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Abstract

Cold-formed thin-walled Z-purlins and cladding ®yet are widely used in steel industrial
type buildings. In my research work | analysed\hdous components of cold-formed roof
systems by experimental and numerical methods théhaim to define the behaviour modes
of structural elements and details, and deterntieetést based design resistances in the lack
of standardized methodology. The main details ofresgarch are presented as follows.

In the first phase | designed and executed an awpatal test program for compressed
cold-formed thin-walled Z-section members, whichdil not find in the investigated
literatures. As the results of the experimentatstésdetermined the failure modes and the
resistances of single and double Z-section mendaisZ-section members with trapezoidal
sheeting lateral restraint, respectively. Speaatlintroduction to the web is applied for the
tests which has no standardized design resistalcelation. The new results are the failure
modes and test based design resistances of tl@ofygiructural members.

| worked out a shell finite element model of themgwessed Z-section members and |
carried out numerical simulations on imperfect mModeluding material and geometrical
nonlinearities in the model. The equivalent geoiroatimperfections are defined on the bases
of the eigenmodes of the members. The experiericisite element modeling shows that it
is hard to classify the eigenmodes of a shell dimtement model into the basic instability
modes — local, distortional and global bucklinguedo the presence of interacted modes. |
worked out an algorithm which can classify the ctempigenmodes of a shell finite element
models based on the deformation of the cross-seatiodes along the member. The
eigenmodes of a shell finite element model undenpression can be classified on the basis
of the constrained Finite Strip Method. | carriad a parametric study on C- and Z-section
members with various discretization and boundandd@mns and | proved that the method is
applicable to classify the eigenmodes of FE models.

| carried out an imperfection sensitivity analyigietermine the effect of various buckling
modes as equivalent geometrical imperfection tauthmate load and the failure mode of the
shell finite element model. The experiences ared udlastratively in the modeling of
experimental tests of compressed Z-section mem@ersplex geometrical imperfections are
used in nonlinear simulations which are able ttfelthe behaviour of the experimental tests.
| concluded the necessary imperfections to modelkbhaviour of compressed Z-section
members.

In the next phase, | designed and executed an iexga&rl test program on the joints of a
continuous Z-purlin system. Three various detaisanalysed: (i) end of overlap for bending
moment and shear force interaction, (ii) overlappsut for bending moment and transverse
force interaction and (iii) end support for transeeforce. The overlap design resistance and
the overlap stiffness can be determined by expeariaheéests only according to the proposal
of the Eurocode 3. In my research, | determinedtést based design resistances of the
various details, and based on the results | deteinthe bending moment — shear force
interaction curves for the end of overlap regioncase of overlap support tests, | proved that
the standard design method is applicable for tps ©f structural details. Based on the end
support test results, | proposed modification & ttansverse force design resistance of the
standard.

In the next phase of the research, | designed ampleted an experimental test program
on anti-sag elements of cold-formed thin-walledfregstem. Various sag channels, peak
elements and flying sag systems with tie rods es¢éetl. The behaviour and the test based
design resistances are derived from the tests| faed element model of the sag channel is
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developed and the necessary equivalent geomeimigedrfections for nonlinear simulations
are determined and calibrated to ensure same lmiraviodes and ultimate load of the tests.

Based on my experimental and numerical researalitselsdeveloped the bases and the
algorithm of a complex design method of cold-forméuin-walled roof systems. The
algorithm — called PurlinFED — can build the sHalite element model of a roof system:
complex models with trapezoidal sheeting and supeigary cladding systems; control the
analysis and evaluate the results. Three desigmadstare built in the algorithm that
combines the results of beam and shell models abus analysis levels. The nonlinear
simulation based design method is verified by fgitle experimental tests.

In the frame of the research, | executed altogetBerexperimental tests. | determined the
test based design resistances for all cases arehtbof overlap and end support | proposed
the modification of the design resistance calcatatin all cases shell finite element models
are developed and nonlinear analyses are carriedoouimperfect models, where the
imperfection size and distribution are determinadhe basis of the experimental tests.



1. Introduction

The very close competition between the steel fabwis accelerates the continuous
development of structural systems and design mstirothe field of civil engineering. The
cost of the secondary structural elements and leding system can be significant in the
total price of an industrial type building; it cdoe reach the half of the total cost. So the
development of roof and wall systems can affectartable savings to the steel fabricator. In
my PhD dissertation | summarize my experimental rmterical research work on the fields
of cold-formed thin-walled roof systems, which mspired and supported by the industrial
partners of the Department of Structural EnginggrBME.

The main components of an industrial type buildarg shown in Figure 1 and are as
follows:

() the main frame which are typically produced tapered welded I- or hot rolled

section;

(i) the secondary structural elements, usuallid-dormed thin-walled Z/C-purlins and

wall beams;

(iii) the cladding systems such as trapezoida¢shg or floating panels and

(iv) supplementary elements such as anti-sagdratglying sag systems.

Figure 1 shows a typical roof system: overlappedimsiwith trapezoidal sheeting and
anti-sag bars.

In my dissertation | introduce the structural peshé of:

(i) compressed cold-formed thin-walled membersncentrated on Z- and C-section

members in Chapter 2;

(i) continuous Z-purlins in Chapter 3 and

(i) supplementary elements of the roof syster€hapter 4.

The previous studies on these fields are reviewat sammarized by publications (and
personal contacts with the main researchers okttmgscs) at the beginning of each chapter.
Afterwards, the conclusions of previous studiesdaesvn and my applied research strategy —
which leads to the new scientific results — is présd.

The structural problems are analysed in all cagescperimental tests:

(i) tests on compressed Z-section members inesiagtl double arrangement and with or

without trapezoidal sheeting;

(i) overlap support, end of overlap, and end supgetails and

(i) supplementary elements of roof systems sashvarious types of sag channels, peak

elements and flying sag systems.

The experimental tests are evaluated, the behavimdes and the test based design
resistances are derived and new design methogs@resed.

Shell finite element models are built for all expental tests and various analyses are
carried out. The dissertation deals with the qoastif the classification of buckling modes by
analysis of shell FE eigenmodes. As a summaryefésearch an algorithm and a computer
program is developed, which is able to build, asalgnd evaluate FE models of a whole roof
system (Chapter 5).

Finally the new scientific results are summarize€hapter 6.

In the introduction | emphasize the previous Huragastudies on this field. The first book
was published in 1965 by Csellar, Halasz and RétiThe book summarizes the fabrication
technology, basic stability principals, design noeldy connections and application.
Experimental test are carried out on special Zisestat the Department of Steel Structures
of TU Budapest in 1983, and theoretical investmadiare derived by P. Tomka in [2]. The
research of thin-walled structures is extended by&dci in [3] and [4] where experimental
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tests and design methods are introduced for trageeizeheetings. By the spread of cold-
formed thin-walled fabricators and products in Haryga group of PhD students of L. Dunai
[5] continued the research in this field.

Figure 1. Typical cold-formed thin-walled roof system

- 10 -



2. Z/C cold-formed thin-walled members in compression
2.1 Introduction

2.1.1. Structural problems

The secondary structural elements — Z-purlins +ycaurrface loads from the roof such as
self-weight or snow load and axial forces from fbiéowing effects:
- wind load on the end wall,
- compressed members of the wind bracing system,
- lateral support of the main frame,
- in plane forces of the roof from earthquake effect.
The usual structural arrangements of purlins amdptitesence of axial force leads to the
following questions on the behaviour modes:
- local, distortional and global stability behavimircompressed Z-section,
- interaction of compressed Z-section members ardticlg system,
- local stability behaviour of the overlapped zonedar compression.
The buckling modes of cold-formed thin-walled memnsb@ocal, distortional and global)
are usually demonstrated on C-sections which adelwiused as a compressed member in
light-gauge systems. In my research the focus i&-sactions.

2.1.2. Previous studies

The behaviour modes of compressed cold-formed whaitled members are widely
analysed by both theoretical and experimental studiccording to the prevalent usage of
compressed C-sections, its behaviour is deeplyysedl comparing to the compressed Z-
sections. Hardly any publications can be foundhaliterature on experimental analysis of Z-
sections; [6] is focusing on the local bucklingloé web only.

The buckling modes of cold-formed thin-walled mensbare the local, distortional and
global modes as shown in Figure 2. These modesbeaanalysed by Generalized Beam
Theory (GBT) [7], by Finite Strip Method (FSM) [8F by Finite Element Method (FEM or
FE). Figure 2 illustrates the result of a Finitefsanalysis. The horizontal axis represents the
half-wavelength of the buckling of the member & @omponents while the vertical axis
represents the critical load factors. The localimums of the curves correspond to the local,
distortional and global buckling modes. The distoral mode of Z-sections is described by
GBT in [11], [12] to predict the critical stressh@ GBT can handle only various end support
conditions; while the FSM method is only able t&etanto consideration the rotational
support of the cladding along the member and tldebenindary conditions are pinned-pinned.
The pure buckling modes are rarely occurs in acgiral member, however an interacted
mode decomposition can be determined in constrdtiate Strip Method (cFSM) [13], [14],
[15], [16] and [8].

Both special end support conditions and partidurrotational restraints can be handled
in various analysis levels by the FE method [17je Teigenmodes and eigenvalues of a
member can be calculated by linear instability gsial furthermore the behaviour can be
followed by full nonlinear (material and geometf)analysis on imperfect models. As one of
the main questions in a nonlinear simulation theme several methods in the literature to
define the real geometrical imperfections and tbsidual stresses of various thin-walled
members: C-section in [18], and far-profile in [19]. The measured data are appliedimite
element models, the effect of distortional type @nfections is analysed in [20] for C-sections.
The interaction modes on the behaviour of rackigestare predicted in [21].
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Design method for compres: thin-walled members is included in Europe[60],
American [62]and Australiar[63] standards. The Eurocode suppdiies application of finite
element models for the sistance calculation in case of plated struct[61] but there is no
recommendation for coltbrmed thir-walled members, especially the application
imperfectionds an open questi.

