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Abstract: In practice, structures of pallet racks are characterized by very wide options of
beam-to-column connections. The up to date part of the standard Eurocode 3 considers details
for the design of connections. However, experimental determination of the joint properties in
steel pallet racks is the most reliable process, since it takes into account an inability to develop a
general analytical model for the design of these connections. In this paper, a test procedure for
the behavior of beam-to-column connections is presented and the results are analyzed according
to the procedure defined in the relevant design codes. With aim to avoid expensive experiments
to determine structural properties of different types of connections, a polynomial model and a
corresponding numerical model were developed to be used for simulating the experiment. After
verification, the developed analytical and numerical model can be applied for investigation of various
combinations of beam-to-column connections.

Keywords: pallet rack; moment-rotation curve; connection; experiment; numerical analysis

1. Introduction

Racking systems play a key role in satisfying today’s manufacturing and distribution needs that
are determined by competitive markets. When choosing storage equipment, an engineer is faced with
a wide variety of options. Racking systems, ranging from selective/adjustable racks, double-deep,
drive-in or drive-through configurations, to live pallet storage, push-back and mobile storage systems,
are all conventional pallet racking configurations. All these different types of racks vary slightly in their
structure and functioning. They are self-sustaining thin-walled steel constructions, with the ability to
carry significant vertical and lateral loads. Racking systems are designed as easy-to-install structures
and this means that connections must be easily detachable in order to allow the users to change the
layout according to their needs. Thus, bolted and welded connections do not qualify for these purposes.
The design and development of connections between parts of the spacious pallet racking system are
very important due to carrying the capacity and profitability of a steel structure. Cold-formed, boltless,
semi-rigid connections between the beams and columns of a frame pallet structure offer cost savings
from materials and from the costs of manufacturing and assembly, which are the main reason for their
wide application. Nevertheless, pallet rack structures are prone to structural failure due to lateral loads
e.g., seismic loads due to semi-rigid connections between the beams and columns. For this reason,
special European standards and regulations give guidelines for structural design requirements to all
types of adjustable pallet racking systems, especially for the self-sustaining warehouses, fabricated
from steel members subject to seismic actions. The modern technical practice treats connections
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according to the European Eurocode 3 standard [1]. The study on joint rigidity dates back to the
beginning of the 1990s, including both the experimental study and the analytical approach. However,
the studies on joints in cold-formed steel structures, particularly those of pallet rack systems, are only a
few decades old.

A simple design approach which ensures the stability of pallet rack structures and includes the
influence of the form of the moment-rotation characteristics on the type of stability of the system was
described by Lewis in 1991 [2].

In order to determine the parameters governing an efficient beam-end-connector design,
Markazi et al. [3] performed tests on four different types of beam-end-connectors. Research presented
in reference [4] implies that the required ductility does not depend on the stiffness of the connector.
A comparison between results of an elastic 3D linear analysis of the connector and corresponding
experimental results is presented and discussed in reference [5].

The research presented by Bernuzzi et al. [6] in 2001 points out the impracticality of analytical
tools in the prediction of the stiffness and strength of connectors due to wide variations in the beam-end
connectors and the fact that major international codes for rack design demand the conducting of
experiments in order to determine the properties of connectors.

Using the cantilever and double cantilever test set-ups, Bajoria and Talikoti [7] conducted
experiments to determine the flexibility of the beam-to-column connectors of conventional pallet
racking systems. For the verification of results, a full-scale frame test was conducted. The double
cantilever set-up was found to be superior to the conventional single cantilever test because the
shear-to-moment ratio in an actual frame is better presented by this test. In addition, both tests together
with the full-scale test were subjected to non-linear finite element analyses.

Prabha et al. [8] proposed two analytical models for the calculation of the stiffness of cold formed
boltless semi-rigid pallet rack connections: the polynomial model based on the Frye-Morris method
and the power model. It was established that the polynomial model predicts the initial stiffness of the
tested connections reasonably well and that it is useful in linear design space, while the power model
can predict the ultimate capacity of the connection.

