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ABSTRACT

The prediction of the shear resistance of connestas presently given in Eurocode 3, Part 1-8,
cannot be applied in a straightforward way to tberection for tubular racking structures real-
ized by means of long through bolts. In order tdfyehe possibility to extend the codified ap-
proach to such joint configurations, in the prespaper a finite element model with three-
dimensional solid elements is established investigathe behaviour of the connections under
shear load in a wide range of variability of the@getrical parameters. The validation of the nu-
merical model has been performed starting fromrdsilts of experimental tests already per-
formed by the authors at the laboratory on Materaid Structures of the University of Liege.
Based on the finite element results, the load displeent curves for all the assemblies were suc-
cessfully predicted evidencing the important rdieypd by the hole’s geometry and reduced di-
ameter of the bolts on the initial stiffness of tmmnections. The results of a parametric study by
means of a calibrated FE model in Abaqus/CAE altbteeverify the possibility to extend the
formulations provided by EC3 for predicting the legresistance of plates to these kind of con-
nections and to analyze the influence of the manameters governing the bearing resistance: the
distanceer between the hole and the edge of the tube, thandise: between the hole and the
lateral edge of the plate composing the tube seetnal the thicknegssof the tube.

SOMMARIO

La previsione della resistenza delle unioni a tagtidificata nell'Eurocodice 3, parte 1-8, non puo
essere applicata in un modo diretto ai collegandirgirutture tubolari per scaffalatura realizzati
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mediante bulloni lunghi passanti. Al fine di vecdie la possibilita di estendere I'approccio codi-
ficato a tale tipologia di collegamenti, nel preselavoro viene messo a punto un modello agli
elementi finiti con elementi solidi tridimensionala impiegare per I'analisi del comportamento
delle connessioni a taglio al variare dei paramggometrici. La validazione del modello

numerico € stata eseguita a partire dai risultaliedprove sperimentali effettuate dagli stessi
autori presso il laboratorio materiali e struttula|'Universita di Liegi. Sulla base dei risultati

degli elementi finiti, sono state simulate le cumarico-spostamento per tutti i collegamenti
testati evidenziando l'importante ruolo svolto aajeometria del foro e dal diametro dei bulloni
sulla rigidezza iniziale dei collegamenti. | risiltdi un’analisi parametrica sviluppata con un
modello agli elementi finiti calibrato in Abaqus/CA permesso di verificare la possibilita di
estendere le formulazioni fornite dal’EC3 per l@ysione della resistenza di unioni a taglio al
caso delle connessioni in esame e di analizzafei€nza dei principali parametri che governano
la resistenzaer distanza tra il foro e il bordo del tub®,distanza tra il foro e il bordo laterale del

tubo et lo spessore del tubo.

1 INTRODUCTION

Steel storage racks have reached nowadays a gffeatah, with applications going from small
shelves to high racks for industrial buildings.dst years, design solutions in which the racking
structure plays also the role of vertical strudt@eteaments of the whole building has been spread
in practice, but when the size of the racks becasiggsficant, the structural analysis and the pre-
diction of the overall behavior of the racking ctvastion is not trivial.

The increasing competition in this field has spdriiee companies to offer commercial solutions
more economical by simplifying the connection detai order to reduce the fabrication and the
assembly costs. Therefore, in alternative to thesital tab connection [1,2], in the case of tubu-
lar storage racks, a more economical solutionbeaabtained by adopting shear connections with
long through bolts [3].

This typology of connection, for design and cheakppses, is not among the cases regulated by
Eurocode 3 Part 1.8. In fact, the formulations et by Eurocode covers the shear resistance of
connections between two (or three) plates in dicecittact with the bolt head or the nut, which
creates a kind of “confinement” in the zone of ghate in direct contact with the bolts. On the
contrary, in the case of tubular members, the ifee of the tubular profile is in contact with the
long bolt but the nut is not in direct contact witle member face and local instability can occur.
Therefore, it is important to understand if thenfafations present in the current version of Euro-
code 3 devoted to the prediction of the bearingstasce of plates can be applied also to the case
of connections of tubular members of racking strres.