L o i I| © CUFSM results |
. i
EL ]
Z
@ | globa i
f local
"0 - _
T
S L i
o | , |

i distortional )

L oo | |
Length [mm]
Figure 2. Local, distortional and obal buckling modes of Z-sectiamder compressic

2.1.3. Conclusions on previous stuc
On the basis of existing research studies theviatig conclusions can be draw

analytical solution can be found in the literatfioe various buckling modes [
differentsolution method

in nonlinear finite element models the key pointhe adaptation of imperfectio
however there is no consensus exists on the distyib and the magnitude to
used.

In the investigated literature | did not fir

experimental testof compressed-section,

behaviour modes of laterally supporte-sectionmembers for compressic
experimental malysis on the behaviour modes of the overlapped zor#-purlins
under compression,

finite element model, which can follow the behaviomcdes by nonlinear
simulation of compressec-section,

geometrical imperfections are based on measureq datvever it is more evide
to apply the eigenmos of the structures aquivalent geometric imperfection,
where equivalent geometrical imperfen means that all type of imperfections
replaced by geometrical imperfections that effeet $ame behaviour and ultim:
load.

2.1.4. Purpose and research straf

The aim of the current research is to identifyllebaviour modes of compresse-section
by experimental tests:

various buckling modes of sincand double section,
laterally supported section on one flange by tramks sheeting
compression test of the overlapped z

The test program and the test results are presenteldaptei2.2.
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Shell finite element model is developed which catiotv the experienced behaviour
modes. This model requires sensitivity analysisvamnious types of imperfections with
different amplitudes based on the eigenmodes ofsthécture. The eigenmodes usually
consists of interaction of pure buckling modes Whtannot be identified by any methods in
the literature. This fact inspired the researctitenclassification of the eigenmodes by finite
element model.

The first classification method is based on geoicedtdefinition (visual observation) of
the pure buckling modes in Chapter 2.4. After tlassification the effect of the different
modes on the behaviour of the model are checkepabgmetric studies and the results are
illustrated by the experimental tests (Chapter.2[8g results showed the importance of the
buckling mode shape imperfection in case of sheitef elements, so another method is
proposed for buckling mode identification.

The second part of the research is based on corestr&inite Strip Method (cFSM) [13]
developed by S. Adany, where the interacted modes decomposed as the linear
combination of pure modes created in cFSM. A patamstudy is carried out on C-section
to analyse the accuracy of the proposed methochaptér 2.6 and the method is applied on
Z-section members.

2.2 Experimental tests

An experimental research program is completed dd-foomed Z-section compressed
members in the Structural Laboratory of the Deparnthof Structural Engineering of BME.
The main purposes of the research are to investipat different stability phenomena and to
determine the test based design resistances uadercenditions, which are not handled by
standard methods. In the experimental program 2t¢is@ns are studied having different
lengths and supporting conditions. The obtainebilgia phenomena are the interaction of
local, distortional and global buckling modes. Ttesults are evaluated in details; the
behaviour modes are identified and characterisedl tlee design resistances of the specimens
are determined for practical application purpode fest documentation can be found in [23].

2.2.1. Design of specimens

The experimental study aimed to investigate Z-sactiompressed members with special
conditions, which cannot be handled by standarigdgsocedures. These are related to the
non-typical arrangement of the sections, the typdoad introduction, and the structural
solutions of the lateral supports. The general psgpof the research is to analyse the complex
and interaction stability phenomena under such itiond. The more specific purpose is to
find the test based design resistances of thetatalcsolutions for practical applications. The
specimens and the test program are designed om pligsoses.

The specimens are fabricated from Lindab Z 150 20@ profiles. The geometry of the
specimens is as follows: length: 800, 2000 and 366 cross-section height: 150 and 200
mm; thickness: 1.0 and 2.0 mm. Both single- andbbBsprofile-specimens are investigated,
and overlap arrangements are also tested. The wgubids are prepared by web gussets
without warping restraint. The specimens are test¢iiout lateral and with one-sided lateral
supports (trapezoidal sheeting, LTP45/0.5).

The test specimens are designed on the bases wivisigation of the local, distortional
and global stability phenomena. The preliminary King analysis is done by finite strip
method [66] using the above detailed geometrict dad supporting requirements.

The results of the instability analysis (bucklingpaes, critical load factors) of the Z-
sections with different lengths are illustratedFigure 2. The main geometrical data of the
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test specimens — global lengths, plate b/t ratiase-derived from the results of the instability
analysis and supplementary standard checking [60].

2.2.2. Test specimens

The details of the 24 Z-section test specimensanemarized in Table 1. The Z-sections
are fabricated with different width of flanges irder to combine and connect them together.
The double Z-section members are arranged in aarfay” position. No bolts are used to
connect the two Z-section members to each othex Iatkeral supports are applied only on one
flange of the members. The gusset plate type epposts are connected to the webs of the
members by self-drilling screws; the numbers ofsbeews are determined according to the
predicted ultimate load.

Table 1. Test specimens
Specimen # Profile | Thickness Length [mm] | Section Lateral support

Z01 Z200 2.0 single -

Z02 Z150 1.0 single -

Z03 Z200 1.0 single -

Z04 Z200 2.0 double -

Z05 Z150 1.0 double -

Z06 Z200 1.0 800 double -

Z07 Z200 2.0 single| trapezoidal sheeting
Z08 Z150 1.0 single| trapezoidal sheeting
Z09 Z200 1.0 single| trapezoidal sheeting
Z10 Z200 2.0 doublg trapezoidal sheeting
Z11 Z150 1.0 doublg trapezoidal sheeting
Z12 Z200 1.0 doublg trapezoidal sheeting
Z13 Z200 2.0 single -

Z14 Z150 1.0 single -

Z15 Z200 1.0 2000 single -

Z16 Z200 2.0 single| trapezoidal sheeting
Z17 Z150 1.0 single| trapezoidal sheeting
Z18 Z200 1.0 single| trapezoidal sheeting
Z19 Z200 2.0 single -

Z20 Z150 1.0 single -

Z21 Z200 1.0 3600 single -

222 Z200 2.0 single| trapezoidal sheeting
Z23 Z150 1.0 single| trapezoidal sheeting
724 Z200 1.0 single| trapezoidal sheeting

2.2.3. Test arrangement

The specimens are tested in vertical positionloading frame, as it is shown in Figure 3.
The load is introduced at the lower end of the spens by a hydraulic system, through a
vertically driven horizontal plate. The gusset elatipports at the lower end of the members
are connected to this loading plate, as shown gur€i 4. The lateral supports (trapezoidal
sheets) are connected to one side of the testéite@nd to the columns of the loading frame,
as illustrated in Figure 3.

The load, the shortening of the specimen and thiedrdal displacements in the middle of
the specimens are recorded continuously. The meddwarizontal displacements are shown
in Figure 5.
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Figure 3. Test setup: (a) global test arrangement and (bjdbsupports by trapezoidal
sheet on Z-section specimen

Figure 5. Measuring the displacements in the middle of trezspen

2.2.4. Typical behaviour modes

The typical — local, distortional and global — bebar modes of single Z-section
specimens are illustrated in Figure 6. Figure 7wshdhe pertinent load — shortening
relationships. In the behaviour the local plateliing of the Z-section web always appeared
in the elastic range. Other local phenomenon is dheshing of web near to the load
introduction (Figure 6a) in cases of short specsnand when effective lateral supports are
applied in longer specimens.
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Figure 6. Behaviour modes: (aocal web crushing (Z01), (listortional buckling (Z6)
and (c) global buckling (Z13)
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Figure 7 Load — shortening relationships

The most typical experimental behaviour is the adiginal buckling of the laterall
unsupported flange of the-g&ction (Figure 6b and Z16 on Figure The final failure is
generally caused by the developing of a yield mecma in the most bent position. T
interaction of distortional buckling and web crushis experienced when the buckling of
free flange is happedenear to the en (Z01 on Figure 7)The global buckling is observed
the cases of laterally unsupported, longer spe@mBespite the cro-section arrangeme
(Z-sectionwith different sizes of flang)), almost pure torsional (Figure€)and pure flexure
buckling modesire obtained beside the flexi-torsional modes (Z13 dfigure 7).

The measured load and shortening curves show fheatyfeatures of the limpoint type
stability behaviour. The rigidity changirafter the linear part represeni® effect of the loce
plate buckling of the webdn case of double sections ttwo members fail separately a
after the crushing of the first member there astdual load bearing capacity until the failt
of the second memb€Z06 onFigure 7).