The results of the experimental tests conducted on double-sided semi-rigid beam-to-column joints
as predominant joints in typical pallet racking systems were analyzed by Krolin 2014. A comparison
between the experimentally obtained stiffness and the bending moment of the double-sided and the
single-sided joints was presented in reference [9].

Large displacements, geometrical properties and material nonlinearities were taken into account
in a 3D non-linear finite element model developed in Shah et al. [10] in 2016. The model was verified
by comparing the numerical data with experimental data; good agreement between the two sets of
results was obtained.

In order to predict the initial rotational stiffness of the beam-to-column connections used in
cold-formed steel racks, Zhao et al. [11] developed a corresponding mechanical model in 2017.
The model was verified by experiments and the obtained results showed good agreement between the
initial rotational stiffness given by the model and that recorded in the experimental results. The main
factors influencing the observed initial rotational stiffness of the connections that were included in the
model were also discussed in the paper.

In 2018, Gausella et al. [12] presented the results of monotonic and cyclic tests carried out on
four different types of industrial rack joints. The experimental results from the cyclic tests enable the
moment-rotation curves of joints to be accurately defined, confirming that the industrial rack joints
are significantly different from traditional joints used in steel framed buildings due to the pinching in
hysteresis loops. The curves obtained in the cyclic tests can also be used for reliable modeling of joints
in the analysis of seismic behavior of steel pallet racks.

The behavior of the beam-to-column connections and the column bases has a major influence on
the stability of rack structures [2-12]. Complex design details such as different mechanical devices used
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in beam-to-column connections (tabs and hooks without bolts and welds) do not allow the flexural
behavior of the beam-to-column connections of steel storage racks to be easily predicted.

The properties of the beam-to-column connections can be determined only through experiments
because it is currently impossible to develop a general analytical model. In this paper, with aim to define
moment-rotation curve (M- curve) a test procedure for the behavior of beam-to-column connections
is presented and the results are analyzed according to the procedure (cantilever and/or portal test
method) defined in the current design codes for steel pallet racks, FEM (European Materials Handling
Federation) [13] and European standard EN 15512 [14]. Since the experiments are too expensive, in
order to reduce the costs of determination of joint properties, this paper presents a polynomial model
as well as numerical model developed for the simulation of the experiment. After the verification of
the models by comparing the simulation results with the available experimental results, the proposed
models can be applied to various combinations of beam-to-column connections. The model makes
it possible to determine characteristics of connections. The determined structural properties can be
used for the comprehensive study of the racking structure and for the analysis of each element by
following the proceedings from the code [13] and standard [14]. European Standard EN 16681 [15]
deals with all the relevant and specific seismic design issues for racking systems, based on the criteria
defined in EN 1998-1, Eurocode 8 [16]. While the basic technical description of an earthquake is the
same for all structures, the general principles and technical requirements applicable for conventional
steel structures have to be adapted for racking systems, in order to take the peculiarities of racking to
achieve the requested safety level into account [15].

2. Configuration of a Pallet Racking

A typical selective pallet rack configuration is shown in Figure 1. The side frames and horizontal
beams, usually made of thin-walled cold-formed profiles, form a spatial frame structure of the pallet
racking system. The horizontal and vertical bracing system of frames provides the rack stability in
the cross-aisle direction. The beam-to-column connectors as a special part are welded to the beams or
otherwise formed as an integral part of the beam. They have special devices like tabs, stud or hooks
engaged in the perforations of the column. In this way, through the stiffness of the beam-to column
connection, the stability of the rack in the direction of the corridor is ensured.

In general, starting from the traditional assumption of the ideal connections among the elements
in the joint, connections are classified as rigid or elastic. Nevertheless, the modern practice and
experiments have confirmed behavior of some joints between ideal characteristics. Thus, a new
division of the joints arose on:

e simple or elastic joints,
e semi-rigid joints and.
e  continuous or rigid joints.

