
accordingly in further sections. However, discrepancies between FEM and experiments
remain, primarily due to limitations in contact modeling, fracture simulation and simplifi-
cations of boundary conditions. These gaps highlight the need for a systematic review that
identifies the critical parameters and proposes advanced modeling strategies.

Studies [6-12] relied on experimental tests, FEM and simplified analytical models to
predict the structural response. Key parameters such as column thickness, connector config-
uration and beam height affect connection flexibility and load-bearing capacity [13,14]. Fail-
ure modes vary with column thickness, ranging from perforation tearing in thin columns
to tab cracking in thicker ones, as well as connector configuration [15-20]. Hooks and per-
forations were consistently identified as the most sensitive elements. Regarding research
on global analysis, it is worth mentioning the work by Bernuzzi et al. [21-25], who demon-
strated the key role of the warping degree of freedom in pallet racks, as well as the influence
of floor deflection. Recent studies [26-28] utilize beam elements that already incorporate
warping in their analyses. Trouncer and Rasmussen [29,30] experimentally investigated
thin-walled steel rack frames and developed numerical models that demonstrate how
standard calculations neglect the effect of local instability. Research on experimental and
numerical analysis demonstrated their importance, since authors concluded that each type
of weld significantly affects the capacity and ductility of connections [31-35]. Dumbrava
and Cerbu [36] demonstrated that the effect of looseness in BCCs can cause discrepancies in
the calculation of deflections, while Taranu et al. [37] analyzed the behavior of perforated
columns under the axial load, confirming that buckling primarily depends on slenderness.

In addition to permanent static and variable loading, such as the weight of stored
goods and their placement method, seismic performance is also important, as cyclic stress
reduces stiffness and energy dissipation capacity. Seismic considerations are addressed sep-
arately in EN 16681 [38], based on Eurocode 8 [39]. This phenomenon and the progressive
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weakening of the connection have been demonstrated through experiments, highlighting
the significance of ductility in earthquake design. Moreover, Yin et al. [40] highlighted
that the speed-lock bolt connections exhibit low initial stiffness, while Jovanovic et al. [41]
represented a new hysteresis model, with only four parameters successfully describing
their behavior under cyclic loading. Due to significant geometric and material nonlinear-
ity, accurate modeling necessitates experimental validation, with a focus on the explicit
connection dependency of elements such as beams and beam-end connectors (BECs) [42].

Beyond mechanical loads, thermal effects also play a critical role in connection perfor-
mance. Building upon this, a high-temperature study was conducted, demonstrating that
semi-rigid BCCs lose approximately 40% of their initial stiffness when exposed to elevated
temperatures, while others confirm the reliability of FEM in thermal responses [43,44].
Liang et al. [45] examined how the temperature of cold-formed steel structures affects
energy efficiency and explores design strategies to reduce that loss.

Although the primary focus of this review is on semi-rigid BCCs, it is important to
acknowledge the role of baseplate connections in the response of the rack structure too,
as demonstrated by Yazici [46]. Recently, Fragassa et al. [47] highlighted the continuous
evolution of metals and their significance in modern industry. Moreover, Shah et al. [48]
showed that the ML model can predict the M-0 behavior of boltless connections with good
accuracy, achieving FEM and reducing the need for expensive experimental testing. Addi-
tionally, Ganasan et al. [49] confirmed that ML, especially support vector machine (SVM)
models, can be useful tools for material utilization and to improve safety, recommending
larger datasets and integration of FEM simulations. Even in the comparison of American
and European standards [50-52], the static load-bearing capacity of steel pallet racks was
analyzed, with a focus on the influence of different design methods.

Overall, the literature confirms that FEM provides valuable insights into stress distri-
bution and failure modes, yet discrepancies remain due to limitations in contact modeling
and fracture simulation. Experimental validation continues to be essential, with FEM
enabling parametric optimization and predicting failure modes with reduced cost. The
aim of further research is to establish FEM as an independent and predictive tool that is
capable of replacing extensive experimental testing in the future. To achieve this, future
studies should focus on the development of cohesive zone modeling, ductile damage
criteria and advanced multi-point contact formulations, while complementary approaches
such as ML may further enhance FEM accuracy. The scientific contribution of this review
lies in systematically identifying critical parameters: column thickness, connector class,
hook configuration, beam height, weld position and connecting them to observed failure
modes and FEM prediction accuracy. By integrating comparative analyses and highlighting
discrepancies between FEM and experiments, the review establishes methodological gaps
and proposes cohesive zone modeling and ductile damage criteria as future directions.
This structured approach advances the state of the art by positioning FEM not merely as a
validation tool but as a potential independent method for the design and optimization of
rack connections.

2. Design Principles and Classification of Beam-to-Column Connectors

The primary components of these racks include vertical elements such as columns,
horizontal elements such as front and rear beams and horizontal and /or diagonal braces,
as shown in Figure 1a. The longitudinal direction that goes parallel to storage aisles is
called the down-aisle direction, while the transverse one is the cross-aisle direction. An
element that is not completely rigid and, as such, significantly affects the global stability of
the structure is the BEC, as illustrated in Figure 1b.
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Figure 1. Rack structure: (a) overall configuration, (b) beam-to-column connection (reprinted with
permission from Ref. [35]. Copyright 2022, Elsevier).

However, apart from the regular service function of BCCs, limitations in resistance to
lateral and seismic loads make them vulnerable to local buckling, splitting of the column
perforation, or weakening due to cyclic loading. This is precisely why Eurocode 3 and
related European standards, such as EN 15512 [5], define the design and testing criteria
for connections in storage systems under common conditions, as well as EN 16681 [38],
under seismic.

Classification of Semi-Rigid Beam-End Connectors

Semi-rigid connections occupy an intermediate position between fully rigid and
pinned, transmitting moments and forces. Their mechanical behavior, previously discussed
in the context of experimental and numerical studies, strongly depends on parameters such
as column thickness, connector class and joining method, which are emphasized due to
their critical role in structural performance.

Elements that provide the stable spatial structure are an essential part of every type
of rack. They are categorized into basic and additional elements. The basic elements are
as follows:

Vertical frames;
Horizontal beams;
Baseplates with anchors;

Spacers.

The frames’ horizontal and vertical bracing system ensures rack stability in the
cross-aisle direction. Connectors between beams and columns are a unique component that
is welded or otherwise made to be an integral part of the beam. They have special elements
that are placed into the column'’s perforation, such as tabs, studs or hooks. Consequently,
the rigidity of the BCC guarantees the stability of the rack in the down-aisle direction.

