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Abstract. The aim of this paper is a numerical study of tbanections that are established
between main elements of the steel structure détpacks, frames and beams. Frames that lie
in the vertical plane consist of two perforateduoohs linked together by a system of diagonal
andbr horizontal bracing welded or bolted to the colgmBeams connect adjacent frames and
lie in the horizontal direction. Beam-end connestare welded to or otherwise formed as an
integral part of the beams, which has special dsviwhich engage in holes or slots in the
column. There are different types and designs afrbend connectors which characterize the
different racks manufacturers. Currently the onbywo determine moment-rotation curve with
structural properties of such connections is aregrgent. In order to avoid a large number of
expensive tests with aim to determine the mainattaristics for different types of connection
which in practice may be very much, this paper shdeveloped numerical model to simulate
the experiment using the finite element methodngshe developed model can be made a
global analysis of the structural behaviour and ¢hkulation of elements according to the
procedures defined in the relevant standards asammeendations.

1. Introduction

Pallet racks are free standing structures, usumadige of cold-formed steel with ability to withstand
heavy vertical loads and very less lateral loads$ are designed to be as light as possible. Rack
structures are constructed easy to be assemblg@nBieg on the purpose of the rack construction,
the connections between the elements are usualiged by special connectors, sometimes with bolts
and really rare by welding. In this paper connedithat are established between two main elements
of the steel structure of selective pallet rackearhs and columns, were analysed. In general
classification and modelling of connections haveerbdreated according to European standard
Eurocode 3 [1]. As it is impossible to develop ax@al analytical model for calculating these
connections, currently the only way to determine phoperties of such connections is an experiment.
In this paper is analysed the test procedure asultseof beam-to-column connections according to
the procedure defined in the FEM (European Materldhndling Federation) codes in order to
determine the moment-rotation cunM-@ curve) [2]. In order to avoid a large number opemsive
tests with aim to determine th& @ curves for different types of connection whiclkpiactice may be
very much, this paper presented developed numeariodkel which simulate the experiment using the
finite element method. After verification of the de with available experimental results, it can be
applied to the various combinations of beam-todgwiuconnections. Reliable determination of
structural properties of the connection using teeetbped model can be used for a global analysis of
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the structural behaviour and the calculation ofnelets according to the procedures defined in the
code [2] that was used as the base document faeelopment of standard EN 15512 [3].

2. Connections of the pallet racks

The vertical frames and horizontal beams, usuabiylenof thin-walled cold-formed profiles form a
spatial frame structure of pallet racking systefh Upright frames lie in the vertical plane, in the
cross aisle direction, normal to the main aislehaf rack. They consist of two perforated columns
linked together by a system of diagonal andiorizontal bracing usually bolted to the columns,
Figure 1 a). This bracing system provide rack §itghih cross-aisle direction. Connection with adt
through anchors is provided by baseplate, Figubg. If it is necessary to increase the height ef th
racking system, it is achieved by column splicguFé 1 c).Beams connecting adjacent frames and
lying in the horizontal direction parallel to theaim aisle, Figure 1 d). Beam end connectors are
welded to or otherwise formed as an integral parthe beams, which has special devices which
engage in holes or slots in the column. The dowfeatability primary is provided by the stiffnesfs
the joints between columns and beams. In practimye are different types and designs of these
connections, which characterize the different raclufacturer$5]. The overall performance of a
rack system depends on the efficiency of beam endector.

r ]

(b) (c) (d)

Figure 1. Connections between main elements of the steedtateiof palle
racks: (a) frame, (b) baseplate, (c) upright sphicd (d) beam to column.

