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Abstract

The subject of this paper the practical example of the steel lattice structure was used.
Specifically, the joint consisting of H-profile bottom chord and a RHS (Rectangular Hollow Section)
brace members has been elected. This particular joint has an exceptional feature which is a deviation
from the geometric conditions required by Eurocode. The aim is to create a numerical model that will
adequately reflect the actual behavior of this type of joint as well as comparison of such behavior
with that expected on the basis of assessment according to standardized formulas.
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Abstrakt

Jako namét této prace byl pouzit piiklad ocelové piihradové konstrukce z praxe. Konkrétné
byl zvolen sty¢nik dolniho pasu z HEA profilu a RHS mezipasovych pruti, ktery je vyjimecny tim,
ze se odchyluje od geometrickych podminek udavanych Eurokédem. Cilem prace je vytvoreni
numerického modelu, ktery bude dostatecné vystihovat skute¢né chovani takového sty¢niku
anasledné porovnani tohoto chovani s tim, které je mozné ocCekavat na zdkladé¢ posouzeni
dle normovych vztahti.

Kli¢ova slova
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1 INTRODUCTION

Nowadays, steel lattice structures consisting of hollow sections, or combinations of hollow
sections and hot-rolled open sections, are often used on many structures. Such structures are suitable
for overcoming large spans and their utilization has many advantages (biaxial cross section
symmetry, shortened effective lengths, achievement of the required load-bearing capacity while
preserving lightweight structure). On the other hand, design of joints may be problematic. Design
methods given by Eurocode [1], are complicated, difficult to check, and offer a limited scope of use
(geometric conditions, restrictions on material characteristics, certain types of joints of given types
of loads).
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Therefore, the need increasingly arises to describe behaviour of joints beyond the scope
of Eurocode limitations, for which standardized formulas for calculations of joints' load-bearing
capacity cannot be applied exactly. For this paper we have selected a practical example — roofing
with steel lattice girder containing H-profile chords and RHS web braces. This structure utilizes
a joint outside of the Eurocode limitations for the use of the basic formulas in calculating the joint's
load-bearing capacity. In particular, the angle of the tension brace connection to the bottom chord
is smaller than 30°.

The aim of this work was to evaluate if the behaviour of such a joint, which does not fit the
conditions of the standard, in spite of that could be described using established standardized
procedures.

2 EXPECTED TYPES OF JOINT FAILURE ACCORDING TO EN 1993-1-8

The cited Eurocode [1] considers the following failure types for joints consisting of CHS
(Circular Hollow Section) or RHS (Rectangular Hollow Section) web braces with I or H-profile cross
section chords (cf. Fig. 1), see also [2] or [3]:

¢ Failure of web plate by plasticization, crushing or loss of shape stability;
o Chord shear failure;

¢ Brace failure (cracking in the welds or in the brace members).

(a) (b) (c)
Fig. 1: (a) Failure of web plate; (b) Chord shear failure; (c) Brace failure

In formulas for calculation of the load-bearing capacity, with respect to different types
of failures, the Eurocode does not take into account forces or tensions occurring in individual bars.
It only considers the joint's geometry, profile types and values of the used materials' yield stresses.
That is why the two different design setups were solved to compare behaviour of a joint loaded with
force in the tension brace only, with that loaded with realistic forces (that is, both the force in the
tension brace and tensile force in the bottom chord).

3 ASSESMENT OF THE SOLVED N-JOINT USING STANDARDIZED
FORMULAS
Two design setups were considered for the joint investigated in this paper — first with

a stiffener under the compression vertical brace only and the other with added stiffener under the
tension diagonal brace. Geometry of the joint and the location of stiffeners are shown in Fig. 2.
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(a) (b)
Fig. 2: Geometry of the N-joint consisting of an H-profile chord and RHS web braces
(a) First design setup; (b) Second design setup
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Although the joint does not satisfy one of the geometric conditions listed in the standard,
an approximate assessment on the basis of standardized formulas was made for the both design
setups. The load bearing capacity was calculated for the tension brace.

3.1 EN 1993 design procedure
1. Failure of web plate — buckling of the plate

N =220 ey, 0
sin 6,

where:
fio — yield stress of the bottom chord material [MPa],
hi  — height of the brace member cross section [mm],
twtpti  — H/I-profile web and flange thickness and thickness of hollow section [mm],
r  — radius of root fillet of the H/I-profile [mm)],
6 — the angle between connected bars [°],
Y5 — partial factor for material properties [1,0]

b, = .hl +5:(t, +r)S2-4,+10-(t, +7) )

sin 6,

2. Chord shear failure

Nl,Rd zfyoi..AvM/Ms &)
/3 -sin 6,
where:
Ay — bottom chord cross section area [mm?],
by — width of the bottom chord [mm],
g — gap between braces [mm],
A, =4, -Q2-a)-by-t, +(t,+2:1) ¢, 4
(%)
3. Brace failure
|N1,Rd zz'fy,l 'tl‘peﬁ”/7M5 (6)
where:
S — yield stress of the brace member material [MPa],
b1 — width of the brace member [mm)]
Py =, +2-r+T 1, fio] [y <b+h =2-1, @)
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4. Brace failure with stiffener