As the basic elements are required for a rack, additional components can be installed
depending on the storage type, load characteristics and operational requirements. This can
include protections, back stoppers, additional stiffeners, crossbars with various profiles,
sheet metal inserts, etc. Although secondary in function, these components significantly
influence the system’s structural behavior by enhancing its overall stability, redistribution of
internal loads and improving resistance to local deformations and buckling. Their presence
is hard to consider and almost impossible in the existing standard experimental evaluation,
while numerical analysis can easily ensure accurate prediction of rack performance with
them under operating conditions. Besides the above-mentioned additional stiffeners,
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residual stresses and profiling imperfections have also been identified as influential factors

that affect the stability and strength of semi-rigid connections [1,45].

The construction of BEC consists of hooks that fit into the properly spaced holes in the

column—column perforation. It also enables the connection of the beam with the vertical

frame, and as concluded in [53], perforations have a significant impact on stress distribution

and torsional stiffness. To prevent connection failure, a safety rivet, or so-called locking

pin, is incorporated as an additional safety element. BECs can be divided into four classes,

as defined in [2], as shown in Figure 2 and experimentally analyzed in [54,55]:

Class A—tongue and groove construction. This type of construction has an integrated
tab, formed through a punching operation on the BEC; during assembly, the BEC
makes contact with the column rib at the front and with the column baseplate at
the side.

Class B—construction obtained by punching with a press. A press-punch operation is
used to form this type of connector; by joining the rib and the BEC in parallel, a
two-sided contact is achieved; if the joint is formed perpendicular to the rib, a
three-sided contact is achieved between the column and the connector.

Class C—construction with a built-in stud. The punched holes in the BEC are created
using a pressed pin assembly, which replaces the hooks found in other connector types;
the connection is established with the column leg and rib.

Class D—construction of a double-integrated hook. The clips are formed through
a punching process, allowing contact with the column at two points; the hooks are
located on only one side and a connection is made with the rib and column baseplate.

Hook on the connector =]

Profiled slot on the column
for beam-end connector

Column

Class A
Hook on the connector Locking pin cll [, Profiled slot on the

ok column for beam-end
connector

Three-sided beam-end
connector

0 Q

0 Q@

0 o
)] Connector studs /é
Q

Q

Class B Class C

Hook on the connector
ojfjio bj o
U

0jjjo g

Slot for
;] 0 locking pin
Tongue

[
Va0 <af<a
Q9 [0 = X[ O

Slot for tongue Hook on the connector
Slot for hook

Class D Combination of A and B classes

Figure 2. Classification of beam-end connectors with connection elements (reprinted with permission

from Ref. [2]. Copyright 2023, Faculty of Engineering, University of Kragujevac).

https://doi.org/10.3390 /met16010002


https://doi.org/10.3390/met16010002

Metals 2026, 16, 2

6 of 25

To achieve multiple contacts in the vertical direction, certain classes can be combined.
An important element used with each connector class is the previously mentioned locking
pin. It prevents the potential movement of the beam from its intended position.

3. Overview of Semi-Rigid Beam-to-Column Connections

This chapter integrates the overview of experimental testing, analytical approach
and broader numerical analyses, as well as the seismic assessment as a distinct and
critically important loading condition, as explicitly addressed in special provisions of
Eurocode 8 [39], to comprehensively characterize semi-rigid BCCs in rack structures. The
focus is on unifying them to gain a holistic understanding of their mechanical behavior.
Although experimental testing remains fundamental for validation, and as analytical solu-
tions are unreliable, numerical models provide an essential framework for the simulation
of complex phenomena and conducting parametric studies.

3.1. Experimental Evaluation of BCCs

As previously emphasized throughout the manuscript, experimental testing of semi-
rigid BCCs in pallet racks plays a key role in understanding their behavior under various
loads [56,57]. Their mechanical behavior is described through the nonlinear M-6 response,
which defines the connection’s flexibility and capacity for energy dissipation. Experimental
tests confirm a typical three-phase response: an initial linear-elastic segment, followed
by nonlinear deformation and the formation of a plastic hinge at high rotations [20,35,58].
This characteristic progression is also illustrated in Figure 6.1c, in Eurocode 3, part 1-8 [3],
where the M-6 curve clearly separates the following phases:

e Linear elastic phase—represented by the initial stiffness of the joint, determined by
the slope of the curve at low rotations, shown with dependence on Figure 6.1c as
M, gy — $Eys

e Nonlinear deformation phase—beyond the elastic limit, plastic deformations occur
in the BEC and the column, resulting in the formation of a plastic hinge; this phase
allows for continued rotation while maintaining load capacity, as shown in Figure 6.1c
as Mj ry — &x;

e  Cancelation phase—occurs when stress values exceed the joint’s capacity, potentially
leading to failure mechanisms, as shown in Figure 6.1c as Mjj g, — ¢c,-

Unlike idealized pinned or rigid joints in classic structural analysis, these con-
nections exhibit semi-rigid behavior, which is characterized by distinct experimental
phases. Local yielding, geometric imperfections and connector deformation influence this
response [15,16,54].

The importance of experimental testing, both single and double cantilever, for reliable
prediction of the BEC stiffness has been demonstrated in studies [6—8]. Building on this,
extensive experimental research was conducted, confirming that BEC geometry and beam
height significantly influence joint behavior [9,12]. Krél et al. [15] further demonstrated
that boltless connections, known for their quick installation and high ductility, can dissipate
significant energy under cyclic loading but tend to exhibit local column damage at elevated
moment levels. In a broader parametric study [59], 16 samples were experimentally
tested, concluding that column thickness, beam height and number of hooks are the
primary geometrical parameters that affect cyclic behavior, with the number of hooks being
identified as the most influential. Typical failure modes observed in experiments include
the following:

e  Splitting of column perforations in thin profiles.
e  Cracking of connector hooks in thicker profiles.
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e  Pulling out the BEC from the column perforation.
e Localized bending of the beam near the connection zone.

The specific failure type closely depends on the weld position and assembly strength,
which degrade under various loads. Since ductile failure provides structural advantages by
enabling energy dissipation and delaying failure, stronger welds are recommended. This
aligns with the “strong column-weak beam” principle that is commonly used in seismic
design. Conversely, complete connection failure can affect column instability and lead to
displacement of the unit load, thereby increasing the overall structural risk.