3. Analysis of beam-to-column connection

3.1. Structural properties of the connection
In the current practice connections are charaeeras rigid or elastic, i.e. traditional method of
calculation based on the assumption of an ideatiogiship between the structural elements generated
the maximum angle of rotation and bending momeststeown on Figure 2. However, the practice
and laboratory tests have shown that there areentions with characteristics between the elastit an
rigid. Therefore, the classification of connectiwas made as: simple or elastic, continuous or rigid
and semi-rigid[1]. For semi-rigid joints it will be determined th@k®.<ql%24EIl and bending
momentO<M< ql%/12, Figure 2. Behaviour of connection is defined bg turve which shows the
correlation between the bending moment in the cctimmge pointM; eq and relative rotation of the joint
@=q. This curve is known in literature &8-@ curve orM-@ characteristic and can be determined
experimentally, based on semi-empirical expressgivsn for various types of connection, applying
some numeric methods, or based on the recommendatidhe regulations that deal with this issue
(Eurocodes, FEM codes). In some cases, theMed characteristic includes some rotation due to
effects such as screw slippage, mistakes in exagutic. This can result in significant initial atbns
that should be included in the calculationM{@ curve. UsingM-@ curve it can be determined three
main structural properties of the connection:

= bending strengtV;rq,

= rotational stiffnes§ and

= rotational capacityPca.
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3.2.Bending tests on beam end connectors

The beam end connector provides a semi rigid cdimmebetween the beam and the column. The
semi-rigid behaviour is due to the distortion ofuron walls, tearing of column perforation and
distortion of beam end connector. The structurdabeur of the column and beam end connector
assembly is critical to the behaviour of the congplgructure. It is influenced by a large numbker o
factors: type of the column, thickness of the calutype of the beam, position of the beam on the
connector, method of connecting the beam to thenextor, bracket type and properties of the
materials used. All combinations of these factansich occur in the design of the structural system,
shall be tested separately, unless it can be rebhBomlemonstrated that interpolation of results
provides a conservative estimate of performance. gurpose of the test is to determine the stiffness
and the bending strength of the beam end connp&téf. For each column and connector assembly,
a number of nominally identical tests shall be msadle¢hat the results may be interpreted statisfical
in accordance withl] and[2].

3.2.1.Test arrangements
A short length of column shall be connected tolatirely very stiff testing frame at two points Wwia
clear distancd), between them where:

h. < beam connector lengtkk 2 x column face wi (@H)

Over this distance there shall be no contact dutiegest between the column and the testing frame.
A short length of beam shall be connected to thenao by means of the connector to be tested, and
beam locks shall be in place. Typical examplesuitbble test arrangements are shown in Figure 3.
Sideways movement and twisting of the beam end $aprevented by a lateral restraint which,
however, allows the beam component to move freethé direction of the load. Alternatively, a pair
of connectors may be tested in parallel. The Idzall e applied at 400 mm from the face of the
column by an actuator at least 750 mm long betvpeemed ends, as shown in Figure 3. The rotation
may be measured by:

= displacement transducers bearing onto a platewatied to the beam close to the connector,

but with enough clearance to allow for connectstattion (Gauges C1 and C2 in Figure 3), or

= by an inclinometer connected to the beam closka@dnnector.
Figure 4 shows a photograph of the realized tdatly, in accordance with the above described
scheme. A bending test on beam end connectorsrisdaut in accordance with [2] and [3].
In this paper was analysed part of very large famfl columns marked alphanumeric as S80L and
beams marked as R140L both made by the same prodimesymbols L, ML, M, MH, and H in the
columns respectively indicate the wall thicknes4.@b, 1.5, 2, 2.5 and 3 mm. The symbols L, M and
H in the beams respectively denote the thicknegsheobeam wall of 1, 1.25 and 1.5 mm. Specified
steels according to Table 1 as well as the pragsedie given for both elements in the connection.
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Figure 3. Arrangement for beam-end connector bending teBigure4. Photos of experiment settings.

Table 1. Material properties.

E, p, V, fyb, th
Element Steel N/mm?  kgimn? - N/mn? N/mn?