The new semi-rigid joint between the main racking elements provides completely specific behavior
of spatial racking structure. Such behavior of joint in thin walled structures of rack is caused by
deformation of the special devices on a beam-end connector, destruction of the upright perforation and
distortion of the column walls. In practice, there are different types and designs for these connections,
which are characteristic of different producers of racks [3].
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Figure 1. Parts of the racking system.

3. Analytical Approach and Experimental Study on Beam-to-Column Connections

The diagram shown in Figure 2 defines correlation between the bending moment at the connecting
point, M; g4, and the relative rotation of the joint, @g4. This M-® curve (M-® characteristic) can be
reliably determined in several ways: through an experiment, by using semi-empirical expressions
developed for different connections or by using numerical methods or the recommendations from
FEM codes and Eurocodes. Sometimes the real M-® curve includes some initial deviations due to the
various effects such as insufficient alignment of the elements in the assembly or mistakes in production
and installation.

The outcome can be the significant initial rotation and this mast be taken into account when
deriving the M-® curve.

Three zones with their boundaries (1, 2 and 3, respectively) corresponding to the rigid, semi-rigid
or simple joints with their structural properties that can be determined by using the M-® curve are
shown in Figure 2:
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e  bending strength, M; gy,
e  rotational stiffness, S, and
e rotational capacity, @y,
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Figure 2. Moment-rotation characteristics.

3.1. Cantilever Test

The purpose of the test is to determine the stiffness and the bending strength of the beam-end
connector [13,14]. The behavior of the beam-to-column connection is influenced by both members in
the joint with many of their characteristics. Some of the factors, which must be taken into account
during the analysis of joint behavior, are:

e the column profile,

e the thickness of the column wall,

e the beam profile,

e the thickness of the beam walls,

e the position of the connector on the beam,

e the way of connection between the connector and the beam,

e the connector type and

e the characteristics of the materials for all elements in the connection.

The combinations of the factors of the beam-to-column connection mentioned above that occur
within the pallet racking system should be considered separately.

According to the standard procedure defined in [13] and [14] for each beam-end connector column
joint, a minimum of three identic tests should be done in order to statistically interpret obtained results.

3.1.1. Experiment Set-up

Figure 3 shows cantilever bending test arrangement. Within the very rigid testing frame as shown
in the Figure 3, a short part of the racking column is fitted whose length should satisfy the following
condition:

he<c+2-b 1)

During the experiment, the column should not come in the contact with the testing frame outside
this distance. Connection between short piece of the beam and stiff column is obtained over a beam-end
connector. The beam is secured from disassembling by means of a beam locks during the test.
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A special part of the experiment settings is lateral guides, which prevent lateral movement and
twisting of the beam end. However, these guides provide the beam end to move freely in the direction
of the applied force.

The force is applied at a distance of 400 mm far from the perforated face of the column by a
loading jack that is at least 750 mm long between the support at the testing frame and beam level
according to the test set up. The rotation shall be determined by either of the following:

e two gauges C; and C; as shown in Figure 3 bearing onto a plate fixed to the beam near to the
connector, but far from it in order to allow for connector distortion, or
e Dby an inclinometer connected to the beam close to the connector.

1 - testing frame

2 - loading jack

3 - load cell

4 - lateral restraint

5 - beam

6 - beam-end connector
7 - column

8 - clamp

g
g
=~
2
A

Figure 3. Cantilever test set-up.

A complete procedure for cantilever bending test is defined in code [13] and standard [14].

Table 1 shows four combinations of tested samples with different size of column and beam wall
thickness. Materials with their standard properties used for elements of the connection are S350 GD Z
200 UNI EN 10326 for the column and 5320 GD Z 200 UNI EN 10326 for the beam.
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Table 1. Joint combinations of columns and beams.