To illustrate the specific failure modes and deformations observed during monotonic
and cyclic tests on cold-formed semi-rigid BCCs, Figures 3 and 4 present representative
examples of classes A and D, respectively, which were selected for their clarity and di-
agnostic relevance. Sleczka and Koztowski [60] conducted single and double cantilever
tests on several BCC samples, varying in beam height and depth. They aimed to propose
the component method as an additional method that evaluates each parameter separately,
emphasizing their critical aspects, such as tabs in shear, connectors in bending and shear
and the column perforation in tearing. Localized yielding and rotation in the panel zone of
connection under monotonic loading is shown in Figure 3a, indicating the onset of plastic
hinge formation. As a result of concentrated stresses near the BEC, Figure 3b shows the
deformation of the column perforation obtained experimentally in [61], characterized by
localized plasticity.

@) (b)
Figure 3. Experimental deformation of class A connection under single cantilever test in the following;:

(a) the panel zone of a steel rack connection (reprinted from Ref. [60]). (b) Column perforation and
hooks (reprinted with permission from Ref. [61]. Copyright 2024, Elsevier).

(b)

Figure 4. Failures of class D connection in single cantilever tests: (a) brittle failure due to sliding

of the hooked assembly; (b) ductile failure due to weld rupture (reprinted with permission from
Ref. [33]. Copyright 2022, Elsevier).
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To further analyze, Lopez-Almansa [33] researched the critical elements of rack struc-
tures and identified the main connections that affect the structural response, including
BCCs and baseplate connections, and identified two primary bending failures. A brittle
failure mode observed during cyclic testing is presented in Figure 4a. It shows tearing of
the hooks and column perforation, marked with arrows, which is caused by sliding and
stress concentration at the BEC, highlighting the sensitivity of thin-walled profiles under
cyclic loading. In contrast, ductile failure mode is characterized by the cracking of a welded
connection between beam and connector, as shown in Figure 4b, also indicated by an arrow.
This comparison demonstrates the importance of weld position to achieve ductile behavior
and delay connection failure.

These results confirm the influence of several parameters on connection performance
and provide a basis for understanding deformation modes. Based on various experimen-
tal tests [8,35,40,62,63], it can be concluded that the most sensitive elements during the
experiment are hooks and column perforation. Building upon these findings, Gusella [64]
conducted monotonic tests and demonstrated that the BEC contributes more to the overall
rotational capacity than either the column or the beam. Yazici et al. [65] systematically
examined the influence of the weld position between the beam and the connector on the
behavior of boltless connections. The weld position was described as having the greatest
influence on the moment capacity, stiffness and ductility, while column and beam geometry
was of secondary importance. The optimal weld position was determined to be farther from
the top of the connector, resulting in a better force balance and a lower risk of local failure.
The paper thus emphasized the significance of the weld position while also pointing to
future research for FEM optimization and ML models.

As previously discussed, although experimental assessments offer valuable insight
into the physical response of semi-rigid connections, they are often limited by cost, time
and scalability. Accordingly, the following section explores analytical approaches to inter-
preting connection behavior and to deriving simplified design models, as defined in related
standards for storage systems [3,5].

3.2. Analytical Approach of BCCs

To better align with the experimental data, multi-linear and polynomial models
are often used instead of traditional bilinear representations. The Frye-Morris polyno-
mial model is widely used for predicting initial stiffness, while power-law models pro-
vide improved predictions of ultimate moment capacity [9,19,66,67]. It is based on an
odd-power polynomial representation of the M-6 curve, as follows:

O, = C(KM) + C(K-M)® + C3(K-M)° (1)

where

e  ®,[rad]—Relative rotation.

o (4, Gy, C3—Curve-fitting constants, obtained in experimental test.

e K [-]—Parameter which scales the ordinate of curves, depending on geometrical and
mechanical characteristics.

e M [Nmm]—Moment of rotation.

In some cases, the slope of the M-8 curve can become negative for some values of
M. This may cause difficulties in analyzing semi-rigid BCCs, using the tangent stiffness
formulation. To solve that problem, a formulation for parameter K is given in the following:

K =q"qg .. .q" = J]q" 2
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where

e  g;[rad]—Geometric parameters of connection.
e  aj[rad]—Coefficients obtained to give a good fit to the curve.

Several authors [32,66-68] used this model, while Zhao and Yehia [69,70] presented a
mechanical model to predict initial rotational stiffness, considering key deformable compo-
nents: tab bending, column wall bearing and bending, BEC bending and shear and column
web shear. Validation against experimental results provided a satisfactory agreement.
In study [61], the methodology involved statistical processing of experimental data and
a series of tests on 36 samples to propose a modified Ramberg-Osgood model that con-
nects the geometry of the connection with its mechanical performance. Aguero et al. [71,72]
provided general analytical models for plastic design of thin-walled sections under dif-
ferent combinations of internal forces, with practical recommendations for Eurocode
standard improvements. This contribution was complemented by the development of
analytical-numerical methods to access the load-bearing capacity of class 4 thin-walled
sections, taking into account bi-moment effects. These methods were validated using FEM,
broadening the existing approaches.

Following on from insufficient analytical formulations, the next section introduces
FEM as a tool for simulating complex joint behavior. Therefore, numerical simulations tend
to become an indispensable tool for the analysis of semi-rigid connections under various
loading conditions, due to their ability to predict, visualize and improve the performance
of BCCs.

3.3. Numerical Analysis of BCCs

Since experimental tests can be expensive and time-consuming, numerical and an-
alytical models provide a practical alternative for analyzing the behavior of semi-rigid
connections, especially in pallet racks. It is evident that analytical modeling still faces limita-
tions to fully capture the complexity of connection behavior. For this reason, the following
section emphasizes representative studies that visually compare the experimental results
with FEM simulations, highlighting the strengths and limitations of numerical approaches.

These examples are chosen not for their relative importance, but for their clarity
in illustrating stress distribution and failure modes, enhancing their interpretability and
model validation. Numerical analyses have also proven to be effective in analyzing complex
phenomena such as local buckling, distortional instability and connection flexibility [31,36].
Abdel-Jaber performed a numerical study and then verified it through analytical and
experimental tests on stiffness, measuring the vertical deflection of beams and horizontal
deflection of BECs [73,74].