‘Nl,Rd =20 (byy + by ) Vs (3
where:
t;,  — thickness of the stiffener [mm],
a — effective thickness of the stiffener weld [mm],
by =t,+2-r+Tt,-fo/ f, <b +h =2-1, ©)
by,=t,+2-a+T-t,-f/f,<b +h =21 (10)

3.2 Load bearing capacities according to failure modes

1. Failure of web plate — buckling of the plate

b =19 L 5.0415<2.4+10-(9+15)
sin 25°

b, =355mm < 248mm = decides 248mm

_355.6-248

Ny = /1,0 =1240-10° N = 1240kN

sin 25°

2. Chord shear failure
A, =3877-(2-0,287)-160-9 + (6 +2-15)-9 =1734mm’

355-1734
V3 -sin 25°

Ny = /1,0=769,3-10° N =769,3kN

3. Brace failure — first design setup (with one stiffener)
Py =6+2:1547-9-355/355<100+100-2-4 = p,. =99mm<192mm

N,z =2-355-4-99/1,0 =281,2-10° N = 281,2kN

4. Brace failure with stiffener — second design setup (with two stiffeners)
by=6+2-15+7-9-355/355<100+100-2-4 = b, =99mm <192mm

by, =8+2-4+7-9-355/355<100+100-2-4 = b, =79mm<192mm

eff s
Ny g =2-355-4-(99+79)/1,0=505,5-10° N = 505,5kN

According to resulting load bearing capacities, the decisive failure mode for the both design
setups should be the brace failure. However, when the stiffener under the tension diagonal was
considered, the load bearing capacity was nearly 80% higher than that reached for the setup without
that stiffener. Numerical models then should show, if this expected behaviour would be confirmed,
despite the fact that the aforementioned geometric condition was not fulfilled.

70



4 CHARACTERISTICS OF NUMERICAL MODELS

The models of the joint were created in the FEM software ANSYS 12.0 using the finite-
elements, enabling both plastic behavior of materials and influence of large deformations.
For modeling the HEA profile, 3D SOLID 65 finite element was used, defined by eight nodes and
isotropic material properties. RHS bars were then modeled using shell finite element SHELL 43,
defined by four nodes, four thickness values and orthotropic material properties [4].

The following material properties were used for the finite elements (cf., e.g. [5]): Young's
module of elasticity E =210 GPa, and Poisson's ratio v = 0.3. Both physical and geometric non-linear
aspects were considered within the calculation (a plastic calculation with regard to large
deformations). The elasto-plastic behavior of materials was expressed by a bilinear diagram (cf., e.g.,
[6]) with yield stress f, = 355 MPa and 5% hardening (it means that the value of the module
of hardening is E, = 10 GPa).

The forces acting on the joint were chosen on the base of results obtained from a simple bar
model of the entire girder (Fig. 3.) in such a way to preserve their ratio.

472551 —202049  ——
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Fig. 3: Normal forces at the point of solved joint

On the basis of information available in the literature (e.g., [7], [8]), following boundary
conditions were originally set (Fig. 4(a)):

e displacements in directions of the x, y, and z axes were prevented on both ends of the
bottom chord, and the web braces were prevented from displacements both within the
plane and out of the plane (hence displacements along the bar axes were only allowed).

However, such boundary conditions resulted in distribution of forces that did not correspond
to the assumptions implied by the bar model. That is why we were looking for boundary conditions
that would better correspond to the actual behavior of the selected detail of the lattice structure.
Finally, the following boundary conditions were identified (Fig. 4(b)):

e only displacements in directions of the x and z axes (i.e., movements in the chord axis and
out of its plane) were prevented, or the pin on the left end was replaced with a tensile-force
load. The support preventing vertical displacement (in the direction of the y axis) was
placed on the vertical brace.
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(a) (b)
Fig. 4: (a) Original boundary conditions; (b) New boundary conditions.

Another possible solution of the problem of identifying suitable boundary conditions in the
model is given by interconnecting the structure's 3D detail with the 2D bar members and modeling
the lattice structure as a whole (cf. Fig. 5.). The boundary conditions and load would then be related
to the entire structure and detail's behavior would be derived from the entire structure's behavior.
Correctness of this hypothesis and implementation of such a model must, however, be subsequently
verified.
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Fig. 5: Connection between the bar and 3D models

5 EVALUATION OF THE RESULTS
Following four models were studied:

e a joint with a stiffener under the compression vertical brace only, loaded with a tensile
force in the diagonal brace,

e a joint with a stiffener under the compression vertical brace only, loaded with a tensile
force in both the diagonal brace and the bottom chord,

e a joint with a stiffener under both the compression vertical brace and the tension diagonal
brace, loaded with a tensile force in the diagonal brace and

e ajoint with a stiffener under both the compression vertical brace and the tension diagonal
brace, loaded with a tensile force in both the diagonal brace and the bottom chord.