7 of 17

No Joint Column Wall  Thickness of the  Height of Beam Experimental Sample
. (Column-Beam) Thickness, mm  Beam Wall, mm Profile, mm p p
1 S80ML-R100L 1.5 1 100 G-5,G-6, G-7, G-8, (G-9)
2 S80ML-R120L 15 1 120 H-5, H-6, H-7, H-8, (H-9)
3 S80ML-R140ML 1.5 1 140 1-5,1-6, 1-7, -8, (I-9)
4 S80M-R120M 2 1.25 120 A-5, A-6, A-7, A-8, (A-10)

five samples of three tested joints made by the same producer.

Dimensions of all parts in the connection and their position necessary for the experiment
performing are shown in Figure 4. Table 2 shows values of all dimensions shown in Figure 4 for the

X

»l

Figure 4. Arrangement of the parts of the sample.

Table 2. Dimensions of the elements in connection.

y——]————=q=

Joint Sample & b, N 4, e, &
mm mm mm mm mm mm
G-5 400 119 215 311 454 17.0
G-6 400 120 215 312 454 19.1
S80ML-R100L G-7 400 118 214 311 454 19.9
G-8 400 118 214 311 454 19.3
G-9 400 119 215 140 454 18.5
A-5 400 120 214 311 455 23.2
A-6 400 120 215 311 454 23.0
S80M-R120M A-7 400 120 215 311 455 23.6
A-8 400 120 215 311 455 239
A-10 400 120 214 143 455 23.5
I-5 400 120 290 389 530 19.7
I-6 400 120 290 387 530 19.2
S80ML-R140L I-7 400 120 290 387 529 20.1
1-8 400 120 289 387 529 18.8
1-9 400 120 290 141 529 18.9

The disposition of measuring devices is shown in Figure 5. In Table 3, dimensions of the position

of all devices for measuring displacement are given. Bending tests were performed on five samples of
each joint as shown in Tables 2 and 3. Each sample consists of the short part of the beam with beam-end
connector connected to the short part of the racking column and secured from the disassembling by a
beam lock. The samples of each joint marked from 5 to 8 are subjected to the force which generates
positive bending moment under normal operating conditions, while the fifth sample marked as 9 is
loaded in such a way that the applied force generates a negative bending moment which endeavors to

separate the connection.
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Figure 5. Disposition of the measuring equipment.

Table 3. Dimensions of the position of measuring equipment.

Joint Sample G, H, L M,
Mm mm mm mm
G-5 99.5 69.2 47 12
G-6 99.5 69.3 55 19
S80ML-R100L G-7 99.5 69.3 56 18
G-8 99.6 69.4 55 19
G-9 99.6 69.4 49 33
A-5 119.9 69.5 35 18
A-6 119.9 69.7 35 18
S80M-R120M A-7 119.9 69.3 27 19
A-8 119.6 69.4 27 18
A-10 119.9 69.5 30 30
I-5 139.1 69.0 54 18
1-6 139.5 69.2 54 17
S80ML-R140L I-7 139.0 69.2 55 16
I-8 139.0 69.1 54 17
1-9 139.3 69.3 46 35

3.1.2. Experiment Procedure

Within the performed tests, the applied force acting in the downward direction parallel to the
beam-end connector causes shear. If tests in the upward direction show the results for stiffness and
strength, which are less than 50% of the values measured in these tests, then the actual figures will be
measured to be used in the design. The design of the connectors should use the mean value for the
stiffness and strength obtained from the values for the right and left connectors.

The load, F, must be slowly increased until the moment at the connector reaches a value equal
to 10% of the failure moment in order to mount the components. After assembling of the parts, load
should be removed and displacement transducers reset. Then, the gradual increase of the load F should
be applied until the maximum is reached and the connection breaks.