2.2.5. Experimental Bhaviou and ultimate loads

The observed behaviour modes and the measuredatdtioads of -section specimens
are collected in Table 2.
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Table 2. Experimental behaviour, ultimate load and desigistances

Test Ultimate Design
code Behaviour mode (failure location) load resistance
[KN] [kN]
201 Crushing of the web (at the lower and upper enear to the 95.32 65.29
screwed connection)
Interaction of distortional buckling and crushinglee web
Z02 (at the lower and upper ends, near to the screwed | 22.56 18.27
connection)
Interaction of distortional buckling and crushingtle web
203 (at the lower and upper ends in the screwed coilmmgct 14.19 11.50
Z04 Distortional buckling (in the middle of the spaen) 190.82 130.71
Z05 Distortional buckling (in the middle of the spwen) 42.39 34.34
Z06 Distortional buckling (near to the lower end) 8.41 39.21
207 Distortional buckling of the free flange (in theddle of the 95.32 65.29
specimen)
208 Distortional buckling of tgﬁcl‘)ree flange (near be tower 22 98 18.62
209 Interaction Qf distortional buckling of the frearfige and 20.82 16.87
crushing of the web (near to the lower end)
210 Distortional buckling of the free flange (in theddle of the 184.80 126.59
specimen)
711 Distortional buckling of the free flange (in theddle of the 45.97 37 23
specimen)
712 Distortional buckling of tgﬁcl‘)ree flange (near be tupper 53.02 4294
Z13 Torsional buckling (in the middle of the speemh 85.26 45.42
Z14 | Flexural-torsional buckling (in the middle bktspecimen) 16.17 10.19
Z15 | Flexural-torsional buckling (in the middle bktspecimen) 20.92 13.18
716 Distortional bucklllng of the free flange (in theder part of 100.49 68.83
the specimen and near to the lower end)
217 Distortional buckling of the freg flange (in thener part of 2016 16.33
the specimen)
Interaction of distortional buckling of the freafige and
Z18 | crushing of the web (at the lower end, near tosttrewed 27.03 21.89
connection)
Z19 Torsional buckling (near to the middle of tipeamen) 68.10 36.28
720 Flexural buckling |n.the plane perpendlcular toweb (in 10.67 6.72
the middle of the specimen)
791 Crushing of the web (at thg upper end in the sadewe 19.36 12.20
connection)
799 Distortional bucklllng of the free flange (in thener part of 9513 65.16
the specimen and near to the lower end)
793 Interaction qf distortional buckling of the frearfige and 19.90 16.12
crushing of the web (near to the lower end)
794 Int. of distortional buckling of the free flangedaarushing 2210 17.90

of the web (at the lower end in the screwed conoect
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It is noted,that the local, elastic plate buckling is experashdn the webs of all th
specimens; this is not mentioned in the table imega, unless it has essential effect in
failure phenomenon. The detailed behaviour modeggithe stability phenomena wh
characterise the performance until the limit posdter the type and place of experien
failure is enclosed for all the specime

The measured uttiate loads are detailed for sle Z-sectionspecimens without and wi
lateral supports in Figure 8.

Figure 8 showshat in the case of lower web b/t ratio (Z 200/25@/1)— due to the global
behaviour -the typical columrbuckling curve points are obtained from the tests. When
b/t ratio is increased (Z 200/1) the local behaviglays important role, keeping the ultim.
load almost independent of the length of member Similar tendencies are experienc
when lateral supports are used on one flange oZ-section memberin those cases the
behaviour is governed by the distortional mode #rel interaction of the distortional a
local modes resulting in the above findin

100 * 100 mZ150/1
* ¢ ¢ . 7200/1
\Z* 80 *7200/2 \Z* 80 .
=60 m7150/1 ||Z 60
= 2200/1 || B
= 40 S 40
2 2
g 20 v = & ||E 20 | 8 -
= = [ |
D 0 T T T 1 D 0 T T T 1
0 1000 2000 3000 4000 C 1000 2000 3000 4000
Length [mm] Length [mm]
Figure 8. Ultimate loads irZ-section specimens: (a) withocand (b) withlateral supports

2.2.6. Material tests

Tensile tests are carried out on specimensout from each different-Bection flanges and
web. There were threifferent sectior, and 6 or 10 specimens are testedording tcFigure
9; altogether 2Gests are don The test results are summarizedTiable { for the Z200/2
profile, in Table 4 for the Z2ZW1 profile and i Table 5 for the Z1&1 profile.

If the measured stressrain curvethave significant plato thgeld stress is marked (R,

in other cases the yield stress is defined asttlkesscorresponds to the % residual strain
and marked ar,,-

Z200/z Z200/1
10 ¢ 40 3¢
Z150/1
| 8 [ 38 c6
7 37
6 36 | 58
5 35 54
4 34 53
3 33 5
= | %) | ]
21 3237 51
Figure 9. Tensile specimens’ location in the cragstion
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Table 3. Material test results of Z200/2 section

Material tes{ The specimen Yield stress Ultimate  Ultimate
specimen | thickness width Ryo: Ren stress strain
[mm] [N/mm’] [N/mm?] [%]
1 2.04 20.5 419.6 - 481.46 10.7
2 2.04 20.2| 421.2 - 484.90 10.5
3 2.04 20.1f 381.7 - 490.30 10.5
4 2.04 20.1f 4204 - 487.06 11.1
5 2.04 20.0 4275 - 490.75 11.2
6 2.04 20.0| 423.7 - 489.75 10.2
7 2.04 20.1f 420.1 - 487.31 11.7
8 2.04 20.1f 426.8 - 490.30 10.5
9 2.04 20.0| 426.7 - 489.25 11.5
10 2.04 19.9) 430.9 - 490.95 11.8
Table 4. Material test results of Z200/1 section
Material tes{ The specimen Yield stress Ultimate  Ultimate
specimen | thickness width Ryo: Ren stress strain
[mm] [N/mm’] [N/mm?] [%]
31 1.03 19.8] 353.5 - 417.68 13.6
32 1.03 20.00 352.3 - 415.00 135
33 1.03 19.8( 357.3 - 418.69 13.2
34 1.03 20.1] 349.9 - 411.44 12.6
35 1.03 20.0f 348.8 - 414.50 12.6
36 1.03 19.9( 349.1 - 417.59 13.8
37 1.03 20.00 352.2 - 416.00 13.8
38 1.03 19.9( 355.0 - 419.10 12.8
39 1.03 20.1] 352.7 - 415.92 13.1
40 1.03 20.00 347.7 - 414.50 12.3
Table 5. Material test results of Z150/1 section
Material tes{ The specimen Yield stress Ultimate  Ultimate
specimen | thickness width Ryo: Ren stress strain
[mm] [N/mm’] [N/mm?] [%]
51 1.05 20.3] 340.8 - 413.79 14.1
52 1.05 20.2f 3375 - 414.85 13.0
53 1.05 20.3] 349.6 - 411.33 13.0
54 1.05 20.4f 346.6 - 409.31 13.1
55 1.05 20.4f 345.6 - 406.86 14.4
56 1.05 20.4] 340.8 - 404.41] 14.1

The yield stress distribution of the various sewiss shown in Figure 10. The measured
values of the yield stress show hardly any hardpmiiect around the edges of the cross
section. It can be explained by the fact that tfecsnens are cut out away from the edges due
to the round corners. The maximum deviation fromakierage yield stress is 5%.
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Figure 10. Yield stress distribution on the sections: (a) Z200b) Z200/1 and (c) Z150/1

2.2.7. Test based design resistances

The results of each test series are evaluated fioedthe standard design resistances
according to the Eurocode 3 [60].

The standard design resistance can be calculaisddne measured values as follows:

The measured test resultk,.

The adjusted value is:

Ragi = Rops | Hr (1)
where
a A
,UR :( f)./rb,ost (totbscorJ (2)
yb cor

f o obs is the measured yield stress,
foo is the nominal yield stressf (, = 355N/mm?),
tobscor is the measured value of the core material ti@skn
teor is the nominal core material thickness,
a=1 if fopons™ Fi s
B=1 if topscor <teor » Other cases can be found in [60].

The characteristic value of the resistance is:
R, =09xnp, x Radj (3)

The observed failure is yielding failure gp = 09 is applied andy, = 0.7 is used for
overall instability failure. The design value idadated as:

= X &
Rd ,7 sys yM (4)

Nys =1  because the test conditions followed the applaation,
Yu =1 the partial factor (according to Eurocode [59]).
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2.2.8. Conclusions on the design resistances

The test based design resistances are shown ie Pafllhe design resistances follow the
tendencies presented in Figure 8 due to the siméduction in the test based design
procedure. The conclusion of this research is @@ behaviour modes of compressed Z-
section members in various structural arrangenershe test based design resistances.

The results of the 800 mm members showed thatatigedt design resistance corresponds
to the smallest web height/thickness ratio (100) #me design resistance decreasing by
almost to 25% by increasing the web height/thicknestio to 150 and 200. The design
resistances of the 150 and 200 web height/thickregss are close to each other due to the 1
mm thickness in both cases. This proves that tiokribss plays major role in the resistance.
The design resistance of the double section isstlsh@mubled. The tests of short elements with
trapezoidal sheeting showed that it has no effacthe resistance due to the local failure
mode. In case of 2000 mm length members where Plallare is occurred the design
resistance is increasing by 50% if trapezoidal shgds applied. Same tendencies can be
observed on the results of the 3600 mm membeisotim cases significant differences can be
observed for the various plate thicknesses forajlédilure modes as well. The results of 1
mm thickness elements are close to each other \lila@esistance of the 2 mm thickness
element is significantly higher.

2.3 Finite element modeling of compressed Z-section mdrars

2.3.1. Introduction

In parallel with the experimental study a numericaddel is developed by Ansys [64]
finite element program using shell elements. Theishaf the research is the experimental
program on compressed Z-section members presenté&hapter 2.2, however a general
method is worked out that is able to classify tigeemodes of a shell finite element model.

It is well known that taking into considerationggometric imperfections in modeling has
primary importance in case of numerical simulati@isthin-walled steel members. One
possible method for modeling of geometrical impetrta is to apply the result of buckling
analysis in the geometric model of the structurhthe typical local, distortional and global
buckling modes. Other suggestions can be found 18], [where measured geometric
imperfections are applied as Fourier series an@®h where eigenmodes by amplitudes of
measured imperfections are applied in numericaletsod

If the member consists of thin plates, such as-taithed steel products or as in many
welded applications, not only global buckling (efigxural or flexural-torsional), but also
local and distortional buckling, as well as varianteracted buckling modes, may play major
role in the ultimate behaviour of the member andrdfore in the design philosophy,
respectively. If local buckling occurs in a struetumember it has post critical reserve while
in case of distortional and global buckling these rio reserve. The analysis of these
instabilities by numerical methods requires thestderation of more degrees of freedom than
in classical analytical solutions.

Due to the advances of computational technology, dmne to its infiltration into the
everyday engineering life, the handling of varibuskling modes can be done in the analysis,
as far as the calculation of buckling modes andatsociated critical forces are concerned.
Several finite element codes are available, mosthefn having various shell or solid
elements that are necessary to perform the buchlvadysis with the required accuracy. The
new facilities, however, bring new problems. An orant one is that while shell finite
element is an excellent tool for the calculatiorbatkling modes/forces, it produces a large
number of buckling modes most of which are appéyenteracted. Thus, it is the user who
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has to manually identify those modes where theacteon seems to be weak, since the “pure”
modes are the ones on which the classical desigmoaghes are based. Therefore, an
automatic buckling mode identification method wobé&lcertainly appreciated.