Also in the past the bearing resistance of boltmthections has been often investigated with the
aim to extend the application of the EC3 rules ®esanot covered by the code, such as the case
of high strength steel [4,5] or stainless steef][@r the case of the connection of cold formed
strips and hot rolled steel plates [8]. The appndatiowed in this paper is similar to that provid-
ed in [6,7], in which the accuracy of the applioatbf the codified approach to new cases is first-
ly investigated by means of a parametric analyaiged on FE simulations calibrated on the re-
sults of experimental tests.

To this scope, preliminary, in order to have anfulsmol to describe the behaviour of these
joints, a Finite Element Model was developed arnldiated through comparison with the experi-
mental results already performed by the same asif8pr Afterwards by means of FE model, the
behaviour of the joints was investigated by analysfirst of all, the influence of the imperfec-
tions on stiffness and resistance and then by icgrigut a parametric study by varying the main
geometrical parameters, influencing the resistafitkee connection.
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In this way, a comparison between the experimerghles, the ones simulated by means of the
FE model and the ones predicted with the EurocofterBulation has been performed evaluating
in a wide range of variability of the geometricarameters the accuracy of the application of the
codified approach to shear connections of tubulafilps.

2 EXPERIMENTAL INVESTIGATION

In order to properly calibrate a finite element rmbdeference has been made in the present paper
to the experimental campaign performed by the santkeors [3,9,10].

The experimental campaign developed at Univerdityas been performed on 24 specimens with
one tubular section fastened to two plates withlwoie(Fig. 1). The specimens are classified into
six groups; each one is composed of four specimensinally equal. The specimens were nu-
merated and each side was classified with a |éftdp D). The bolts have not been preloaded.
Two different materials were tested HX420LAD and852In Table 1 the material grades and the
dimensions of all the specimens are given.

e} o O
R
el m[%““’ioo
L

Fig. 1. Joint assembly

Table 1. Specimens’ geometrical and mechanical properties

Holin
TUBE L[mm] B[mm] dn[mm] procedugre da[mm] de[mm] t[mm] e[mm] e2[mm]
HX420LAD 1 399 60.15 16.5 Punched 16.59 16.66 2.04 50.26  6729.

&@  Thickness 2 398.8 60.16 16.5 Punched 16.50 16.51 2.11 48.66 9.682

é g 2mm, bolts 3 399.5 60 16.5 Punched 16.50 16.53 2.06 49.02 229.7
M16 4 399.3 59.8 16.5 Punched 16.53 16.50 2.07 49.11 .7629
HX420LAD 5 389.9 60 12.5 Punched 13.28 12.9 2.03 39.27 29.92

Qo Thickness 6 390.2 59.8 12.5 Punched 12.89 13.05 2.06 40.00 .2130

é s 2mm.bolts 7 390.1 59.9 12.5 Punched 12.84 12.93 2.09 39.93 .1530

M12 8 389.6 59.9 12.5 Punched 12.97 12.93 2.04 39.86 .1530

HX420LAD 9 391.2 60 12.5 Punched 12.55 12.64 2.57 39.60 429.8

&S Thickness 10 388.7 60.1 12.5 Punched 12.46 12.56 2.55 40.00 9.992

TS 25mmpotts 11 390.4 60 125 Punched 12.46 12.85 251 4194 7029
M12 12 390.3 60.1 12.5 Punched 12.66 12.30 2.55 40.82 9.692

HX420LAD 13 399 59.9 16.5 Punched 16.59 16.49 2.57 49.58 9329.

L 59 Thickness 14 399 60.1 16.5 Punched 16.98 16.45 2.54 51.67 0230.
TS 25mmpots 15 398.9 60.1 16.5 Punched  16.99 1650 262  50.87 0.003

M16 16 399.1 60 16.5 Punched 16.76 16.45 2.55 49.45  0030.