For each test, the moment, M, and the rotation, @, should be plotted using the following
relations [13,14,17]:

M=a-F, )

and
3)
where:

e g—the length at which the force F acts,
e D—distance between the displacement transducers on the opposite sides of the beam,
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e 01, 6p—displacement measured by gauges C; and C,.
Finally, the connection rotation, @, is determined according to the expression:

02+0
223_51

C=iem @)

where:

e 03 is the displacement measured by gauge Cs,
e L, Gand M are dimensions of gauges position as shown in Figure 5.

Cantilever bending tests on beam-end connectors up to their collapse under normal operating
conditions (bending moment is conventionally defined positive) were performed on the racking
elements described previously. Initial loading-unloading cycles for the assembly and fitting of the
connected parts were provided, up to the maximum load level of Fy, after which the load was increased
incrementally until it reached the value of the failure load, F;;. Table 4 shows the maximum measured
values of the achieved force, F, for each sample, with corresponding failure moments, My;, calculated
according to formula (2). Duration of each test, ¢, is also given in Table 4 for each sample.

Table 4. Values of the obtained force and moment.

. Fy, Fy, t, My,
Joint Sample KN KN s KNm
G-5 0.762 4.168 496 1.667
G-6 0.393 4.087 577 1.635
S80ML-R100L G-7 0.402 4.093 575 1.637
G-8 0.394 4.084 495 1.634
G-9 —-0.179 —2.486 512 —0.994
A-5 0.581 5.678 340 2271
A-6 0.578 5.458 381 2.183
S80M-R120M A-7 0.563 5.708 407 2.283
A-8 0.554 5.741 436 2.2.96
A-10 —0.542 -3.516 412 -1.407
I-5 0.516 6.042 375 2.417
I-6 0.604 6.029 383 2.412
S80ML-R140L -7 0.618 6.132 383 2.453
I-8 0.600 6.270 400 2.508
19 —-0.305 —-3.267 348 -1.307

3.1.3. Test Results

The maximum observed moment seen in Figure 6 is the failure moment, My;. The mean value,
M,,, of the individual test results is:

1 1
M = =) My, (5)
i=1

For each tested joint, the characteristic failure moment, My, can be determined according to
procedure defined in [13] for the derivation of characteristics values as following:

My =My —ks -5, (6)

in which:
ks is the coefficient given in [13], which depends on the number of tests (for n = 4, ks = 2.68),
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s is the standard deviation of the adjusted test results according to the following expression [13]:

5= JﬁZ(Mti_Mm)z- @)

i=1

The design moment, Mgy, for the connection is as follows:

Mp; = n-—=%, 8
Rd T?yM 8

in which:
¥ is the partial safety factor for connections, [1,13],
1 is variable moment reduction factor selected by the designer < 1.
It is permissible to choose any value of the design moment less than or equal to the allowable

maximum in order to optimize the possibly conflicting requirements for stiffness and strength. Thus,
by reducing the design strength, it is possible to achieve a greater design stiffness.

D

A Rd

e
M,

'v}ll

A,

= Al A]=Azi5%
@

o

[}

b= lope

=Su’
ol D, Rotation (D’

Figure 6. Derivation of moment-rotation relationship.

The rotational stiffness of the connector, Sy, is the slope of the line going through the origin and
forming the equal areas between the straight line and the experimental curve below the design moment,
MRy, (Figure 6), under condition [15]:

Mg
S <115 ——. 9
ti = Dy ( )

The design value of the connector stiffness, S;, should be taken as the average value, S;;;, as shown
in Table 5, where:

1 n
S, = EZ Sy, (10)
i=1
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Table 5. Obtained experimental results.