Two general numerical methods are developed whar recognize and classify the
eigenmodes of thin-walled members. The first methasked on the visual observation of the
shell FE eigenmodes. The proposed method analgsesodal displacements, the number of
half-waves along the member of the buckling shape the maximum deformation. This
method is detailed in Chapter 2.4. The other mettekloped by S. Adany is based on the
approximation of the FE eigenmodes by the basetifurs of the Finite Strip Method. The
participation of the pure modes in the shell FEerigodes are also obtained by the
classification method. The details and the resaft@a parametric study are presented in
Chapter 2.6.

The local, distortional and global buckling modesl d@heir interactions classified by the
automatic recognition method are applied as theriloligion functions of equivalent
geometrical imperfections for the numerical modéln the imperfect model nonlinear
numerical simulations are carried out to analyse shffness, the failure mode and the
ultimate load. By the application of the methodaagmetric study is completed. The results
are used to predict the geometric imperfectiong-eéction compressed members to apply it
in numerical analysis (Chapter 2.5).

2.3.2. Finite element model

For the purpose of automatic generation of imperfeste element models a research
target program is developed. This tool — calledriREED” — can build finite element shell
models for Ansys program, and it can evaluate éselts automatically of various analyses
such as linear, buckling or nonlinear. The progmpresented in Chapter 5.

The developed finite element models are correspgnidi the Z-section test specimens: the
web is divided into 12, the flanges into 4 and lips into 2 elements. The model restraints
follow the structural solution of the actual sugpavnditions applied by gusset plate and self-
drilling screws in the experimental program. Fixubhdary conditions are applied at the centre
of self-drilling screws. For linear and instabilayalysis concentrated forces are applied at the
restrained nodes and kinematic load is used folimear analysis. The mesh and the end
detail of a single Z-section model are shown iruFeéglla. The FE model of purlin restrained
by trapezoidal sheeting is shown in Figure 11b.

Figure 11. FE model: (a) mesh and support model, (b) purlith wapezoidal sheeting

2.3.3. Analysis

In the first step instability analysis is carriedt @n the finite element model to calculate
the eigenmodes of the compressed Z-section membkese eigenmodes and eigenvalues
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can be used in standard based design to calchlatpertinent slenderness ratios, or can be
used for the prediction of geometric imperfectibmsnumerical simulations. In this research
a method is developed to get imperfect model fonenical simulation using the classified
buckling modes. Geometrical and material nonlirmaalyses are carried out on imperfect
models of the Z-section members. An increased sitieiof the measured ultimate loads of
the experimental tests is applied to the FE modelthis load is divided at least 10 equal load
steps. In some cases smaller load steps are ajp@lie@jher numerical accuracy. In each load
step maximum 15 iterations are used to satisfyethelibrium. The equilibrium in one load
step is reached, when the Euclidian norm of thealamzed forces is smaller or equal than
0.1%. If convergence is not reached by the 15titara the solution is continued by a reduced
load step. The minimum load step is defined as L#heofirst load step. If the analysis cannot
find solution by the reduced load step, the catcahastops. This load will be the ultimate
load if the non-convergence is not caused by nuwakinstability of the model. In the
nonlinear analyses the measured material propenteessed which are obtained from tension
tests.

2.4 ldentification of FE buckling modes by automatic recognition method

2.4.1. Introduction

The results of shell FE instability analysis areally contain interacting buckling modes.
The most common evaluation of these modes is theal/iobservation where the decision of
the classification — if it can made at all — highlgpendent on the experience of the engineer.
In the proposed method, an automatic recognitigordhm takes out the visual observation.
The algorithm collects and arranges the nodal digghents in representative cross section
points along the member, and by the analysis ofredl data classifies the eigenmodes into
pure buckling modes.

2.4.2. Buckling modes

The typical pure local, distortional and global kiiey modes of the numerical models are
illustrated in Figure 12 in case of Z-section coegsed members.

@ “”5 ]- f

Figure 12.  Buckling modes of numerical model: (a) local, (stdrtional and (c) global

The first task in the proposed procedure is tongefhe possible pure buckling modes of a
structural element (in this case Z-section commesvembers). The local modes are the
buckling of the lip, the flange or the web, assitillustrated in Figure 13a. The distortional
buckling modes are shown in Figure 13b, where tiekling of a flange or a flange with the
web can be observed. The global buckling modeeisufial-torsional buckling. Due to the
applied geometry of the section, however, the agpeed global behaviour can be defined as
presented in Figure 13c, such as flexural buckéirmqund the axes parallel or orthogonal to
the web of the section or torsional buckling. Iisttesearch these modes are handled as “pure”
global modes.
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Figure 13.  Definition of (a) local, (b) distortional, (c)lgbal buckling mode and (d)
analy®d edges andirections of nodal displacemerkthe cros-section

2.4.3. Buckling shape recognitic

To be able to recognize and classify buckling madgemiically the following method is
developed which is built in the PurlinFED prog), detailed in Chapter 5.

13 edge deformations of the-section — shown in Figure 13d are collected into
databasealong the member in every node and for eveigenmode The number of ha
waves, the maximum and minimum values of the deftion and the c-ordinates of these
extreme values are determin

According to these ordered numerical data andmpnediry anlysis of the eigenmodethe
ratios of the maximunedge deformations can lobtained by the analysis of large humbe
buckling modesThese ratios can be used to classify the eigeamodo the pure bucklin
modes independently of each other so theracted modes also can be recogni:However
there are other modes, whereomplex interacted eigenmodeither by visual check nor |
this proposed method can be classified properlgs&happroximate ratios and classifica
conditions can be defined@ording to local, distortional or global bucklingpdes.

The number of haliwvaves at the 1st, 4th, 7th, 10th ¢13th edges and the ratios of t
maximum deformation to the deformation of the whmlember can describe the conditior
local buckling. Bythe application of these conditions the local bimgkimodes, includin
web crushing or crippling can be exclud

The evaluation and recognition program windows in PUD are shown ilFigure 14
and Figure 15The presented deformations of the edges are markieded arrow.In case of
local buckling the deformation line of the middlé tbe web— 7th edge— can be seen in
Figure 14a.

The four distortional bucklinimodes can be recognized by the analysis of fodereift
edge pairs: 3-5, 6-8, 8-and “11, according to Figure b3 By the differences in tr
deformations of these pairs the distortional bugklmodes can be recognized. h lower
and upper flange distortional buckling can be se¢Figure 14b.

In cae of global buckling the two flexur buckling modes can be identified by 1
analysis of the difference between the deformatiohsdge pairs -8 and -9. Further
conditions are required for the ratio of the maximdeformation of these edge pairs and
maximum deformation of thwhole member. The procedure is almost the samease ol
torsional buckling; only the deformations of 6thdaBth eges have to tve different signs.
Flexuraltorsional buckling can also be recognized if the tleformations are not equithe
deformation values arketween theflexural and the torsional modes). The global buck
modes are illustrated fRigure 1°.
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2.4.4. Imperfection generation

In the current study the first 100 buckling eigenie® of the Z-section compressed
members are calculated and analysed by the proposdidod. In the first step the local,
distortional and global buckling modes are deteadjrthe maximum deformations and the
positions of waves are calculated. In the next 8tepmesh of the numerical model is updated
by one of the selected pure buckling shape as tabaition function of the geometrical
imperfection. A constant multiplier is used to mesithe normalized buckling shape
deformations to get a specific sized imperfectibarthermore on the imperfect numerical
model nonlinear simulation is carried out. Aftee iinalysis of imperfections on the bases of
pure buckling shapes, combined buckling modes e applied as imperfections. In these
cases two or more buckling shapes are selectedickd by various multipliers to result in
multiple geometric imperfections. The results agtaded in Chapter 2.5.

The principals of the method can be extended ttya@ather types of thin-walled sections,
under different loading condition [24], too.

2.5 Parametric studies on various imperfections

The method, detailed in Chapter 2.4 is appliedttierimperfection sensitivity analysis of
Z-section compressed members. The effect of lodatortional and global type of
imperfections are analysed on three various len@®8, 2000 and 3600 mm) of a selected Z-
section from the experimental tests with web hegflf2#00 mm and thickness of 2.0 mm.
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2.5.1. Effect of local imperfectior

Buckling shapes according iFigure 14are applied in each case with the maxin
proposed deformations ¢f8] and [20]. In thes cases the imperfections contains only I
deformations according to local buckling modest aan be seen iTable .