Column S350 GD Z 200 UNI EN 1032&,1110° 7,8510% 0,3 350 420
Beam S320 GD Z 200 UNI EN 1032@,111¢° 7,8510° 0,3 320 390

Referring to the experiments carried out on varioaanections, a bending test on beam end
connectors are determined by measuring the sizdl oélated to the dimensions and position of the
elements of the sample in the testing equipmert,itais shown on Figure 5 and given in Table 2 for
connection S80M-R140L. Dimensions which determihe position of the device for measuring
displacement are shown on Figure 6 as well as dgivéable 3 for the same connection. Bending tests
have been carried out on five samples with the doation of beam and column as shown in tables.
Each sample consists of a part of the column, bshioh is connected to the column through beam
end connector and secured from falling out by atggin. The first four samples were subjected to
the load caused by normal operating conditions dimgn moment is conventionally defined as
positive), while the fifth pattern is subjectedatstress in such a way that the load tends to astepidre
connection (bending moment is a negative value).

Figure5. Position of a samples. Figure 6. Devices for measuring displacement.
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Table 2. Dimensions which determine the position of a sasple

: A, B, C, D, E, F,
Joint Sample
mm mm mm mm mm mm

B-5 400 119 290 386 530 24.1
B-6 400 119 290 385 530 237
S80M-R140L B-7 400 119 290 386 530 235
B-8 400 119 289 386 530 23.6
B-10 400 119 290 142 530 235

Table 3. Dimensions which determine the position
of device for measuring displacement under tests.

G, H, L, M,
mm mm mm mm

B-5 139.8 69.1 43 17
B-6 1395 69.1 43 16
S80M-R140L B-7 139.1 69.3 42 17
B-8 140.1 69.2 42 15
B-10 139.0069.2 42 29

Joint Sample

3.2.2.Test procedure

The tests described here load the connector vidytidawnwards in shear. If tests in the reverse
direction show results for stiffness and strengtfictv are less than 50% of the values measured in
these tests, then the actual figures shall be meg$or use in design. Separate values for thinetg

and strength shall be obtained for both right afd hand connectors and the mean value used in
design. An initial loadF, equal to 10% of the anticipated failure load rhayapplied to the assembly
and then removed as a preload in order to bedeirctimponents. The gauges should then be reset.
The load,F, shall then be increased gradually until the maxmioad is reached and the connection
fails. The rotation of the connection shall beaskied and, for each test, a plot of the monhrand

the rotation@ shall be made, in which:

M =alF 2)
and
_5:°0
d

where:a - lever arm for the loadF, d - distance between the gauges C1 and &2, deflection
measured by gauge C1 add deflection measured by gauge C2.
Based on tests realization connection rotatiors determined from the equation:

+
02 53_51

L+G+M

where:0; - deflection measured by gauge C3, ané andM — dimensions shown in Figure 6.

Bending tests on beam end connectors up to collapder normal operating conditions (bending
moment is conventionally defined positive) weref@ened on this rack structure. An initial loading-
unloading cycles up to the maximum loading levglwas performed, which is provided assembling
and fitting of the elements in the connection, rafthich the load is increased incrementally uritil i
reaches the value of the failuFg. In the Table 4 are given the maximum measuredegabf the
achieved load for each sample which correspondirtgeg moment calculated according to formula 2.
In the table are also given duration of each pasbevell as each sample.

@ 3)
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Table 4. The measured values of the achieved load.

Fo, F, t, M,
kN kN s kNm

B-5 0.632 5.741324 2.296
B-6 0.632 6.162341 2.465
S80M-R140L B-7 0.620 5.771320 2.308
B-8 0.635 5.930274 2.372
B-10 -0.590-4.119 316 -1.647

Joint Sample

3.2.3.Derivation of the results

The failure momenty, shall be taken to be the maximum observed mormasnhdicated in figure 7.
For each column and connector assembly, the cleaistat failure momenMy shall be calculated in
accordance with section 3.2.2. The design monwnhé connection is thévirg, where:

M
Mgg=—% (5)
Ym

in which: y - partial safety factor for connections, definedihand[2].

> Oy

'} 115 A}
M

M | ,l',

Ar / A=A

Moment

0 O Rotation [¢]

Figure 7. Derivation of connector stiffness.