Prabha et al. [9] conducted 18 experimental tests on boltless, semi-rigid BCCs class
A, with varying column thickness, BEC depth and beam height. Increasing the column
thickness from 1.8 mm to 2.5 mm resulted in up to a 63% improvement in moment ca-
pacity, while increasing the beam height from 100 mm to 150 mm led to an increase of
53% in moment capacity and up to 71% in initial stiffness. Furthermore, an increase in the
number of hooks from four to five led to a noticeable increase in stiffness and strength.
The experimental test shown in Figure 5a represents the deformation of connector class
A and progressive damage of the column under load. The FEM simulation of the same
configuration, as shown in Figure 5b, illustrates the equivalent stress distribution and
deformation contours. The numerical model used a frictionless surface-to-surface contact
formulation, using S4R, shell 4-nodal elements, to present a realistic connector-to-column
interaction. FEM resulted in a discrepancy in moment capacity below 5%, while rotational
stiffness varied more significantly, reaching up to 20% depending on BEC geometry and
column thickness. This discrepancy is primarily due to the absence of fracture modeling,
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which led to a slight overestimation of the moment capacity and failed to capture the
localized tearing of the column perforation, especially progressive failure initiated at hooks,
and a sudden load drop was observed experimentally. Nevertheless, the numerical results
confirmed consistent qualitative agreement in the elastic and early plastic phases, making
the FEM suitable for parametric studies and stiffness estimation.

(b)

Figure 5. Comparison of the connection failure class A in double cantilever test: (a) experimental test
resulted in hook deformation and tearing of the column perforation; (b) FEM simulation of the same
failure mode, illustrating the stress concentration zones and deformation contours. (Reprinted with
permission from Ref. [9]. Copyright 2010, Elsevier).

Shah et al. [17] compared M-0 graphs from experimental and numerical analyses of
four samples, highlighting the general compatibility between the results, although signifi-
cant differences in the ultimate moment capacity were observed because FEM predicted
less intense perforation failure. Increasing the number of hooks proves more effective
than connector thickness for enhancing the M-0 performance. Furthermore, the welding
position of the joint between the beam and the BEC also affects connection behavior, with
down-welding improving uniform stress distribution and thus connection durability, while
up-welding promotes premature failure. The result of the experimental test and defor-
mation of the connector class A under load, with visible hook displacement and column
distortion, is shown in Figure 6a. The corresponding FEM model, shown in Figure 6b, repli-
cates the same boundary conditions and loads and illustrates the stress distribution and
deformation contours. A frictionless surface-to-surface contact definition, implemented
with C3D8R continuum 8-nodal elements, was used, which successfully identified the
stress concentration zones and failure modes. A quantitative comparison revealed that
FEM overestimated the moment capacity by 3-8% and stiffness by up to 23%, especially in
thinner profiles. Despite simplifications in contact modeling and the absence of fracture
representation, FEM remains a robust framework for evaluating connection stiffness and
geometric sensitivity.

In a related study [18], the same comparison approach revealed that the connector
thickness and the number of hooks significantly affect the moment capacity and initial
stiffness, with hooks identified as the primary source of potential failure modes. In [41], a
new four-parameter hysteresis model, called the steel rack joint (SJR), was presented and it
satisfactorily described the behavior of the BCC under cyclic loading. Giordano et al. [54]
identified the pinching in the hysteresis loop, which emphasizes the differences in the cyclic
response of the class A—B connection compared to traditional steel structures. Relying on
that, Gusella et al. [55] analyzed the pinching effect in detail through numerical simulation,
taking into account the degradation of the rotational stiffness and its importance when
describing M-0 behavior.
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(b)

Figure 6. Comparison of double cantilever test for connector class A: (a) experimental setup, showing

the physical deformation of BCC; (b) FEM simulation, replicating the same boundary conditions and
loading scenario. (Reprinted with permission from Ref. [17]. Copyright 2016, Elsevier).

Vujanac et al. [32] used the single cantilever test to investigate the deformation of a
test sample and compared it with the corresponding numerical model. When geometric
change was combined with a transition from three to four connector hooks, improvements
became significantly more pronounced. This indicates that a greater beam height, followed
by thicker columns, enhances the moment capacity and initial rotational stiffness of the
connection. The experimental deformation of a connector class A-B under cyclic loading
is presented in Figure 7a. It highlights the failure initiation at the hooks and progres-
sive tearing of the column perforation. The FEM model presented in Figure 7b shows
the simulation of the equivalent loading conditions, including material nonlinearity and
surface-to-surface contact formulation using three-dimensional 8-nodal finite elements,
providing visual confirmation of critical stress zones and ductile response. Although the
FEM model successfully reproduced the overall deformation and stress distribution, a
quantitative comparison revealed measurable discrepancies. The ultimate moment capacity
was on average 3-5% higher in simulations. An increase in beam height, with constant
column thickness, led to a 20% increase in rotational stiffness and bending strength. While
not intended to be a scaled representation, the validated model offers practical insight
into connection behavior and serves as a reliable tool for comparative and early-stage
design guidelines.

(a) (b)

Figure 7. Comparison of single cantilever test for connector class A-B: (a) experimental deformation
of connection; (b) FEM simulation of connection deformation (reprinted from Ref. [32]).

A detailed numerical analysis of the dynamic behavior of BCCs in steel pallet racks
was carried out in [75], focusing on the influence of geometric parameters such as the
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thickness of the BEC and the gap between the column and the connector. Miranda [76]
numerically evaluated the behavior and stiffness of BCCs used in industrial storage system
structures using FEM simulation, based on the prescriptions of the Rack Manufacturing
Institute (RMI). The numerical model employed a node-to-surface contact formulation
to ensure the interaction between beam and column. The numerical and experimental
failure modes coincided and the difference between the connection stiffness values obtained
numerically and experimentally was less than 10%.

Building on the findings of [77], the influence of various parameters in boltless BCC
class C was examined through a single cantilever bending test. The experimental test
shown in Figure 8a from [78] by the same author demonstrates the progressive deformation
of connector studs under cyclic loading, followed by localized tearing around the column
perforation. The same failure mechanism in FEM is illustrated in Figure 8b, including
stress concentration zones and connector failure, where the maximum deformation is
indicated by a red circle. While earlier studies relied on node-to-surface formulations,
using SHELL163 elements for the beam, column and connector, and SOLID45 elements for
studs with frictional surface-to-surface contacts in this research reflects the advancement of
numerical modeling techniques, further validating FEM as a reliable tool for parametric
studies. Therefore, this research identified the column thickness, beam height and connector
geometry as the primary factors that affect ductility and stiffness, with quantified variations
of 10% and 15%, respectively.