. sti, Smr
Joint Sample M;;, kNm M, kNm M kNm Mgz kNm KNm/rad KNm/rad

G-5 1.667 32.65
G-6 1.635 41.07

S80ML-R100L 7 1.637 1.643 1.601 1.455 35.28 37.20
G-8 1.634 39.79
A-5 2.271 46.22
A-6 2.183 43.05

S80M-R120M A 2283 2.258 2.121 1.928 4343 4415
A-8 2.296 43.90
1-5 2.417 60.26
1-6 2.412 64.30

S80ML-R140L -7 2453 2.448 2.329 2.117 62.15 63.42
1-8 2.508 66.98

3.2. Frye-Morris Polynomial Model

The Frye-Morris method [8] proposes a non-dimensional polynomial model for determining
the moment-rotation characteristic of a single connection; the model is generated by replacing the
numerical values of its individual parameters in a standardized connection. The parameters used to
determine the equation can be: the thickness of the wall of the column, ¢,, the beam height, d; and the
thickness of the wall of the beam profile, t;,. The standardized link is then given by the equation:

O, = C1(K-M) + Co(K-M)® + C3(K- M), (11)

where:

e  @,—relative rotation in rad,

e M—moment of rotation in Nmm,

e  K—coefficient that scales the ordinate of curves,
e (j, Cy C3—constants for curve fitting.

The coefficient K which scales the ordinates of the curves taking into account the numerical value
of the individual connection parameters is calculated according to:

‘- ﬁ 7, (12)

where:

e gj/—numerical value of j parameter,
e agj—exponent that shows the effect of the numerical value of the j parameter on the
moment-rotation relation,

e m—number of parameters j.

The determination of the exponent 4; in Equation (12) is performed on the basis of the pair of
experimentally obtained moment-rotation curves for two identical joints, but in which the parameter
g; is not included.

The relationship between the moments M; and M, for connections 1 and 2 at rotation @ is assumed

My (q1)"

in the form:

where gj; and gj; are the values of the parameters g; for connections 1 and 2, respectively.
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From relation (13), the coefficient 4; can be expressed according to:

o lOg(Ml/Mz)

= . (14)
log(qu/%'l)

Expression (14) is used to calculate the values of 4; corresponding to different rotations for each
combination of experimental curves. When the mean value is calculated for all “m” exponents a;, they
are applied to a standardized moment-rotation diagram. Finally, the curve fitting is done to generate a
standardized moment-rotation connection.

The mean value of a; for variable column thickness is —0.126, the mean value of a, for variable
heights of the beam is —2.981 and the mean value of a3 for the variable thickness of the beam is —0.121.

Therefore, the standardized coefficient K is expressed as:

K = ;0126 'd;2,981 'tb_o'lzl' (15)

Constants for curve fitting obtained for all connectors are shown in Table 6. They are calculated
using a procedure developed in Microsoft Excel [17].

Table 6. Constants for curve fitting.

Joint Sample Cq Cy Cs
G5 3410479 0.0200 0.0002
G-6 2820721 0.0201 0.0003
S80ML-R100L G-7 30.61559 0.0701 0.0006
G-8 2761125 0.0144 0.0002
A5 4465244 0.0159 0.0001
A6 14620446 0.0875 0.0005
S80M-R120M A7 47.30988 0.0133 0.0008
A8 47.27306 0.0125 0.0006
15 41.19487 0.0225 0.0004
16 38 47692 0.0326 0.0006
S80ML-R140L 1.7 4181794 0.0847 0.0007
-8 3631579 0.0223 0.0003

The mean values of the coefficients are:
C1 =43.693; C, = 0.0393; C3 = 0.000435. (16)
The Frye-Morris equation for the observed structure is:
@, = 43.693(K - M) + 0.0393(K - M)> + 0.000435(K - M)°. (17)
4. Numerical Analysis of Beam-to-Column Connection

4.1. Finite Element Model of Cantilever Test

As a state-of-the-art method in the field of structural analysis, the Finite Element Method is
commonly addressed to provide accurate and reliable predictions of structural deformation and stress
states. Recent developments [18] enable high computational efficiency of finite element models even if
nonlinear effects are involved. Finite element models for the cantilever test were generated in Femap
with the NX Nastran software version 2019 sold by software company Siemens Digital Industries
Software from Plano, TX, USA, based on the data given in the tables in chapter 3.1.1 provided by the
producer of the equipment. The numerical analysis was conducted using the elasto-plastic material
model with kinematic reinforcement made in the LS-Dyna software version R.9.0.1. developed by
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Livermore Software Technology Corporation (LSTC) from Livermore, CA, USA. The elements of the
tested samples, shown in Figure 3 are modeled with finite elements as following:

e  Column with 41,356 3D 8-nodal finite elements, Figure 7a.