The rotational stiffness of the connector shalbbtained as the slog® of a line through the origin
which isolates equal areas between it and the ewpetal curve, below the design momewkg as
shown in Figure 7, provided that:

M
S <1,15—*— (6)
by Dy

The design valuey, of the connector stiffness shall be taken astleeage values,, as shown in
Table 5, where:

1 n
S.==2.5 (7)
niz
Table5. Test results.
. Mi, Mm Mg Mgg S, Sh,
Joint Sample kNm kNm kNm kNm kNm/rad kNm/rad
B-5 2.296 92.06
B-6 2.465 99.35
S80M-140L B-7 2308 2.360 2.153 1.957 8706 94.54

B-§ 2372 99.68




KOD 2018 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 393 (2018) 012009 doi:10.1088/1757-899X/393/1/012009

3.3.Numerical analysis

Numerical models for all tested joints were devebbpn the software Femap [7] based on the
technical documentation of the producer and datangin Tables 1, 2 and 3. LS-Dyna software [8]
was used for numerical analysis. The parts in ¢heue modelled with 3D 8-nodal finite elements and
contain 263204 elements and 451489 nodes. The tl@adfer plate is modelled with the shell

elements. In the Figure 8, a mesh of finite elemembdel of cantilever test for analysis of the beam
to-column connection is shown.

The system for transfer loading is modelled with filite elements, i.e. rods. The connection
between the parts in the assembly are modelledhdystirface-to-surface contact elements. Contact
finite elements are used for modelling the follogviconnections: column-beam end connector, beam
end connector-beam, beam-parts for blocking late@ement. The analysis used an elasto-plastic
material model with kinematic reinforcement [8].

Colum

Beam end connector

‘ \ f
Beam i |
a

Plate for loading Safety pin

b
'
'
'
'
¢
’

AT

Rod for loading

Figure 8. Model of cantilever test for beam  Figure9. Boundary conditions and load.
column connection of the joint S80M-R140L.

The column and side plates are fixed at the enggiré-9 shows the boundary conditions and
applied load. At the end of the rod, the movemenrdst in the negative direction of thexis. The
value of the given displacement at the point okeffof the force is calculated according to the
experimental data for the relation between theengrotation and the corresponding force value, i.
moment of bending. Figure 10 shows the curves efntloment-rotation of the four samples of the
joint S80M-R140L obtained experimentally, analyticand curve obtained by the numerical
simulation of the experimeifi6]. Using developed numerical model as well as thaogly with the
procedure for determining the rotational stiffne§ghe connection according to the 3.2.3 numerical
results of 73.55 kNm/rad was obtained for the J880M-R140M according to the diagram shown in
Figure 11. The limitation that exists in the ca$@ging only a numerical model is the applicatidn o
the maximum moment resistance as the mean valdetémmining the rotational stiffness. Based this,

S80M-RI140L S80M-RLIOM T
s 7 . Alitics Numerical 28 | M=2633 g
26 BS B6 —— B7 —— B-8 === Apalitical == =Numerica 26 "
24 = o4 [ M=239
2.2 22 4
20 2,0
1.8 1.8
1.6 316 i :
T 14 2 1 M= 776240 |+ 29811 &% - 307,60 + 135,170
i 1,2 e 124
= 10 o1
s 08 £ 08
s 06 06
= o4 04
0,2 0.2 /
0.0 00 ) ) ?—‘%1 )
0 10 20 30 40 50 0 001 0.04 0.05

0,02
Rotation [mrad]

Rotation [l’l'll':ldj

Figure 10. Moment-rotation curves fojoint Figure 11. Momentrotation curves for joir
S80M-R140L. S80M-R140M.
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it can be concluded that the developed model dtefielements can be reliably applied to determine
the construction properties of the considered cciorme

Figures 12 and 13 show a comparative overviewtferfield of the displacement in tledirection
with deformed configuration for the numerical moa¢élthe tested sample S80M-R140L and the
numerical model of the joint S80M-R140M for whidtettest was not performed.

8.319
7013
5.707

Figure 12. Filed of displacement in the x directi Figure 13. Filed of displacement in the
of the joint S80M-R140L. direction of the joint SB0M-R140M.