, S235 1 391.7 60.5 12.5 Drilled 12.39 12.53 3.85 33.17 .360
S Thickness 2 391.3 60.4 12.5 Drilled 12.41 12.51 3.87 3336 .380
8= anmpois 3 391.6 60.4 12,5 Drilled 12,57 1256 385  33.05 .480

M12 4 3915 60.4 12.5 Drilled 12.46 12.53 3.79 34.07 .380

) S235 5 391.4 60.3 16.5 Drilled 17.24 17.29 3.8 41.48 330.
3@  Thickness 6 3915 60.6 16.5 Drilled 17.27 17.40 3.8 37.61  480.
g S amnmbolts 7 391 60.5 165 Drilled 17.31 17.37 3.8 40.61  30.49

M16 8 390.1 60.6 16.5 Drilled 17.26 17.28 3.8 41.27 230.
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3 NUMERICAL MODELLING

3.1 Description of the developed FE model

In order to investigate the accuracy of EC3 forniafaind to extend the results obtained through
the experimental programme described in [3], atEielement model has been developed in
Abaqus software. The FE model, as reported indhewing, has been used with two scopes: to
analyse some interesting aspects of the bolt/mégaction and to extend the experimental sam-
ple by carrying out a parametric analysis.

Since the behaviour of the analysed connectiotrimgly affected by in-plane and out-of-plane

deformations, by contacts between the bolt shadtthe hole and geometrical and by material
non linarites, the FE model has been developeaviitly a three-dimensional approach. The
parts to be defined, in order to simulate the erpantal tests previously reported, are three: the
bolt, the tubular member and the thick plate usathd the test to apply the load to the bolt as
illustrated in Fig.2.

Fig.2. Parts and symmetry conditions

The geometry of these parts has been generated by adoptingntfielling tools available in
ABAQUS. In particular, the plate and the tube hbgen defined by extruding their cross-section,
while the bolt has been defined by revolving halftical section around its axis. In order to sim-
plify the number of interactions to be introducadtie model, the bolt has been generated as a
unique element together with the washer. Taterial properties of tubes and plates have been
described by means of an elastic-plastic isotropiciel by adopting simplified equivalent bi-
linear or quadri-linear true stress-true straindalefined using the results from the coupon tensile
tests. Conversely, considering the absence of thergmental data for the bolts, the behaviour of
the material composing the bolts has been modebedy a simplified bi-linear model based only
on literature data of strength and deformation.
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Regarding thelement type, eight-node bricks with full integration and firstder approximation

have been adopted (C3D8). Such elements, as alsdaédpn [11], are particularly accurate for

analysis where buckling effects are significant.

The mesh size of the elements composing the model has beenadkfifter performing several

preliminary analysis and by following some of thedglines already available on the topic [12].

With the aim of reducing the computational effdaite nhumber of elements has been increased

only in areas where great stress gradients werectegh. Therefore, in order to obtain accurate

and stable results the following meshing procedbes® been adopted:

= the tube has been meshed choosing a maximum elasmendf 8 mm but, in the zone close
to the hole and in the zone of the tube subjeateaigh stress concentrations a finer mesh
has been defined. In particular, in order to imprtive convergence of the model related to
the complex contact phenomena arising at the lobdt/imterface, the hole has been modelled
using elements with a maximum size of 0.8 mm anddfining at least six elements within
thickness of the plate (Fig.3). The other zonethefplate have been meshed using elements
with a size contained in between 2 and 4 mm;

= the bolt has been meshed with a variable sizeherelements in order to provide a finer
mesh in the zone of interaction with the platep#mticular, in the interaction zone elements
with a maximum size of 0.8 mm have been adoptedgevitn the other parts of the bolt a
maximum size of 2 mm has been selected (Fig.3);

= the loading plate, remaining essentially elastas heen modelled with a larger mesh adopt-
ing only two elements within the thickness of thate.

Furthermore, all the parts have been partitionedriter to allow the definition of structured

meshing techniques, leading in this way to staédelts and good convergence of the model.

Fig. 4. Tube and bolt element size

All the interactions between the different parts have been definedgusia surface-to-surface
contact formulation with finite sliding. In partitau, four interactions have been defined (Fig.5):
between bolt head and loading-plate (a), betwednsbank and plate hole (b), between upper
surface of the tube and lower surface of the flgiteand between tube hole and bolt shank (d). In
the normal direction a “hard contact” has been usédle in the tangential direction a friction
coefficient equal to 0.15 has been adopted acogdif=C3. In addition, as far as the bolt is typi-
cally more rigid compared to the tube, in ordelimiprove the convergence, it has been set as
master surface, in the definition of the tube-looltact.