In Table 6the calculated ultimate loads of the virtual expemts are jesented together
with the differences compared to the perfect nuca¢érnodel

The ultimate behaviowf the perfect and the imperfect numerical modetsdescribed b
the force —shortening diagram Figure 16. As it can bseen the local imperfections he
effect on both the initial stiffness of the memiaed on the ultimate load. The imperfect
sensitivity relationshipis almost linear (sefFigure 17 in case of the three lengths, 1
maximumdecreasing is 5% in the case of 2 mm web impede:

140 perfect
120 (0.2 mm
1.188 mm
100 2mm
Z 30 e
T
= 60
[
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0 1 2 3 o4 5 6 7 8 9 10
a) Axial displacement [mm]
140 perfect
120 —.2 mm
1.188 mm
100 2mm
Z 80 —
Ig m
E °0 // T
40
20 - /
0 T T T T T T T T T 1
b) 0 2 . 8. 10 12 14 16 18 20
Axial displacement [nun
Axial displ t [mm]

Figure 16. Force —displacement diagram the (a) 800 mm andhe (b)3600 mm
Z200/2.0 element
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=
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.0
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Figure 17.  Ultimate load [%]- local web imperfection [mmElationshi)

Table 6 Applied local imperfections
Imperfection type Ratio to
| Length local distortional global | Type Ultimate the
Section [mm] and load [KN] perfect
Max. deformation [mn mark model
[%]
- - - perfect] 120.9¢ 100.00
800 2.0C - - &1 114.4( 94.55
1.1¢ - - Q.12 116.4¢ 96.25
0.2(C - - .3 118.5¢ 97.98
- - - perfectf 108.6z | 100.00
2.0C - - .1 104.5( 96.21
2200/2| 2000 1.1¢ - - &2 106.2¢ 97.83
0.2(C - - .3 108.2: 99.68
- - - perfectl 85.3¢ 100.00
2.0C - - 11 81.2¢ 95.21
3600 1.1¢ - - Q.12 82.9] 97.15
0.2(C - - 8.3 84.9¢ 99.53

ey..1=web thickness=2 mm,
€0..2=0.006xweb height=1.188 mm,
ep.3=web thickness/10=0.2 mm

2.5.2. Effect of distortional imperfectiol

Distortional imperfections are applied by the magphe detailed irTable . Note, that in
these cases the distortional buckling shape cantatal imperfectior, too, that explains the
increase of the ultimate loi Table 7 shows that the reductionthe ultimate load is nc
significant, between 1-3%nd together with the local imperfections the inseeaan be 7.
This phenomenon caltke attentioron the importance of distinction of the buckling mor
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Table 7 Applied distortional imperfections
Imperfection typ Type . Ratio to the
Section L[fnnr?];h local* distortional global and Iggldm[i:\le} perfect
Max. deformation [mm] mark model [%]
- - - perfect| 120.9¢ 100.00
800 4.04 2.00 - ®.01 117.3: 96.97
0.40 0.20 - @.02 118.6: 98.04
- - - perfect| 108.6: 100.00
Z200/2| 2000 4.44 2.00 - ®.01 116.0¢ 106.88
0.44 0.20 - Q.02 108.2¢ 99.67
- - - perfect| 85.3¢ 100.00
3600 4.40 2.00 - ®.01 82.8¢ 97.09
0.44 0.20 - ®.02 85.2¢ 99.87

e.p1=web thickness=2 mm,

& p=web thickness/10=0.2 mm

* these imperfections are included in distortional mod

Difference can be found in the ultimatehaviour, as Figure 1dhows. The initial stiffnes
is the same, however, thgeld mechanismappears at different deformation level ¢
different positions, accomdg to the places of maximum imperfection, as illa&d inFigure

18c In case of shorter element this effect is not ichamt

140 perfect
120 o 0.2mm

/\\ —2mm
100 / \\

.'_Z S0 // ——

[F]

(=]

= 60 +—

[

40 -+ -

0 T T T T T T T T T 1
a) O 1 2 4 5 6 7 8 9 10
Axial displacement [mm]
140 perfect
120 0.2mm
—_—2mm

100 C)

% s0 = .

> / \\ failure:

= 60 '

_-‘-"—-E-—__-:a-

2 / yield _
40 / mechanism
20 —‘/

0 T T T T T T T T 1
b) 0 2 8. 10 12 14 16 18 20
Axial displacement [mm]
Figure 18. Force —displacement diagram (a) an 800 mm and (l&) 3600 mm Z200/2.

elementand(c) the places of failure in 3600 matemen
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2.5.3. Effect of global imperfections

Two types of global imperfections are analysed:dse of the 2000 and 3600 mm member
the imperfections are according to Figure 15 flakand torsional buckling mode, as it is
detailed in Table 8. In case of 800 mm column, texsional imperfections are applied by
torsion in two opposite directions, clockwise anoumter-clockwise. In these cases the
imperfect geometry contains both local and disbodl imperfections beyond the global
imperfection, with the maximum deformations dethile Table 8.

There are differences in the obtained ultimate biela in the stiffness of the member, the
ultimate load and the post-buckling behaviour, ta®,it can be seen in Figure 19 (perfect
model is signed by solid line). The ultimate loddrnoperfect member can be higher than the
perfect case, if the applied imperfection doescootespond to the failure mode, see the 2000
mm element in Table 8. In that case the minimunowmheation where the yield mechanism
can be occurred is not in the same place wheremidw@mum deformation of the global
buckling is. This phenomenon results higher rescalf the imperfection corresponds to the

experienced failure in the test program the redadm the ultimate load is around 10%.

Table 8. Applied global imperfections

Lenath Imperfection type Ultimate| Ratio to
Section [mr?n] local* distortional* global Type load |the perfect
Max. deformation [mm] [KN] | model [%]
- - - perfect 120.99 100.00

1.17 0.99 4.00 &i=4 mm tors.| 110.95 91.70

0.39 0.33 133 | ®ez133MM | 41599 9339

800 tors.

1.32 1.11 4.00 | @=4mmtors| 106.96| 88.40

0.44 0.37 1.33 eo.ez=tg-)-r§3 MM | 11416 94.35
- - - perfect 108.62 100.00

15.90 6.28 10.00 eo-Gﬁel)? mM | 107.17| 98.67

€.c~3.33 mm

000/2| 2000 | 530 2.09 3.33 o 106.60| 98.14
2.48 7.08 10.00 eo-Glt:o:g mM | 116.36| 107.13

0.83 2.36 3.33 eo.ez=t§-r§3 MM | 110.05| 101.32
- - - perfect 85.34 100.00

17.65 1.02 18.00 eo-Glijf MM | 86.87 | 101.56

3600 | 5.88 0.34 6.00 | @=6mmflex.| 85.11 | 99.73

355 | 10.42 18.00 eo-Glt:olrS MM | 7949 | 93.15

1.18 3.47 6.00 | @,=6 mmtors| 83.44 | 97.78

e.c1=l / 200,
e0.c=1/600

* these imperfections are included in the globatimo
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Figure 19. Force —displacement diagram (a) an 800 mm and (l&) 3600 mm Z200/2.

element with global imperfections

2.5.4. lllustrative example of the te:

The combination of imperfections is illustratedthe comparison of the measured
calculated nonlineardhaviou of Z13 and Z19 test specimens. In the numericalehtitee
imperfections are applied, as follows: local withmin, distortional with 2 mm and glob
imperfection with 9 mm maximum deformations. Thelagd imperfections arcompared to
the experimentally measured for— displacement diagram iRigure 2(. The observed
laboratory and calculatedrtual test failure modes are the si, as shown iiFigure 21.

Further study is concentrated on the extensiohewirtual tests to the full test progre

Force[ kN]

140
120
100

[}
<

60
40
20

0

Test
—Virtual experiment

L
/

0 10 20 30

40 50 60 70 80 90 100
Axial displacement [mm]

Figure 20.

Force —displacement diagram of 9 tests and virtual experimts
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a)

Figure 21. Failure of the (a) Z13 specimen and (b) the nuraérwdel

2.6 Identification of FE buckling modes of thin-walled elements by using cFSM base
functions

2.6.1. Introduction

A second possible approach to the FE buckling nmdssification is presented in this
chapter. The approach uses a system of modal bastdns of Finite Strip Method (FSM)
that has been recently proposed by S. Adany [13], [

There are differences between the FE method and di§fetization of a structural element.
The FE method discretizes the model in the cross8ese and along the member. The
deformation and other parameters are calculatelbdal base functions of the FE method.
The FSM uses local base function in the cross@eabnly while trigonometric (in this
research sinusoidal) functions along the membeis fype of discretization determines the
limited application of the FSM method; however fhee buckling modes of a pinned-pinned
thin-walled prismatic member can be generated.heumore these pure modes are available
with various half-wavelength.

Mathematically, the proposed base functions areveléby an appropriate transformation
of the regular finite strip base functions, by aaucing a transformation matrix referred to as
a constraint matrix. The definition of the consttamatrix is based on simple mechanical
criteria, which ensures that the resulted modak fasctions will be able to separate the
global, distortional and local buckling modes. they words the proposed functions can be
regarded as possible deformation modes of glolsthrtional or local buckling. These modal
base functions then are used to approximate desplacts calculated by a shell-element
based finite element buckling analysis, which pdegi approximate mode identification.

In this chapter the method is explained on a cosga C-section, and parametric studies
are carried out and the most efficient parametenssé-section discretization and number of
half-wavelength) are applied on Z-section members.

2.6.2. Modal base functions

The modal base functions for all the typical buoglimode classes (global, distortional,
local and other) are presented, which then can &ed uto approximately describe
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displacement functions calculated by a regulatdilement analysis. Determination of the
modal base functions is in accordance with [133],[and can be generated by the following
steps: (i) a displacement field identical to thee arsed in Finite Strip Method (FSM) is
assumed, (ii) the characteristic buckling modesdasare defined by mechanical criteria, (iii)
the mechanical criteria are implemented to sepdh&tgeneral FSM displacement field, and
(iv) the resulting base system is orthogonalized aormalized. The base functions can be
interpreted as vectors for matrix operations.

For the analysed member it is assumed that: (iatfaysed member is a column or a beam,
(i) the member is prismatic, (iii) it is supportbg two hinges at its ends, (iv) it is loaded by a
compressive force (uniformly distributed along tttess-section), (v) its material is linearly
elastic, and (vi) it is free from imperfections qidual stresses, initial deformations, material
inhomogenities, etc.). The applied global and l@mardinate systems and displacements are
illustrated in Figure 22.

longitudinal, Y,V

longitudinal

yv
transverse, X,U

transverse
w

Figure 22. Coordinates, displacements of the FSM base furs{@3l

2.6.3. Definition of buckling modes

In the literature and design standards for thinledhinembers, it is common to distinguish
three characteristic classes of buckling: globedtodtional and local. Though there seems to
be an agreement on the existence of these modses|athere is no widely agreed upon
definitions for these modes. It is also to menttbat there evidently exist modes which
neither can be categorized into any of the aboveetttlasses nor can be regarded as
interaction of these three classes: these modéswiteferred simply as other modes and
include membrane shear and transverse extension.