In Figures 14 and 15 the field of equivalent stneben reaching the maximum moment and the
field of equivalent plastic deformations for thinfoS80M-R140M is shown.
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Figure 14. Field of equivalent stress for jo Figure 15. Field of equivalent plasti
S80M-R140M. deformation for joint SSOM-R140M.

In the Table 6 is given a comparative view of treditional analytical calculation of the bending
moment and the deflection in the characteristimgofor the different boundary conditions of the
beam as well as the numerical derivation of thaltep4].
The application of programs based on the finitenelet method in the analysis of structures gives
the following advantagd4]:
= Simply creation and modification of numerical maekecessary for a global analysis of the
construction as well as analysis of each elemetiteo$tructure
= Field of stress, i.e. the checking of the capaaitgll structural elements that cannot be reliably
established experimentally,
= Field of displacement, i.e. displacement of allrelsteristic points of certain elements of the
structure as well as of the construction as a whole
= Analysis of the influence of initial inaccuraciesthe construction on the stress, displacement
and stability, generated in the fabrication andrduimstallation.
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Table 6. Calculation of the bending moment and deflectionthed beam with different boundary
conditions of the supports.

Jaoint Rigid Simple Semi-rigid
7 Fq i Ma Fq Me
via T we— J(CLETAATTEATATATATEAALY ST TN
Model Aotk o & o Tw 3 = e
L J I
Beam R140L R140L R140L
Span
L mm 2700 2700 2700
Load 29430 29430 29430
[*}}
Second moment
of area of beam 1581600 1581600 1581600
lb mmt*
Second moment
of area of column 384200 384200 384200
le mmnt*
Stiffnes of beam-to
column connector 0 0 94,54
S kNm/rad
Equivalent rotational .
stiffnes o0 0 Aneilétl'cgtl)[‘l]
S kNm/rad -
Bending moment .
in the supports Analyglc;l [4] =0 Analytical [4]
Ma, Mg, KNm 0
iﬁiﬂg'ﬁdﬂofn;e;t] Analytical[4] Numerical[4] Analytical[4] Numerical[4] Analytical[4]  Numerical[4]
Me kN P =3,31 =3,37 =9,93 =7,08 =8,60 =6.23
c, m
Deflection Analytical[4] Numerical[4] Analytical[4] Numerical[4] Analytical[4]  Numerical[4]
fe, mm =4,542 =7,00 =22,71 =17,86 =19,06 =15,26
Numerical results I ,fl
for deflection - vy
fe, mm e = e S = j|
= o B [so2 ), W

4, Conclusion

Constructive design of the connection between lgm@ments of the spatial steel structure of palleksa

is of great importance both for the load capacitg or the economy of this type of construction. In
previous practice, the connections were generedigteéd as rigid or simple. If joints in the strueiu
analysis are viewed only as simple or rigid, thegatively affects the cost-effectiveness of the
construction.Determination of the structural properties of thleaim-to-column connection based on
the moment-rotation curve is the basis for furthealysis of the connection behaviour as well as its
influence on global structurén order to avoid expensive experimental analysi @determination of
this characteristic, it is resorted to the develeptmof numerical models based on finite element
method.In the simulation of the test conditions numericaldels gave very good results. Numerical
analysis enables rapid and at the same time reliaplimization without the need of experimental
testing.But simple changing of the numerical model enalhdbda analysis of the complete structure,
too. In this way, it is possible to automaticalgngrate all the necessary models for the globdysisa
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of the rack structure using the finite element radttwhich allows very quick and simple optimization
of the construction from the aspect of ultimateitlistate and serviceability limit state, takingant
account all relevant actions and their combinationsccordance with the valid regulations and
standardsin order to accurately implement the calculatiorthe steel structure of pallet racks with
semi-rigid connections and simplify it in practiae,is necessary to develop specialized software
packages for calculating the rack structure or alseady existing commercial software packages
where is necessary the introduction of the sti§masatrix for elements with semi-rigid connections.
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