In order to reduce the computational effort, thedeldhas been defined accounting for the sym-
metry by defining appropriate boundary conditions.
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(@) (b)

(c) (d)

Fig. 3. Interaction surfaces

Nevertheless, it is important to note that theegstpecimens are not exactly symmetrical, be-
cause one of the two holes is in contact with Hreaded part of the bolt leading to an asymmet-
rical loading condition.

The FE model has been analysed by means of a statiinear analysis considering second or-
der effects. In particular, the geometric non liitgehas been properly accounted for in order to
grasp the typical buckling phenomena of the plategosing tube arising at high displacements.

3.2 Finite element resultsvs. experimental results

In order to analyse the role played by the geowatimperfections of the holes on the behaviour
of the analysed connections, two FEM models haen lseveloped. The first one, defined ac-
cording to the nominal geometry of the specimerts @msidering the nominal diameter of the
bolt (in the following called “ideal”), the secomhe defined accounting for the geometrical im-
perfections of the holes related to the manufastuprocess and considering the net diameter of
the bolt (in the following called “initial”). In pécular, the second model has been realized con-
sidering the maximum tolerance allowed by EN1090+2unched holes, i.e. +/- 0.5 mm for the
average hole diameter calculated adding this maximiearance to the measured diameter.

As shown in Figs. 4 for example, the behaviour Ibtte tested specimens is accurately repro-
duced by the FE models both in terms of deformegsland in terms of failure mechanisms. In
fact, the typical failure modes observed during tésts have been correctly simulated in all the
analysed cases. In particular, two failure mode® Heeen observed: the out-of-plane buckling of
the plate and the bolt shear failure. In the fieste, after a significant ovalization of the haoihey
plate of the tube buckles exhibiting a significant-of-plane deformation in the inner direction
due to the constraining action provided by the ilogglate (Fig.4c). This failure mode has been
observed generally in tubes with a thickness lotian 2.5 mm. In the second case, due to the
lower resistance with respect to the plate compgpsie tube, the bolt fails in shear before that a
significant deformation of the hole arises. Thidufe mode has been observed generally in tubes
with a higher value of the thickness. The resultdhe simulations obtained with the two models
are reported in Fig.5.
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Fig.4. Results series 1-4 HX420LAD. (a) Bearing in FE mog¢&l;Hole elongation at the end of

d)

the test; (c) Local buckling in FE model; (d) Lobaickling at the end of the test
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Furthermore, from the force-displacement curve rggbin Fig.5, it is possible to observe also a
difference in terms of stiffness and resistancéheftwo models. In fact, the “ideal” model pro-
vides a significant overestimation of the initiiffeess and a good accuracy in predicting the re-
sistance. Conversely, as it is possible to note tleercomparisons, the “initial” model provides a
very accurate prediction of the initial stiffnessdaa slight underestimation of the ultimate
strength of 13% on average. The higher accuradhefinitial” simulations in reproducing the
stiffness of the experimental tests is mainly dughe ability of the model to account for the ini-
tial imperfections of the holes. In fact, such imfpetions, which are more significant in the case
of specimens with punched holes, lead to stresesecdrations providing a progressive plasticiza-
tion of the plate in the contact zone, with a copsat loss of stiffness of the whole connection.
However, from Fig.5 it is possible to observe dlsat the “ideal” model provides a good accura-
cy in predicting the unloading/reloading stiffnegghe experimental tests due to the elimination
of the initial imperfection after the first loadimdpase.