(a) (b)

Figure 8. Comparison of failure mode in single cantilever test for connector class C: (a) experimental
deformation of connection; (b) FEM simulation of the same deformation (Reprinted from Ref. [78]).

Figures 5-8 clearly demonstrate the progress in finite element technology and contact
formulations as a visual comparison of FEM simulations with experiments. The tran-
sition from solid and shell elements and node-to-surface contact formulations to more
advanced surface-to-surface contact definitions and hybrid element strategies demon-
strates numerical modeling’s ability to capture both overall stiffness and localized failure
modes. But currently, experimental testing remains essential to characterize connection
behavior through M-0 characteristics. Consequently, validated numerical models, whose
significance is enhanced by comparison with the experimental data, fill this gap, enabling
an efficient assessment of how geometry, material properties and connection configuration
affect performance, thereby providing engineers’ reliable tools for design optimization.

Compared to conventional models, the data-driven approach produced a prediction of
M-0 stiffness that more closely aligns with the experimental and FEM results, as confirmed
by static loading tests in [79]. Santamaria et al. [80] demonstrated that including detailed
parameters, such as hook-slot interactions, beam height and weld position, enhances
the predictive accuracy of the initial stiffness in boltless connections. In [81], standard
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connections were compared against hybrid versions with additional bolts, focusing on the
rotational stiffness of BCCs through experimental and numerical analyses. Unlike standard
approaches that define stiffness based on connection properties, Hou et al. [82] proposed
a classification method in which bracing stiffness is explicitly taken into account when
determining the rotational stiffness required to model BCCs as rigid.

Beyond static analyses, the influence of seismic on semi-rigid BCCs requires special
attention due to its critical impact on structural performance, which is why, as previously
mentioned, it is given as a separate part in Eurocode standards, while elevated temperatures,
whether as incidental or potential operational conditions, are also addressed for their
impact on connection behavior. The energy dissipation capacity of BCCs is notable but
insufficient to prevent structural damage during major earthquakes [5,83]. The influence
of design parameters on seismic activity was quantified [84,85], while [86] demonstrated
that the mass factor is not a representative parameter for racks exposed to earthquakes. A
numerical study on seismic response was conducted by Alvarez et al. [87]. Consequently,
the European Standard EN 16681 [38] expands upon Eurocode 8 [39] by enforcing stricter
requirements for pallet racks in seismic regions. Comparative studies between American
and European design codes reveal significant differences in load capacity assessments,
highlighting the impact of the design methodology, geometric parameters and rotational
stiffness of connections [50-52,88]. This confirms the future viability of the FEM as an
independent framework. The aim to rely solely on the FEM is to reduce the cost and
complexity connected to extensive experimental testing, simultaneously achieving reliable
predictions of connection behavior.

3.3.1. Summary of Influential Parameters

This section summarizes the key findings from previous studies on semi-rigid BCCs
in pallet racks, highlighting the influence of dominant parameters, as follows:

e  Connector class.

e  Column thickness.
e  Beam height.

e  Number of hooks.
e  Weld position.

To enhance comparative analysis, two summary tables are provided that highlight
the most influential parameters examined across the literature. As part of the broader
review, Table 1 represents studies that explicitly investigate the variations in the connection
configuration that are relevant to the observed failure modes.

Table 1. Classification of investigated connector classes and influential parameters.

Author/Ref. no. Connector Class ~ Column Thickness =~ Beam Height No. of Hooks W‘el.d
Position
Dumbrava and Cerbu [36,56],
Prabha [9], Zhao [16,59,69], Mohan [20], A ° ° ° -
Mouyra [61], Dai [63,89], Shah [79]
Bajoria and Talikoti [6] A - - - -
Bajoria [7] A ° - - -
Yazici [12], Shah [17] A ° ° ° °
Shah [18] A - - . -
Giordano [54] A-B - - ° -
Vujanac [32], Gusella [64,84] A-B ° ° ° -
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Table 1. Cont.

Author/Ref. no.

Weld

Connector Class ~ Column Thickness =~ Beam Height No. of Hooks o
Position

Bove [35]

D ° ° ° -

Slezka and Kozlowski [60],
Shariati [62], Yehia [70], Mouyra [75], A . . - -
Santamaria [81], Bonada [90]

Miranda [76]

Lyu [77]

Santamaria [80]

B
C ° ° - .
A

Kadi [91]

A - ° ° -

Note: The black dot (e) indicates that the parameter was analyzed in the respective study; the letters A-D represent
different connector classes defined in chapter 2.

The studies presented in Table 1 show that the connector class consistently governs
the failure mode, with hooked configurations, e.g., [6,7,12,17], leading to perforation tear-
ing or connector distortion. Class A is the most common because it is widely used in
industry. Other classes (A-B, B, C, D) appear sporadically, mostly in studies examining
specific performances or comparing alternative configurations. Column thickness strongly
influences where failure initiates, such that thinner columns cause tearing near perforation,
while thicker ones shift failure toward the connector [16,20,62]. Beam height affects stiff-
ness and moment capacity, with higher beams delaying failure onset and redistributing
deformation zones, as analyzed in [12,16,80]. The number of hooks affects load distribu-
tion and rotational restraint, thereby influencing failure modes and energy dissipation
capacity [9,17,63]. Weld position, although rarely analyzed, can change stress paths and
crack initiation zones [12,17,77,80]. A quantitative overview of each analyzed parameter,
based on frequency and reported impact across recent studies, is provided in Table 2.
Percentages were calculated based on the total number of studies listed in Table 1. For
example, 88% for column thickness indicates that 27 out of 31 studies explicitly analyzed
this parameter. Furthermore, while each analyzed study used a specific type of connector,
their influence was assumed to be 100%, so each type was assigned by its own influence.

Table 2. Influence of parameters on failure modes in semi-rigid BCCs.

Influential
Parameters

Typical Failure Modes Reported Impact Across Studies [%]

Connector class Leads to tearing of column perforation or hook cracking C

A 774
B 32
32
D 3.2
A-B 13

Thinner profiles lead to tearing, while thicker shift failure to

Column thickness BEC distortion 88
. Directly affects initial stiffness and moment capacity,
Beam height exhibits nonlinear trend 76
Higher number delays failure and increases
Number of hooks rotational stiffness 64
. Tension cracking is more common in lower welds; position
Weld position 12

shifts failure to column or BEC

Note: The letters A-D represent the different connector classes defined in chapter 2.
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The comparative analysis confirms that the connector class is the most consistently
examined parameter, addressed in all studies, as it directly governs the failure mode.
Column thickness was identified as critical in 88% of cases due to its strong influence on
deformation mechanisms. Beam height and number of hooks also show significant impact
on stiffness and failure progression, with 76% and 64%, respectively. Only 12% of studies
analyzed weld position, because it is usually a fixed position in standard connector designs
and varies that requires precise geometric control and further testing. The few studies that
examine it highlight its impact on crack formation and load redistribution. These findings
support the priority of influential parameters” optimization in future design and modeling,
particularly to improve connection performance and structural reliability.