Given the lack of commonly adopted mode definitite one proposed by S. Adany is
applied here [13], [14]. Note this definition cae kegarded as equivalent to the one which is
implicitly used in Generalized Beam Theory (GBTeéed9], [10]. The separation between
global (G), distortional (D), local (L) and othed) deformation modes can be completed by
the application of three mechanical criteria. Tablshows the criteria that must be satisfied
by the different mode classes [13].

Criterion 1: (a)y,, =0, i.e. there are no in-plane shear strains(by 0, i.e. there is no

transverse extensions, and (c) v is linear in kit flat part.
Criterion 2: (a)v #0, i.e. the warping displacement is not constangya¢ to zero along
the whole cross-section, and (b) the cross-seiontransverse equilibrium.

Criterion 3:k,, =0, i.e. there is no transverse flexure.
Table 9. Mode definition in cFSM [13]

G modes D modes L modes O modes

Criterion 1 Yes Yes Yes No
Criterion 2 Yes Yes No -
Criterion 3 Yes No - -
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2.6.4. FSM assumptions

As it shown in [11] the above mechanical criteria can systematidslgpplied within tr
FSM, as it is implemented in the CUFSM softw[66]. The application requires lengt
mathematical derivations, which finally lead to asé system where the various deforma
classes are separated from each other. Siris separation can also be interpretec
application of appropriate constraints that enfatermations according to the given crite
this version of FSM is also termed the constraiR8, or cFSV

Since the above mechanical criteria are implemein FSM, the basic assumptions
FSM are reflected in the resulted base functiors$dws. The implied assumptions can
summarized as follows: (i) the member is modeled2by surface elements, (ii) -plane
(membrane) and out-gflane (plate bending) dormations are allowed, (iii) for the-plane
behavioura classical 2D stress state membrane is considérgdfor the ou-of-plane
behavioura classical Kirchoff plate is considered, (v) Idndinal displacement distribution
assumed in trigonometrilorm (sine-cosine), (vi) the transverse displacement functiare
approximated by cubic polynomials, (vii) the disf@eent functions are expressed as
product of nodal displacements (collecteinodaldisplacement vectors) and shape funci

[8].

2.6.5. cFSM base functions

The above mechanical criteria for mode definitiommbiguously define s-spaces of the
original FSM displacement field, (also referred@sD, L and O spaces), however, the
spaces are typically multiHaiensional, and therefore various systems of basdifuns (tha
are represented by vectors of nodal displacemeatsired simply as base vectors)
possible. Since our aim here is to linearly comtime base functions to approximate
displacementunctions, it is highly advisable to use an orthajdmase system as much
possible. Given the desired deformations a fullth@gonal system does not exist,
orthogonalization within each ( D, L, O) subspace is possible. Though orthogonaliza
can be performed in multiple ways, here one motivdtye GBT is followed: the eigenvall
problem is solved for each s-space on®y one, and the resulting eigenmc (i.e. buckling
modes) will be used as orthogonal functions. Tisellteng modes are prested in Figure 23
for C-shape crossection and irFigure 24 for Z-shape cross-sectidiuote, (i) the modes ai
in basic accordance with the ones used in GBT anth¢ugh base functions from dirent
subspaces are not fully orthogonal, they are neatlyogonal

1 i 1 1 ﬁ —

[
m
&

G]_ Gz G3 G4 Dl D2

D
S R L

L 1 L 2 L3 L4 L5 L6

Figure 23.  Base functions of -section: fourglobal, two distortional anfirst six local
modes (displaced/deformed cr-sections)
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Figure 24. Base functions of -section: fouglobal, two distortional anfirst six local
modes (displaced/deformed cr-sections)

Any FSM displacement function, thus buckling mottes can be writin in the following
forms:

= Ocg cosan)/ (5)

wherelL is the member lengtim is the number of half-sineraves considered, wh J,,.,
and 9,,,; denotes (symbolicall' the transverse and longitudinal displacement fong

o,

transv longit

= O, sinmlfy and g

respectively,d.s, and ., stand for cros-section transverse and warping displacemt

respectively. It is to be observed that (i) thevabfunctions correspol to pinnec«-pinned and
free to warp boundary conditions, (ii) transversgpldcements have maximum values in
middle of the beam, and (iii) longitudinal displagent has its maximum value at the be
ends.

As it is proved in [16fhe number of cro-section deformed configurations is depenc
on the number of strips or nodes, and for an opdmamnched cro-section it can be given i
follows: G-modesn, . =4, D-modes:n, . =nm-4, L-modes:n _.s =nm+2xns+2, O-
modes:n, . = 2xnm+2xns -2, wherenmis the number of main crc-section nodes (at
the corners) andhs is the number of si-nodes (or intermediate nodes) located between
nodes.

As Eq. (5)suggests the total number of base functions depalsdson the longitudini
shape function, namely: the number of half-sin@vaves considered. Theoreticalm can
arbitrarily be seleted. Practically, the number is limited to a derm_, which provides

reasonable accuracy for the approximation, andiders the wavdengthsm=1..m_,.. This

means that the total number of base functions demsdl for a given mode is
Ny =Ny cs XMy, » Where subscript M stands for G, D, L or O. Coasitg that the
displacement functions that are to be approximatede from a finite element analysis, tf

are strongly dependent on the applied discretinafitiics suggests that the shortest conside
sine halfwavelength should be comparable to the size oaipdied finite element

2.6.6. Normalization

A fundamental feature of eigmodesis that they can be normalized arbitrarily. Varic
normalizations are possibleHere the simplest is used, the displacement vectoe
normalized in a vector sense (taking advantagedisgiacement functions are expresse
the product of displacement vectors and shape ifursjt
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0'o=1 (6)
where ¢ is a base vector. Though this normalization ispetect (e.g. it is dependent on

the applied discretization, the effect of rotatiorss under-represented, etc.) similar
normalization is used in GBT [10] and cFSM [8] widasonable results.

2.6.7. Approximation of FE displacements

Once thep cFSM base functions are known, it is possible gpreximate anyo.. FE

displacement function as a linear combination ef tRSM base functions. The error in this
approximation may be expressed as follows:

Ocrr = Op ~ Z cg (7)

where > c¢ denotes (symbolically) the linear combination. I&wing the logic used in

normalization of the base functions, the minimizatwill be completed on the error vector
(instead of error function), by minimizing the vechorm as follows.

min\/derererr = \/(dFE _(I)C)T (dFE _(I)C) (8)
where ® is the matrix of orthonormal cFSM base vectors and the vector of unknown
combination factors. Expanding Eg. (8), the functio be minimized may be expressed as:

minf(c)=d. d —20"d c+c'® dc (9)
which leads to a linear system of equations todbees for C:
afa(cc) =0 @'0c=0"d, (10)

After calculating the combination factors (elemewit€ ), p, participation of an individual

buckling mode (or base function) can be calculakdreover, taking advantage that within
the base functions the various buckling classes dlobal, distortional or local) are separated,

the p,, participation of a class can be expressed asasllo
P :\ciyg\ci\ ~ Pu :%“\ci\/g\q\ (11)

where ¢ is an element ot vector, while the M denotes that summation shoogd

performed over all elements of a given mode class.

Once the FE displacement function is expressed H8M: base functions, the error of
approximation can conveniently be measured as ¢inen of the error vector relative to the
norm of the displacement vector (i.e., a “normalizeersion of the norm of the error vector)

err= \/derererr /\/dFETdFE (12)

2.6.8. Numerical studies on the proposed method

To illustrate the application and capabilities bk tproposed identification method, a
parametric study is completed on a symmetric lipgleaihnel compressed C-section member.
The member length is 1200 mm, the cross-sectioresmons are as follows: web height is
100 mm, flange width is 60 mm, lip length is 10 mimickness is 2 mm, and the lips are
perpendicular to flanges. (Note, the dimensionsfareghe mid-line, and sharp corners are
employed.) Steel material is assumed with a Youngislulus of 210 000 MPa and Poisson’s
ratio of 0.3. For loading, a uniformly distributedncentric force is applied.

The FE calculations are conducted in Ansys [64haig-node, 24-DOF’s shell elements
in a regular (rectangular) mesh, as shown in Fi@dt@ The longitudinal dimension of the
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finite elements is constant along the member leraytld is defined so that the aspect rati
all the shell elements is close t

In the numerical studies presented herein the iatlg parametersare considered: (i)
crosssection discretization, (ii) minimal wa-length of the base functions, and (iii) differ:
boundary conditions.

1,3,0 2,4,1
1 [t
I t

3,51 4,6,2

o
S

1
.

Figure 25. FE model(a) of compressed C-section memlbad FSN-like boundary
conditior and (b) cross-section discretization

Four different crossection discretizations are used, denoted by thabets of su-nodes
within the flanges, web and lips, respectively. Egample, -4-1 means that there are 2 -
nodes in each of the flanges, 4 in the web, ¢in each of the lips, which totals to nodes
or 15 elements in the crosection. The considered cases a-3-0, 2-44, 2-5-1, and 4-6-2,
as shown in Figure 25bfhe number of cro-section nodes/elements defines the «
sedional degrees of freedom (Drs).

Theoretically, the longitudinal distribution of th&$M base functions can be an arbitr
number of sine halivaves. Practically, the maximum hrwave length to be considered
obviously equal to the member length, while theimal haltwave length (wtch must at
least be small enough to allow local buckling tovelep) is considered as a parame
expressed as the ratio of the minimal -wave length and the length of a finite element
the presented study the following parameters apéep 1x, %, ... 6%. (Note, 1x means tl
smallest cFSM wavéength, hence, the largest number of considered/cbh&e functions.’