In the following, in order to verify the accuracltbe current EC3 formulation for predicting the
bearing resistance of such connection, additioimalilation have been performed starting from
the specimen HX-2,5-M16. As for this specimen hothdelling provide the same resistance, the
“initial” model, has been selected for developihg parametrical analysis which provided a good
accuracy in predicting the overall experimentalveur

4 PARAMETRIC ANALYSIS

4.1 ldentification of parameters

The bearing resistance of a bolted connection islgnanfluenced by the material properties and
by the geometrical parametess e, d, do andt. In order to provide a further validation of the
EC3 formulation and to widen the ensemble of dataiobd in the experimental analysis, in next
sections, the influence of parameterse; andt on the connection resistance is investigated by
employing the FE model previously calibrated. Alktanalysis reported in the following have
been developed starting from the FE model HX420MA21%B, by varying the three considered ge-
ometrical parameters one by one.

4.2 Influenceof e

The influence of parameter has been investigated by setting in the FE mdaehole size equal
to 16.5 mm, and performing eight simulations byyirsg e1 between 16.5 and 90 m@= 90 mm
andey/do= 5.4;e1= 80 mm ande/do= 4.8;e1= 70 mm anc/do= 4,2;e1= 50 mm and #do= 3; a=

40 mm and gdo= 2.4; @= 33 mm and gdo= 2; @= 25 mm and #do= 1.5; @= 16.5 mm and
el/do= 1). The results of the simulation in terms ofdafisplacement curves for each value of
ex/do, provided by the FE model are depicted in Fig.6.

From Fig.6, it is possible to observe that, as etgik the distance of the bolt from the free edge
of the tube plate provides a significant influelocethe joint bearing resistance. In particular, the
connection resistance increases for values oétfue ratio contained in between 1 and 3, while
for values higher than 3 it becomes constant. ¢, fsom Fig.6 it can be observed that for the
analyses with distances of the bolt from the frégeeequal to 90, 80, 70 and 50 mm the maxi-
mum resistance achieved by the connection is appat&ly the same, while for lower values it
rapidly decreases. This result appears in line thithEC3 formulation. In fact, according to EC3,
the connection resistance is provided by the mininvalue between the bolt shear resistance and
the plate bearing resistance. For bolt shear sggist EC3 provides the following formulation:

Fypa = 0.6f,pA 1)
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Influence of e1
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Fig. 6. Influence of & Force displacement curves.

where,fu, is the bolt ultimate strength amdis the bolt shear area. Regarding the bearing re-
sistance, according to EC3, the following relatiopsthave to be applied:

kay f,td

Fo., = ——bJur™ 2
bRd Ym2
a, = min (;—dlo; l}l—b; 1) 3
u

where fu is the plate ultimate strengtthanddo are the bolt and hole diameterijs the distance of
the hole from the plate free edge dnid equal to 2,5 provided that the distance ofttbie from

the lateral edge of the plageis greater thari,5d. These last equations, account for all the basic
failure modes normally arising in a simple boltemhigection and, in particular, include tear-out
failure, bearing failure and shear failure.

Therefore, in the range of values@fin which the resistance is governed by the bdltifa in
shear or by the plate shear failure, any dependehtiee resistance by the parameteis ex-
pected. On the contrary, a linear dependence isotap when the collapse is governed by the
bearing of the plate. In Fig.7 the applicationla# the design formulation provided by EC3 to the
cases simulated in this section is representesi also possible to observe that the code is $jight
conservative in the shear failure mode range, whitevery accurate in the bearing range.

Fem vs EC3

140

120

e ——EC3 Bearing Failure
-
u fem

-~ EC3 Shear Failure

0.0 05 1.0 15 20 25 3.0 35 40 45 5.0
el1/do

Fig. 7. Influence of €do on the bearing resistance, accuracy of EC3 fortiouma
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In addition, it can be also recognised that thenbawy value separating the two failure mode
ranges appears well predicted by EC3 formulation.

4.3 Influenceof 2

The lateral edge distaneg may be also a significant parameter affectingjoi failure. Never-
theless, in the case analysed in this work, a fetgnit difference with respect to the classicakcas
of a single plate is expected due to the presehtteedateral plates of the tube that work as stiff
eners. Starting always from model HX420LAD-2.5-M16e following three values a have
been simulated:2e 30 mm; e= 20 mm; e= 15 mm.

The force-displacement curves provided by the st of the above cases are delivered in
Fig.8. From such a graph it is possible to obsémagin all the three analysed cases the value of
the ultimate resistance of the simulation is pcatly the same and also the failure mode is al-
ways due to the bearing of the plate in a localenezh.