3.3.2. Summary of Comparative Experimental and Numerical Research

Numerous studies, through experimental tests and validation with FEM, showed that
connection stiffness is generally more sensitive to parameters such as column thickness,
beam height and number of hooks, than connector thickness. Hook failure, initiated by
distortion and resulting in stress concentrations at the column perforation, was consistently
identified as the primary failure mode, often followed by perforation tearing and BEC
deformation in samples with thinner or fewer hooks. To support a clearer understanding of
semi-rigid BCC behavior, Table 3 presents a structured overview of most relevant studies
from the last two decades that combine an experimental test with FEM, or rely on FEM
alone. Table 3 summarizes the applied methodology, main features and, where available,
the quantified discrepancy between the experimental and FEM results.

Table 3. Overview of studies on semi-rigid BCCs in pallet racks.

Discrepancy Between Experiment and
FEM (If Available) [%]

Author/Ref. No. Year Methodology Main Features Ultimate Rotational
Moment Capacity Stiffness
Single 16 3
Experiment Compared single with double cantilever test ’
Bajoria and Talikoti [6] 2006 XPErimen cantilever test; verified
and FEM h h IsEM Double
throug cantilever test 0.8 12
. Column thickness, connector depth and beam height
Prabha [9] 2010 Experiment varied; validated experimentally; analyzed the <5 <20
and FEM influence of hooks
Experiment Geometric parameters (column thickness, beam
Miranda [76] 2011 p height) used to determine influence on connection <10 <10
and FEM . .
stiffness and structural behavior
: Simulated local damage of column perforation; ) . .
Zhao [16] 2014 FEM analyzed profile parameters Without comparison to experiment
Experiment Compared FEM with experiment; emphasized
Shah [17,18] 2016-2017 and FEM discrepancies in rotational stiffness <8 <23
2018 . Analyzed several parameters on boltless connection <10 <15
Lyu Experiment behavior through comparison of experimental and
2020 and FEM FEM results <5 <5
. Experiment Comparison of boltless connections with hybrid
Santamaria [81] 2018 and FEM version to access rotational stiffness <6 <5
. Experiment Investigated M-0 behavior and stiffness across
Escanio [92] 2020 and FEM various beam and column configurations <10 <10
. Experiment Quantified the effect of beam height and number of
Vujanac [32] 2020 and FEM hooks on connection performance <5 <20
Investigated weld position and contact . . .
Bové [34] 2021 FEM effects in boltless connections Without comparison to experiment
. Investigated influence of column thickness, beam
Hoque [11] 2021 Expsrllz%‘ﬁ"t height, number of hooks and welding position on <5 <20
an

connection performance

Although the FEM has proven effective in reproducing global deformation and mo-
ment capacity (approximately 10%) of semi-rigid BCCs, the most significant discrepancies
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remain in rotational stiffness (app. 23%), as expressed in Table 3. This is primarily due to
the following factors:

e  Simplified boundary conditions.
e  The absence of initial geometric imperfections and residual stresses.
e Limitations in contact and fracture modeling.

Further research into contact formulations and modeling strategies is required to
understand the main causes and improve prediction accuracy. The following section
focuses on contact modeling issues, outlining the approaches of previous studies and their
implications for reliable FEM analysis of semi-rigid BCCs.

Reviewed studies consistently demonstrate that local connection behavior leads to
the global frame response of pallet racking systems. Rotational stiffness or early tearing at
perforations reduces lateral stiffness and increases displacement at the system level, while
improved ductile welds and influential parameters enhance the system’s response. Local
mechanisms such as buckling, slipping or tearing impact global stability, load-bearing
capacity and dynamic performance and thus cannot be considered independently. This
underscores the importance of incorporating connection-level FEM models into frame-level
analyses to ensure that design standards are adjusted to reflect the nonlinear and semi-rigid
behavior observed experimentally and numerically.

3.3.3. Contact Modeling Issues

Contact modeling represents one of the most critical aspects of FEM analysis of semi-
rigid connections. Shell elements are most commonly used for thin-walled columns, while
solid elements are used for connectors and beams, with mesh refinement being concentrated
on perforations and connector hooks. The finite element mesh is usually discretized with
triangular and quadrilateral in 2D, and with tetrahedral and hexahedral in 3D elements,
balancing efficiency and local accuracy. Material models are typically bilinear elasto-plastic,
thus ignoring strain hardening and anisotropy. In addition to the quantitative differences
between the FEM and the experiment given in Table 3, significant differences also exist in
the way the contact is modeled. Table 4 provides an overview of element types and contact
formulations used in the relevant research.

Table 4. Overview of studies on element types and contact formulations.

Finite Element Types ‘
[Shell/3D Solid] Contact Modeling

Author/Ref. No. Year [Surface-to-Surface/Node-to-Surface]
Column Beam Connector
Bajoria and Talikoti [6] 2006 Shell Surface-to-surface
Prabha [9] 2010 Shell Surface-to-surface
Miranda [76] 2011 Shell Node-to-surface

Zhao [16] 2014 3D solid Surface-to-surface
Shah [17,18] 2016-2017 3D solid Surface-to-surface
Lyu [77,78] 2018, 2020 Shell 3D solid Surface-to-surface
Santamaria [81] 2018 Shell Surface-to-surface
Escanio [92] 2020 3D solid Surface-to-surface
Vujanac [32] 2020 3D solid Surface-to-surface
Bové [34] 2021 3D solid Surface-to-surface
Hoque [11] 2021 Shell 3D solid Surface-to-surface
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As shown in Table 4, current FEM contact formulations mainly rely on surface-to-surface
contact definitions, which provide stable solutions but remain limited when simulating
multi-point contact and progressive damage. Advanced multi-point contact strategies,
although not yet widely implemented in commercial FEM software, should be considered
to improve the accuracy of BCCs modeling. Cohesive contact formulations, although
not considered in analyzed studies, are increasingly applied due to their ability to sim-
ulate the fracture and tearing of perforations or weld rupture, while node-to-surface
contact proves less accurate for larger contact areas and complex connections. It high-
lights the FEM’s growing ability to not only replicate general deformation patterns but
also to provide reliable quantitative predictions, emphasizing the importance of improved
element and contact formulations in closing the gap between experimental testing and
numerical analysis.