Finally, five boundary conditions (BC) are investigd. In the case of ‘FSM’ bounde
conditions, the nodes at the supports are rted from translation, but rotation a
longitudinal warping is left free. (Note, this B&aetly corresponds to FSM with a sini
half-wave along the length; for multiple hwaves FSMike BC would be different.) Th
other boundary conditions include ‘-LP’ which represents globally fixed, locally pinn
end restraints, ‘GEF’ which corresponds to both globally and locdlked condition, while
in case of ‘LW’ and ‘LF’ options only either the Wweor the flanges are globally fixed a
locally pinned (ie., restrained against translations but free tatept Thespecial boundary
conditions are shown ifrigure 2¢, while the FSMlike boundary condition presented
Figure 25.
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GF-LP GF-LF

Figure 26  Boundary conditions

In the analysd cases the first 50 buckling modes arealculated which covers tho
modes where thieuckling load is smaller the3 times the minimal (first) buckling loe

The accuracy of the cFSM approximation is meashyegheans of the erroiefined by Eq.
(12). Then, two more general indicators are determii@dhe average error of the first
cases (n=1..50), and (ii) the number of cases (gntlo@ 50) with an error >5%. These t
indicators have been applie@dompare the various discretizations, boundargitioms, etc

Results for selected modes are present Table 10 the G, D, L and O participations
well as the calculated error are given for 8 FEkbng modes, calculed by using FSI-like
restraints, 3-5-1 crossection discretization and option 3x for the cFSMimal wave-length.
It is to be noted that option 3x means maximum &lf-waves in the cFSM base functic
(along the member length). The corresponding dedd shapes are presente( Figure 27:
both FE solutions and their cFSM approximationsstr@wn. It can be seen there are mc
the approximation of which are excellent, as bb#hdeformed shapes and small errors
(e.g. males #1, #5, #13, #17 and #20). Also, the GDLO gigdtions are in accordance w
the engineering expectations: mode #1 is cleadpal (flexura-torsional), #17 is dominant
distortional, #13 is local, while #5 or #19 are sdxoca-distortional moes. However, there
also exist cases with significant errors markedbth the deformed shapes and error val
From the figures it is clear that both #18 and #2®mixed local and distortional modes,
in neither case the cFSM approximation is nde to reproduce the small local waves. Thi
even more evident in mode #24, which is clearlpal buckling with 24 longitudinal he
waves, therefore the applied maximum 21 longitudiveves in the cFSM base functions
simply not enough to propgrhandle this buckling mod

Figure 28ashows the effect of FE mesh as well as of the mahthSM wav-length. It is
clear that (i) finer crossection discretization significantly enhances theusacy ol
approximations, and(ii) higher modes tend to be approximated with dargerrors
Considering that higher modes typically includekiung modes with smaller wa-lengths, it
can be conlcuded that in some casee error is caused by the natcurateenough FE
displacementdt is obvious, however, that the required minimasi density highly depen
on how many buckling modes are require be identified.
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Figure 28b highlights the importance of the numtiecFSM base functions considered

allowing for smaller wave-length base functiong tlumber of erroneous cases decreases,

especially in the h

results suggest that the m
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Figure 29.  Results of various boundary conditi: (a) errorand (b) mesh densi

Figure 29 shows that (i) mode identification workproperly for various boundary
conditions with the definite exception of LW option wherelpthe web is supported, and (
minimal wavelength of cFSM base functions have significeffect on the accuracy. It mt
be mentioned, however, that increasing the numb&tr8M functions (by decreasing t
minimal wavelength) may lead to “parasite” solutions: a relalyv small error may b
achieved while the identification is clearly urlistic. This phenomenon occurs frequently
the combination of LW and ..

Finally, in Figure 30the proposed approximate identification of the Fiutson is
compared with the cFSM solution itself (as impleteenin CUFSN [8]). Here the model
with FSM{ike boundary conditions,-5-1 discretization, and 3x minimum hwavelength is
employed. A buckling halivavelength is manually assigned to each of the B0ast for
some modes e.g. #1, #19 thisreadily apparent, for other modes, e.g. #5, modgnuent is
required and in some cases, no single-wavelength can be assigned. Buckling stresse:
dominant halfwavelengths predicted by the FE and the FSM matelsiearly identical, se
Figure 3@&. Modal participation plot Figure 3®) highlights some of the additior
information contained in the FE models. In the F@RIdel only one buckling mode can e»
at a given halwvavelength, but FEmodels may have different halMfavelengths superpos
(e.g. mode #18), thus the modal participation sheawee scatter about the traditional cF
predictions.
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Figure 30. Comparison of (a) buckling stress and (b) mode@pation as a function of
half-wavelength [30]

An arbitrary buckling mode of a thin-walled memipeedicted using a shell finite element
model may be quantitatively identified in terms gibbal, distortional, local, or other
deformations (mode classes) through the use oéplpeoximate base vectors defined by the
cFSM. Through a parametric study of a cold-formeeldipped channel compressed member
the resulting modal identification is shown to beadlent, even for modes with different
wavelengths and cross-section deformations (e.gal land distortional) superposed.
Sensitivity to end restraints, finite element (F&B@sh discretization, and the minimum half-
wavelength employed for the cFSM base vectors psoegd. FE mesh discretization must be
fine enough, and the cFSM base vectors must emgplesnall enough half-wavelength, to
adequately resolve the buckling deformations. Heatification works with the least error for
FSM-like (locally simply supported) boundary comatils, but can be applied to different end
restraints, too.

2.6.9. Application of the method on Z-section members

The numerical studies on C-shaped cross sectiamvegrthe applicability of the proposed
method for compressed C-sections. In this chapter method is extended to Z-section
members with the following specialties: unsymmaeirig-section, axial force and bending
moment and rotational spring support along the nenithe examined cases are summarized
in Table 11. Three member lengths are analysed; B000 and 3600 mm according to the
test specimens in Chapter 2.2; the cross-secti@2@®)/2.0: web height is 200 mm, flange
widths are 66 and 74 mm, lip lengths are 22.8 nimntkhess is 2 mm, and the lips are
perpendicular to flanges. (Note, the dimensionsfarghe mid-line, and sharp corners are
employed.) Steel material is assumed with a Youngslulus of 210 000 MPa and Poisson’s
ratio of 0.3. Two types of load are applied: a omiily distributed compression stress at the
end sections as concentric compression force aerlly distributed tension-compression
stress as bending moment.

Two cross-section discretizations are applied 3ad 2-4-1 (flange/webl/lip) according to
Figure 25. In the longitudinal direction variousndities are tested. In the first step nearly
square finite elements are used. The accuracyeofrtbthod can be increased by applying
more elements along the member. The numerical ebegnepntain cases where the number of
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elements is doubled along the member. However, otatipnal efficiency explains the
necessity of less DOF’s which leads to the appboatf longer elements along the member.

Table 11. Numerical example of Z-members

Length| N M . Number | Rotational
Cross-section .
Boundary o of spring
Case . division
[mm] condition . || elements
(flange/webl/lip) long
1 800 Yes| - FSM 3-5-1 52 -
2 800 | Yes| - FSM 3-5-1 26 -
3 800 Yes - LW 3-5-1 26 -
4 800 - | Yes FSM 3-5-1 26 -
5 800 - | Yes FSM 3-5-1 52 -
6 800 - | Yes FSM 3-5-1 78 -
7 2000 | Yes| - FSM 3-5-1 66 -
8 2000 | Yes| - FSM 2-4-1 108 -
9 2000 - | Ye§ FSM 3-5-1 66 -
10 2000 - | Yes FSM 2-4-1 108 -
11 3600 | Yes| - FSM 3-5-1 118 -
12 3600 - | Yes FSM 2-4-1 54 -
13 3600 - | Yes FSM 2-4-1 54 Yes

FSM-like and LW boundary conditions are applieditas shown in Figure 31a, b. To
model the restraining effect of trapezoidal sheptis a usual application of the Z-purlins,
rotational restraints at the web-flange intersectice applied (Figure 31c¢).

In all cases the minimum half-wavelength of theebasictions was two times longer of
the actual finite element length.

Figure 31. Supports: (a) FSM like, (b) constraints on web @r)dotational restraints

Using the above-described finite element models, ¢htical stresses and associated
buckled shapes are calculated. The element numbedsin the models varied from 468-2124.
Usually the first 100 modes are determined andraéaee selected for further analysis. These
modes are shown in Figure 32-Figure 34 for memdrggths 800, 2000 and 3600 mm.
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LAY

Figure 32.  Selected buckling modes of member length 800 mp @B view, bottom:
cross-section deformation): modes 1, 11 of casedge 1 of cases 3 and 6

Figure 33.  Selected buckling modes of member length 2000 rop1 @D view, bottom:
cross-section deformation): modes 1, 26, 28 of 8aaed modes 1, 2, 6 of case 9
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Figure 34. Selected buckling modes of member length 2000 rop1 @D view, bottom:
cross-section deformation): modes 1, 39, 50 of ¢dsend mode 1 cases 12 and 13

By visual inspection of the selected modes oneccoategorize them as follows. In case of
800 mm member length seemingly local and distoaliomode occurs for compression
(Figure 32a, b). If supports are applied only om Web nodes the first buckling mode seems
to be an interaction of local and distortional n®déth high flange deformation at the ends
(Figure 32c). The first buckling mode under bendimgment is distortional (Figure 32d). The
other modes which are not presented here are nlacdy modes.

In case of 2000 mm member length some selected sraréepresented under compression
(Figure 33a, b, c): local, distortional and fledtb@sional global buckling. Under bending
moment the selected modes are seemingly distottidet@ral-torsional and local modes
(Figure 33d, f, e).

Flexural-torsional and torsional global modes arsfodtional modes occurs on 3600 mm
length member under compression (Figure 34a, bJwh cases are analysed for bending
moment. Figure 34d shows the first mode withouatrohal spring and Figure 34e shows the
first mode with rotational spring at the tensionedb-flange intersection. The two modes
seems to be identical, the critical load factor beer is higher for the restrained member.