Influence of ez

0 5 10 15 20 25 30
s[mm]

Fig. 8. Influence of eForce-displacement curves

4.4 Influence of thethickness

Clearly, the thickness of the plate also plays ai@ant role on the resistance of the analysed
connections. In fact, it is obvious that the inseaf the thickness of the plate, leads to a peagre
sive increase of the connection resistance upddithit value provided by the resistance of the
bolt in shear. Conversely, the decrease of the tleisk of the tube leads to a decrease of the con-
nection resistance with failure modes that are etgueto progressively shift from the bearing
failure of the plate due to the achievement ofutienate resistance of the plate material, to the
out-of-plane buckling failure mode. In the perfodranalysis, eight values of the thickness vary-
ing in the range from 0.5 mm to 6 mm have beenidensd.

The results are represented in Fig. 9 in termgress distribution at failure for the two possible
behaviour, i.e. low (Fig. 9a) or high thicknessg(FBb), and in Fig.10 in terms of force-
displacement curves. The FEM simulations show tleatfube thickness higher than 3 mm the
bolt failure arises. In fact, the ultimate resis®mchieved in the simulations with plate thickness
equal or greater than 3 mm is equal to about 13%vki¢h is slightly lower than the theoretical
value provided by Eq. (1) which is equal to 150 kN.

This theoretical/simulation scatter is probably daethe bending moment arising in the bolt
which is not taken into account by EC3 formulati@onversely, for plate thickness smaller than
3 mm bearing failure arises.
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(a) t=1.5 mm

Fig. 9. Influence of thickness, evolution from bucklingltearing behaviour
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Fig. 10. Influence of the thickness
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Fig. 11. Influence of thickness, accuracy of EC3 formulatio

In Fig. 11 the resistance provided by the modebispared with that predicted according to EC3.
In particular, in such a graph the FEM and EC3 tasite values have been charted versus the
t/do ratio. As expected, Fig. 11 highlights that therection resistance is predicted with suffi-
cient accuracy by the code formulation only whemlihickling phenomena are not significant.

In fact, for values of th&/do ratio higher than 0.15 the EC3 formulation providesestimate of
the resistance quite accurate. In addition, in thigye, EC3 code provisions are able to simulate
with sufficient accuracy the failure mechanisms,iawhshifts from the bearing collapse (for
t/do<0.18) to the bolt collapse (fafdo>0.18). On the contrary, for values tédo<0.15, EC3 for-
mulation provides an overestimation of the resistatiue to the fact that, it does not account for
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the possibility of local buckling. As it is possiblo note from Fig.11, such an overestimation can

reach more than the 50% for low valued/dd. For this reason, as an advance of the present work,
the investigation of the buckling resistance oftilige could be performed in order to calibrate an

appropriate coefficient able to account for thelting phenomena when estimating the connec-

tion resistance of tubes with low values of thils ratio.

5 CONCLUSIONS

With reference to shear joints with long bolts pagshrough thin-walled tubular columns be-
longing to racking structure in this paper the fubty to extend the EC3 rules to this kind of
connections has been investigated by means of FEElyses. The numerical analyses conducted
with ABAQUS, have evidenced that the numerical mad® accurately predict the ultimate re-
sistance obtained through the conducted experimérgt campaign if an appropriate mesh is
used, while the prediction of the initial stiffnesbthe connection is strongly influenced by the
hole’s imperfection and the actual bolt's diameter.

The parametric study performed by means of theatidated Abaqus FE model allowed to rec-
ognize that the distanea between the hole and the edge of the tube anthitiknesst of the
tube are influent on the prediction of the conrttiesistance while the distaneebetween the
hole and the lateral edge of the plate composiadithe section is not significant in the examined
case of tubular connections. In particular, theettigyed parametric analyses evidenced that in
case of low value of tube thickness and hole’s di@mratio a more accurate formulation for pre-
dicting bearing resistance is advisable, by prgpactounting the influence of the local buckling
of the tube plate in contact with the bolt's shank.
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