Although numerical analysis traditionally relies on FEM-based software packages, it
is important to briefly revisit, as previously mentioned, the limited but noteworthy part of
the research that explores the analytical approach. Some authors [60,93,94] investigated
an alternative approach through analytical models based on component methodology. In
contrast to FEM-based modeling, Bonada et al. [90] proposed the application of generalized
beam theory (GBT) for global analysis in the down-aisle direction, but due to the inability to
accurately represent connections, it remains an adjunct to FEM analysis. Further examples
of advanced analysis are presented in [95,96], where a detailed study of global ductility
is conducted by using experimental and numerical push-over analyses, respectively, and
calibrated against experimental M-0 curves. As a research method, FEM was proposed
in [97] because it allows us to incorporate all design features and component connection
in rack structures. Recent developments also include the integration of ML techniques to
overcome limitations in traditional FEM frameworks. Small datasets limit the effectiveness
of ML, despite its high potential. To address the lack of data, hybrid approaches combining
ML with FEM simulations are becoming increasingly popular.

3.3.4. Machine Learning Approach

The growing need for ML in engineering has been highlighted in several studies.
Shah et al. [48] developed an ML model that achieved accuracy compared to the FEM and
reduced testing costs. Their research demonstrated that combining the SVM with signal
decomposition improves reliability and makes this approach applicable across a variety of
connection types. Gansan et al. [49] emphasized the reliability of ML models as predictive
tools for optimizing material utilization and enhanced safety. Both studies analyzed SVMs
and pointed out the limitations caused by restricted datasets, noting that the small number
of experimental samples and limited design variations reduces the generalizability of
ML models. Despite these challenges, Shah [48] showed that the enhanced SVM-DWT
model can achieve reliable accuracy and outperform FEM predictions, indicating that
careful parameter selection and methodological improvements allow ML approaches to
remain effective even under limited data. To improve robustness, they recommended that
future research expand datasets, include environmental factors and investigate hybrid ML
simulation frameworks. In subsequent research, Gansan [98] concluded that the DT least
square model provided the most accurate predictions of M-8 behavior, while the others,
SVM Radial and DL Rectifier, were less consistent. He also highlighted the limitations of
small datasets and restricted design variations, recommending broader input parameters
and larger experimental bases. To supplement these findings, Etim et al. [99] conducted
a comprehensive analysis of ML applications in structural engineering. Their review
underscored both the promise and pitfalls of ML. Regardless of whether ML can accelerate
simulations and improve prediction accuracy, its effectiveness is often with limited data.
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Hybrid approaches, such as the combination of the FEM with experimental results or
integrating engineering guidelines into ML models, are increasingly recognized as viable
solutions. Consequently, current research indicates that ML can reliably predict the M-0
response of boltless BCCs, even with limited datasets. However, their acceptance requires
careful parameter selection, integration with engineering models and expansion of datasets
to ensure practical relevance.

In a broader context, FEM studies on panel zone behavior show how local modeling
of joint regions can have a significant impact on global frame performance [100]. Although
these analyses are limited to seismic moment-resisting frames in buildings, rather than
storage racks, they highlight the general importance of accurate local modeling assumptions
in predicting the global structural response, which is especially important under extreme
loading conditions such as seismic and thermal effects.

4. Discussion

The complex design of cold-formed semi-rigid BCCs arises from research into their
mechanical behavior in specific pallet racking systems. Although these connections are
widely used due to their affordability, flexibility and ease of assembly in steel structures,
they present serious stability issues, particularly under combined static, seismic and thermal
loads. This review emphasizes the need to further analyze semi-rigid BCCs as highly
sensitive structural elements affected by all influential parameters.

Several analytical models, such as the Frye-Morris polynomial and the
three-parameter power model, have been proposed to describe the M-0 response of semi-
rigid BCCs. While accurate under specific conditions, their general applicability is often
limited by variations in geometry and material properties. Experimental studies confirm
that conventional linear models failed to describe nonlinear post-elastic behavior, whereas
multi-linear formulations better represent plastic hinge formation and large rotations before
failure. Therefore, boltless connections, despite lower initial stiffness, have shown promis-
ing potential for applications due to their capacity for energy dissipation. Connection
efficiency improves not only with increased column thickness, beam height and number of
hooks but also with optimized weld placement and improvement of the existing connector
class. The significance of these parameters is further reinforced by the quantitative overview
presented in Tables 1 and 2, where various types of connector’s classes were examined
in all studies and directly governed failure mode, while column thickness is identified as
being critical in 88% of cases due to its role in perforation tearing. Beam height and number
of hooks also show substantial influence—76% and 64%, respectively—confirming their
contribution to stiffness enhancement and delayed failure.

Numerical simulations enable a more comprehensive understanding of connection
behavior by analyzing the deformation effects and geometric imperfections that are often
neglected in the mentioned simplified analytical models. Increases in beam height result
in noticeable improvements in moment capacity and initial rotational stiffness. Another
finding supported by the FEM is the impact of the welding position. Although the welding
position is addressed in only 12% of studies, its effect on stress redistribution and crack
initiation is notable, especially when the beam is welded farther from the top of the BEC.
These parameters are not only critical for mechanical behavior but also directly influence the
accuracy of FEM simulations. As shown in Table 3, most studies resulted in discrepancies
below 10% for the ultimate moment capacity and up to 23% for rotational stiffness. They
are correlated with the percentage of accurate modeling of connector’s class, column
thickness, beam height and hook configuration. Studies that analyze these parameters
aim to achieve better alignment between FEM and experimental results, confirming their
role in structural performance and model reliability. These improvements, however, stop
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at specific boundaries, which indicates a nonlinear relationship that analyses using FEM
could reliably detect. These insights support the importance of column, beam, connector
and hook configuration in design optimization.