e Beam with 150,540 3D 8-nodal finite elements, Figure 7b.

e  Beam-end connector with 63,777 3D 8-nodal finite elements, Figure 7c.

e  Screws for joint beam-end connector and beam with 3395 3D 8-nodal finite elements, Figure 7d.
e Load transfer plate with 4136 shell elements, Figure 7e.

e 1D finite elements, i.e., rods were used for load modeling, Figure 7f.

e  Surface-to-surface contact elements were used for the connected parts in samples: the column-beam
end connector, beam end connector-beam and beam parts for blocking the lateral movement.

(d) (e) (f)

Figure 7. Finite element model of elements of cantilever test: (a) Column; (b) Beam; (c¢) Beam-end
connector; (d) Screw; (e) Loading transfer plate; (f) Boundary conditions and the applied load.

As shown in Figure 7f, the corresponding movement acts according to the diagram shown in
Figure 8 along the direction of the rod. Actually, the value of the movement at the end of the rod on
which the load acts is calculated using the experimental data based on dependence between the angle
of rotation and the corresponding force value, i.e., the bending moment.
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25
20

Movement in Y direction [mm]

0 50 100 150 200 250 300 350 400

Time [s]

Figure 8. Diagram of the displacement.

Figure 9 shows the experimentally obtained M-® curves for the four tested samples of the
S80ML-R140L joint, the curve generated by using the analytical polynomial model of the Frye-Morris
method, and the curve generated using a finite element model of the tested joint.

S80OML-RI140L
2.8 15 16 17 I8 = = = Analytical == == Numerical
2.6
2.4
2.2
T 2
E 1.8
= 1.6
E 1.4
g 12
S 1
= 08
0.6
0.4
0.2
0
0 10 20 30 40 50 60 70
Rotation [mrad]

Figure 9. Moment-rotation curves for the SSOML-R140L joint.

Very good agreement between the experimental results and the proposed polynomial model of
the initial part of the moment-rotation capacity curve can be observed in Figure 9. The Frye-Morris
method-based analytical polynomial model contains the standardization coefficient K, which involves
three dimension parameters: column wall thickness, beam profile height and beam profile wall
thickness. This constant is evaluated using the experimental results. The numerical analysis made by
the LS-Dyna software showed that the finite element model developed using the test results was the
best fit for experimental behavior. Figure 10 shows the deformation of one of the tested samples and
displacement fields obtained by the numerical model, which shows good agreement. That is why the
validated finite element model can be used in further parametric studies.
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(a) (b)

Figure 10. Comparison of the results of the tested joints SSOML-R140L: (a) Deformation of the tested
sample (b) Displacement field in the x direction obtained by the numerical model.

Figure 11 shows the M-® curves for the SS0OM-R140M joint obtained by the numerical model and
the analytical application of expression (14). Using the described methodology for determination of the
rotational stiffness of the connection according to references [13,15], defined in chapter 3.1.3, a value of
74.65 kNm/rad was obtained for the observed joint, as shown in Figure 11. The use of the numerical
model only has its limitations because the applied maximum moment resistance is the mean value
in determination of the rotational stiffness [15]. However, despite this limitation, developed finite
elements model can be applied to determine the structural properties of the beam-to-column connection.

The numerical model provides a detailed further investigation of each constituting part as well
as of the structure as a whole. In addition, the validated finite element model can be used for a
parametric analysis and identification of the effects of various parameters on the overall performance
of the observed beam-to-column connection. Further parametric studies should analyze the influence
of the number of tabs or hooks, the column thickness and the connector depth. The design of the
beam-to-column connector and the efficiency of the accompanying members (beam, column) determine
the moment-rotation characteristics of the joint.