Apart from the evolution of stresses, we also investigated dependency of the HEA profile
flange plate central part's (point 2) vertical deformation (uy) on that of the HEA profile flange plate
edge part's (point 1) deformation values (Fig. 6. and 7.), namely, at two sections: under the edge
of the connected diagonal brace (section A) and near the center of this brace (i.e., near the connection
point of the second stiffener - section B) — cf. Fig. 8. — 10.

Load - deformation curves
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Fig. 6: Load-deformation curves for single-stiffener models
and the comparison with the Resistance according to EC3.
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Load - deformation curves
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Fig. 7: Load-deformation curves for double-stiffener models
and the comparison with the Resistance according to EC3
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Fig. 8: Comparing the flange plate deformation values and plastic stress evolution of unstiffened
(a)+(b) and stiffened (c)+(d) HEA profile when loaded with a force of 300 kN in the diagonal brace
(the deformation values are 20> magnified).

(b)

Fig. 9: Comparing the flange plate deformation values and plastic stress evolution of unstiffened
(a)*+(b) and stiffened (c)+(d) HEA profile when loaded with a force of 444 kN in the diagonal brace
(the deformation values are 20x magnified).
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Fig. 10: Comparing the flange plate deformation values and plastic stress evolution of unstiffened
(a)*+(b) and stiffened (c)+(d) HEA profile when loaded with a force of 508 kN in the diagonal brace
(the deformation values are 20x magnified).

6 CONCLUSION

A numerical model was created which fits the expected behaviour of the joint. One of the
conclusions of this paper is that the load-bearing capacity of the joint is not significantly influenced
by loading the tension brace only, or both the tension brace and the bottom chord. The only
significant difference is given by total deformation values, which confirms the principle
of calculating load-bearing capacity of such a joint according to EC3.

Seeing the load-deformation curves presented at Fig. 6. and 7. it can be concluded that the
joint with stiffener under the diagonal brace was able to carry significantly higher load than the joint
without that stiffener. Taking into account increase of the difference between deformation of central
and edge part of the HEA-profile top flange, the load bearing capacity for particular design setup can
be determine. The capacity of the joint with one stiffener will be around 300 kN and the double
stiffened joint will be able to carry more than 508 kN. The first type of models (one stiffener)
obviously showed signs of brace failure, while for the second type of models (two stiffeners) this
type of failure was not so clear. Considering the evolution of the plastic stresses and the deformation
of the whole joint in the second design setup, the failure mode could be classified rather as a chord
shear failure. The problem of determination the decisive type of failure for numerical model requires
further and more detailed modelling and researching.

Besides the already mentioned, the results obtained by investigation of the deformations
of HEA-profile flange pairs of point showed, that even if the joint geometry goes beyond
the Eurocode limitations, behaviour and load-bearing capacity of this joint are very close to the
expectations implied by that standard.

ACKNOWLEDGMENTS
This research was financially supported by Project MSMT number SP2012/135.

REFERENCES
[1]  CSN EN 1993-1-8, Eurocode 3: Design of steel structures - Part 1-8: Design of joints. Cesky
normaliza¢ni institut, 2006. 126 pp.

[2] Wald, F., Sokol, Z. Navrhovini stycnikii. Praha: Vydavatelstvi CVUT, 1999. 144 pp.
ISBN 80-01-02073-8. (in Czech)

[31 Wardenier, J. Hollow Sections in Structural Applications. CIDECT, 2001.
ISBN 0-471-49912-9

[4]  Release 11.0 Documentation ~ for  ANSYS [online]. [cit. 2012-4-25].
Available from <http://www .kxcad.net/ansys/ANSY S/ansyshelp>

[5] Juréikova, A., Rosmanit, M.: Numerické modelovani svafovaného T-stycniku. Shornik
vedeckych praci Vysoké Skoly banské - Technické univerzity Ostrava, Fada stavebni, Ostrava.
Cislo 2,2011. Ro¢nik XI. ISSN 1213-1962, 6 pp. (in Czech)

74



[6] de Lima, L. R. O., Vellasco, P. C. G. da S., da Silva, J. G. S., Neves, L. F. da C., Bittencourt,
M. C. A numerical analysis of tubular joints under static loading. In Proceedings
of APCOM’07 in conjunction with EPMESC XI, Kyoto, Japan. December 3-6, 2007.

[7] Vegte, G. J. van der, Makino, Y., Wardenier, J. The influence of boundary conditions on the
chord load effect for CHS gap K-joints. In Connections in Steel Structures. Amsterdam.
June 3-4,2004.

[8]  Choo, Y. S., Qian, X. D., Wardenier, J. Effects of boundary conditions and chord stresses on
static strength of thick-walled CHS joints. In Journal of Constructional Steel Research.,
Volume 62, Issue 4, April 2006, Pages 316-328

Reviewers:

Prof. Ing. Stanislav Kmet, PhD., Department of Steel and Timber Structures, Faculty of Civil
Engineering, Technical University of KoSice.

Ing. Milan Pilgr, Ph.D., Institute of Metal and Timber Structures, Faculty of Civil Engineering,
Brno University of Technology.

75




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /CZE ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