In addition to contact formulations, the choice of finite element type has proven to be
equally important for the accuracy of FEM simulations. Shell elements offered efficiency
in modeling thin-walled profiles but often underestimated localized tearing and fracture.
Solid elements provided more realistic stress distribution and ductile response, though
they tended to slightly overestimate the moment capacity and stiffness. Hybrid approaches,
combining both types, as well as cohesive contact modeling, represent a more advanced
stage of numerical modeling, enabling simultaneous representation of global stiffness and
connection failure. This progression reflects the broader advancement of the FEM, where
element technology and contact definitions together determine the reliability of simulations
and their alignment with experimental results. Figures 5-8 demonstrate how finite element
formulations enhance the FEM’s ability to predict the connections’ behavior, confirming
the effectiveness of advanced numerical modeling of semi-rigid connections.

Current FEM contact formulations mainly rely on surface-to-surface definitions, as
shown in Table 4, which provide stable solutions but remain limited in simulating multi-
point contact and progressive damage. Node-to-surface contact proves less accurate for
larger contact areas, while cohesive formulations show promise in the simulation of frac-
ture in perforations and welds. Advanced multi-point contact strategies that are not yet
widely implemented represent a potential breakthrough for improving modeling accuracy.
Beyond mechanical modeling, ML approaches have demonstrated the ability to predict M-6
behavior with good accuracy, reducing the need for experimental testing. These methods,
when integrated with FEM, can enhance the predictive reliability and support optimization
of the design parameters.

Despite the previously mentioned research, the current design standards, such as
EN 15512 and EN 16681, still lack the precision necessary to predict connection behavior
under different loading conditions, as concluded in [33]. By quantifying these variables
through FEM and validating them against the experimental data, this review helps us to
understand connections beyond generalized design assumptions. These findings suggest
that rotational stiffness and failure modes are not merely dependent on material strength
but also on the interactive behavior of contact surfaces, classes of BEC and analyzed influ-
ential parameters, which were identified as being dominant in over 75% of the reviewed
studies. Therefore, parametric FEM modeling is not only cost-effective, but also essential
for adapting design strategies to any rack configuration. Future research should therefore
focus on cohesive zone modeling, ductile damage criteria and advanced multi-point con-
tact formulations complemented by ML integration, to establish FEM as an independent
predictive tool in the design of steel storage racks.

5. Conclusions

Over the past two decades, research on BCCs has evolved through three distinct
phases: (1) early analytical studies that idealize moment-rotation behavior; (2) extensive
experimental tests focused on identifying failure modes and mechanical behavior under
various loads; and (3) the recent shift toward the FEM as a tool, to predict deformation
mechanisms and optimize connector configuration. This review positions FEM modeling
as a core methodological framework for analyzing complex interactions between con-
tact surfaces and noticeable nonlinear responses in connection behavior. Existing design
methodologies and simplified analytical models remain insufficient to describe the cyclic
degradation, stiffness and potential failure modes observed in practice. While experimental
studies remain essential, their limitation in cost and applicability make advanced numerical
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methods increasingly relevant. Therefore, the absence of a general analytical model for
predicting moment-rotation behavior in various configurations, combined with the cost
and complexity of experimental tests, highlighted the need for numerical analysis.

Numerical modeling enables a detailed analysis of how parameters and stress affect
connection behavior, especially under cyclic loading and in the plastic deformation zone.
This is supported by the quantitative synthesis presented in Tables 1 and 2, where analyzed
parameters were identified as being dominant in the reviewed studies. Consequently,
increasing the column thickness and beam height most effectively enhances the moment
capacity, while a greater number of hooks increase stiffness and delay failure. The op-
timal weld position and connector classes improve seismic resistance. These findings
confirm their critical role in governing failure modes and rotational stiffness. Furthermore,
comparisons between FEM simulations and experimental results, as presented in Table 3,
show discrepancies below 10% for moment capacity and up to 23% for rotational stiffness,
confirming the reliability of numerical modeling. In addition, the type of finite element
has proven effective: shell elements offered efficiency for thin-walled profiles and solid
elements provided more realistic stress distribution and ductile responses, while hybrid
approaches enabled simultaneous representation of global stiffness and local connector
failure. Figures 5-8 illustrate how advances in element formulations have progressively
enhanced the FEM’s ability to follow experimental results. Table 4 further emphasizes the
role of contact formulations, showing that surface-to-surface contact dominates current
practice, node-to-surface is less accurate for larger areas, cohesive formulations promise
fracture simulation and multi-point strategies represent a crucial future direction. Based on
these findings, several research directions are identified:

e  Development of multiple contact modeling techniques, including friction, separation
effects and stress concentrations to better reflect real connection behavior;

o  Geometry-driven parametric studies, focusing on hook dimensions, column thickness,
beam height, weld configuration and other geometric imperfections;

e  Performance optimization under seismic and cyclic loading, identifying configurations
that enhance energy dissipation and maintain post-yield stiffness;

o  Cost-effective numerical modeling—FEM-based approaches provide designers and
manufacturers with the opportunity to expand the existing product range or intro-
duce new solutions without costly experimental testing, enabling broader parametric
analysis and structural optimization;

e  Experimental verification—while this review emphasizes numerical analysis, further
research should focus on experimental validation of developed models, focusing on
typical failure modes, cyclic degradation and the influence of dominant parameters;

e  Since cheaper materials frequently result in thicker sections with simpler, less effec-
tive connections, while rising material costs lead to lightweight constructions with
advanced connections, future research should examine how market trends affect
connection design;

e  The integration of cohesive zone models or ductile damage criteria into the FEM
framework to better simulate rupture of column perforation;

e  The quantitative effect of explicitly modeling weld geometry and heat-affected zones
on predicting the failure mode;

e  While this review provides the foundation for ML integration, with data in Table 3
offering precise guidelines for product refinement, the application of ML with the
FEM could predict connection behavior during early-stage design; also, making these
studies more accessible to a wider audience will improve their practical application;

e  Although the European standards currently only accept the experimental methods
for racking members, this review confirms that the other methods, like simulation by
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finite element with improvement and further development (it can already reproduce
most of the parameters involved in the problem), can come close to the experimental
results, or even reach them, which means that in the near future, supported with ML,
it can become standard procedure for the racking element design to be the appropriate
standard. The FEM currently uses less computer time than in the past, so it is easy
to modify any parameter in the model, in order to investigate sensitivity factors or
improve the design. All of this is in line with the current widespread availability of
modern computer technology and software.

As mentioned above, the FEM is not yet an independent tool, but its ability to per-
form parametric optimization and reduce experimental costs positions it as a candidate
for future independence. Advanced future research can establish the FEM as an inde-
pendent predictive method for the design and optimization of semi-rigid steel storage
rack connections.
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