——— SSOML-R100L ——— SSOML-R120L ——— SSOML-R140L

28 - S80M-R120M == == Numerical SSOM-R140M e = = Analytical SS0OM-R140M
2.6 /-
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0.8 -
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0.2 -
0-0 T T T T T 1
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Rotation [mrad]
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Figure 11. Comparative average moment-rotation curves for the tested samples and numerical model.
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4.2. Influence of the Column and Beam Wall Thickness on the Behaviour of the Connection

Comparing the average moment-rotation characteristics for tested samples (shown as green
and orange curves in Figure 11) with the simultaneous change of the thickness of the wall of the
column profile from 1.5 mm to 2.0 mm and the thickness of the wall of the beam profile from
1.00 mm to the 1.25 mm, with the same other parameters of the joints (height of the beam profile and
beam-end connector), the bending strength is increased by 10%. The rotational stiffness remains almost
unchanged. Further analysis of the behavior of the joint SS0M-R140M numerically obtained, given as
pink curve in Figure 11, with the experimentally curve of the joint SSOML-R140L, shows increasing of
the bending strength by 13%, while rotational stiffness is increased by 15% after taking in consideration
the limitations of the numerical model. From this analysis, it follows that the wall thickness of the
column and beam profile has a dominant influence on the bending strength of the connection.

4.3. Influence of the Height of the Beam Profile and Beam-End Connector on the Behaviour of the Connection

Observing the joints with the same column wall thickness of 1.5 mm and the same height of the
beam-end connector, with three “teeth” of 215 mm height, after changing only the height of the beam
profile with the wall thickness of 1.00 mm from 100 mm up to 120 mm as shown in Figure 11 on red and
green curves, the bending strength and rotational stiffness increases proportionally by 20%. However,
by changing the height of the beam profile from 100 mm to 140 mm, the bending strength increases
proportionally by 40%, while the rotational stiffness increases by 70% as shown in Figure 11 with red
and blue curves and the data given in Table 5. The beam-end connector with three teeth in height had
to be changed with a four-tooth connector from 215 mm to 290 mm. The conclusion is that dominant
influence on the rotational stiffness has a beam-end connector with its parameters.

5. Conclusions

Better cognition of behavior of the beam-to-column connection based on the M-® characteristics
is of great importance for comprehensive analysis of the joint in the structure and its influence on the
whole spacious construction of racking system. Design codes like the FEM [13] or EN 15512 standard
codes [14] demand experimental testing for which they supply the testing protocols with marginal
differences for predicting the moment-rotation M-® behavior of any pallet rack beam-to-column
connection. However, the prescribed experimental testing is expensive, so a possible solution may
be found in the development of a particular uniform M-® relationship for each type of connection
in terms of parameters by using analytical prediction or finite element modeling. The experimental
testing of the beam-to-column connection was the subject of a large number of recent studies. However,
few studies have considered the behavior of this connection numerically.

The Frye-Morris method-based analytical polynomial model predicts reasonably well the initial
stiffness of the tested connections, but it cannot capture the overall strength of the connection.
Analytical models have not given satisfactory results so far, while the usage of numerical method
in combination with experimental testing provides very useful results. By simply changing the
model of the experiment, which is possible due to modern computer technology, characteristics of
the connections of various combinations of elements in the joint can be examined and determined.
In this way, rough approximations of real characteristics and their introduction into the calculation
are avoided.

Further research in the field of semi-rigid connections of the pallet rack elements will certainly
refer to the possibility of improving the connection. This can be achieved, for example, by increasing
the load capacity, i.e., by enabling an additional, multiple contacts between the parts of the beam-end
connector and the column. Possible problems that may occur in this case, such as the weakening of
the column because of multiple perforations, should be previously analyzed and solved using the
proposed numerical model. Numerical analysis enables rapid and optimized construction without the
need for expensive experiments.
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