Performing the mode participation calculation tbatdbution of G, D, L and O modes can
be determined. The results are summarized in Tehle

The error of approximation is small in the selectedes and matches the preliminary
expectations, which means that FSM base functiomslale to approximate the analyzed Z-
section members with axial force, bending momeut ational restraints with reasonable
accuracy. Only those cases cannot be predictedevdeformation occurs at the end sections
due to the lack of restraint of the web or the dlegn As far as participations are concerned, it
IS interesting to notice that even the seeminghg paodes exhibits some coupling.
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Table 12.

Summary of the results

Length Case| Mode| G[%] D[%] L[%] O[%] Error[%]
[mm]

1 1 036 | 6.68| 9186 1.11 0.01

800 1 11 6.08| 79.79 10.65 3.49 0.00

3 1 0.38 | 3.92| 27.88 67.82 36.04

6 1 1.04 | 9343 3.28 2.24 0.01

8 1 055 | 5.38| 92.83 1.23 0.02

8 26 6.08| 7491 14.13 4.88 0.01

2000 8 28 7471 13.31 1.79 10.19 0.01

9 1 1.03 | 90.62 4.04f 4.31 0.01

9 2 84.56| 5.16 1.02] 9.26 0.00

9 6 0.69 | 6.82| 91.28 1.21 0.38

11 1 59.81| 1.22| 0.25 38.73 0.03

11 39 27.35/ 0.65| 037 71.64 0.09

3600 11 50 549 | 75.33 1231 6.8Y 0.03

12 1 90.74| 0.43| 0.09 8.74 0.00

13 1 89.66| 1.55| 0.15 8.63 0.00

Based on the results of C-and Z-section membassgtoved that the FE buckling mode
identification by cFSM base functions works for ggé conditions of thin-walled prismatic
members, such as axial force, bending moment atadiooal restraints along the member

(effect of trapezoidal sheeting).

The method is capable to distinguish the bucklingdes of thin-walled members. As it
shown in the previous chapter it is important ifrgoumodes are applied as equivalent
geometrical imperfections for nonlinear finite elemh modeling. The proposed method helps

to choose between the interacted buckling modes.

Other application of the method is if the desigeistance of a thin-walled member is
calculated by the Direct Strength Method (DSM) [22he basis of the DSM is the pure
buckling modes which can be determined by FinitepS¥lethod or GBT. The proposed
method extends the application of DSM by the amslgt more complex FE models such as
discrete boundary conditions along the member deshan the member that can not be

modeled in FSM [31].

The further direction of the research is a develepihof a user friendly computer program

which helps the application of this method.
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3. Continuous purlins with overlap
3.1 Introduction

3.1.1. Structural problems

From fabrication and design point of view an op#eud solution for continuous purlin
systems is that where the length of the purlinasmuch higher than the bay space of a steel
building and the system is prepared to contain efemwith different thicknesses. In this
structural arrangement the continuity of purlinseisured by overlaps over the supporting
frames.

There are several structural details at the ovdrlaghe common effect of different details
Is that the stiffness of the continuous system istucbed. This means that the structural
arrangement significantly effects the distributiaf internal forces and deflections,
respectively.

Sample overlap zone is shown in Figure 35, whezes#tlious components are presented.

End of overlap !
bolts between

©

Fixation to the !
support element:

Fixation to the
upper flange

<::._ + Upper and lower flange
width is the sarr

Figure 35.  Structural detail of overlap zone

Due to the complex detail of the overlap the desiggistance can be defined only by
experimental tests according to Eurocode 3 [6@reths no design method to calculate the
resistance of the overlap. A series of test is egddr checking (i) the end of overlap due to
the different bending moment and shear force ratigghe middle of the overlap due to the
different bending moment and transverse force saiad (iii) the stiffness of the overlap. The
last member of a continuous purlin at the end weti also be critical for transverse force due
to the lack of double section and continuity.
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3.1.2. Previous studies

Previous papers on the research of different bongkliehaviour modes of single Z-sections
due to bending can be found in the literature. €hesults are used to validate the design
methods and to verify finite element models [32[3]] Nowadays, the published papers are
focusing on the connection zone of continuous psylespecially on the end of the overlap
behaviour. Wide range of tests is carried out oarlapped purlins with different overlap
length and bolt numbers presented in [34], [35]e Experienced failure modes are followed
by finite element analysis in case of end of oyerteehaviour [36] and the deformation
characteristics of the overlap are also determing¢87] for the specified cases.

The design of single section is handled by starsdastdle the design of the overlap region
must be based on experimental tests.

3.1.3. Conclusions on previous studies

On the basis of the existing research studiesath@rfing conclusions can be drawn:

- behaviour and design of single Z-sections are astfiblished,

- the overlap region is tested for specific sectiand connection types: purlins with
different flange widths and bolts at the middletloé overlap (purlin web to the
support element on the top flange of the main fdame

- the effect of various overlap length is tested @me spans.

In the investigated literature | did not find:

- experimental results on overlap joints: (i) punuith same flange widths which
results prestressed and tight connection; (ii)bétween the two purlins in bigger
diameter holes; and (iii) connection without baltshe middle of the overlap,
design recommendation for the bending moment-stoeee interaction at the end
of overlap in case of specific overlap length,
design recommendation for the bending moment-tenssvforce interaction at the
overlap support,
design recommendation for the transverse forcsteesie of the last member of the
continuous system over the last support,
finite element model of the specific structuraladst end of overlap and overlap
support.

3.1.4. Purpose and research strategy

The purpose of the research is to analyse the apvdréhaviour of a continuous purlin
system in specific cases by experimental tests @aldulate the design resistance and
interaction curves in the following cases:

- at the end of the overlap the resistance of bendnognent and shear force
interaction,

- at the middle of the overlap (overlap support) tegistance of bending moment
and transverse force interaction,

- at the end support the resistance of transverse.for

Furthermore the overlap rigidity is also intendedbé determined from the test results.

The experimental test arrangements and the remdtpresented in Chapters 3.2 and 3.3.
After the evaluation of the results new design roéthare proposed in Chapter 3.6.

3.2 Test arrangement and test program

The tests are completed in the laboratory of theabtenent of Structural Engineering,
BME. Altogether 84 experimental tests are completedistron Z-purlins [39], [40]. Figure
36 shows the investigated details of a continuaubmsystem.
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End of overla

/AR

\ End suppol i Overlap suppo

Figure 36.  Continuous purlin system and the studied details

A special loading frame is built for the three-gdending tests of the built-up specimens.
Four M12 8.8 bolts are used to connect the puttirsach other (in @16 mm holes) at the end
of overlap. Four purlins (two overlapped) are usmdeach overlap test. Special element is
used for the support which allows the rotationhef &nd of the Z-sections. A gusset plate (U-
channel diaphragm) is used at the support to ahadveb crippling and the distortion of the
end of the specimens, as shown in Figure 37. Haioss on the upper and lower flange of
the specimen are used as Vierendeel-type bracireyead lateral torsional buckling and
distortion of the Z-sections. The hat sections @enected to the purlins by self-drilling
screws. The load is applied by MTS hydraulic jatknaspan at the middle of the overlapped
zone. I-sections are used as loading members anddld is measured by load cell. Figure 37
and Figure 38 show the load application elementgdch test. The load application elements
for each test are summarized in Table 14. The defle at midspan and the relative
displacement at the end of the overlap are meadfyrewuctive transducers.

The test programs for the three structural detals be found in Table 13 and Table 14.
Two purlin heights, three thicknesses and threens@ae tested, to analyse the effect of
various bending moment/shear force ratios of therlap tests. Altogether 72 tests are carried
out on overlap zone and 12 tests on the end supploet half-overlap length is strictly 324
and 400 mm in case of 203 and 254 mm height putiash test is repeated two times.

Figure 37. Details of the test: load application elements LBA3, LA4 and end support
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Figure 39. Test arrangements of (a) end of overlap, (b) opestgport tests and (c) end
support tests
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Figure 40. Test arrangements: reinforced section at the endedap and end support
tests

Two configurations are used in the overlap testst s shown in Figure 39a and b. The so
called normal configuration (Figure 39a) is usedi¢bermine the end of overlap resistances.
The reinforced configuration (Figure 39b) is used the overlap support test. In this case
reinforcing Z-purlins are applied over the end g&idap to avoid the bending moment and
shear force interaction failure at the end of therlap. The end of the reinforcing element is
bolted to the original section at the end of thesrtap with the overlap bolts; further
connections are solved by self-drilling screws gltime member. The stiffness of the overlap
joint is determined in the case of normal configorafrom the measured deflection and the
relative displacement at the end of overlap, rebpay.
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Table 13.  Test program for end of overlap and overlap supiesit

Test | Purlin Purlin Half- | Half-overlap| Configuration and load
code | height | thickness | span length application elements
[mm] [mm] [mm] [mm] normal reinforced
(end of (overlap
overlap) support)
1 203 1.50 2324 324 LAl LAl
2 203 1.50 1324 324 LAL1 LA1
3 203 1.50 574 324 LA3 LAl
4 203 1.90 2324 324 LAL1 LAL1
5 203 1.90 1324 324 LAl LAl
6 203 1.90 574 324 LA3 LAl
7 203 2.67 2324 324 LAL LAL1
8 203 2.67 1324 324 LAL1 LAL1
9 203 2.67 574 324 LA4 LAl
10 254 1.70 2324 400 LAl LAL1
11 254 1.70 1324 400 LAl LAl
12 254 1.70 574 400 LA4 LA1
13 254 2.00 2324 400 LAl LAL1
14 254 2.00 1324 400 LAl LAL1
15 254 2.00 574 400 LA4 LAl
16 254 2.67 2324 400 LAl LAL1
17 254 2.67 1324 400 LAl LAl
18 254 2.67 574 400 LA4 LA1
Table 14.  Test program for end support tests
Test Purlin Purlin | Span | Load application | Number of tests and
code height [ thickness [mm] distance [mm] load application
[mm] [mm] elements
1 203 1.50 1148 148 2 LA2
2 203 1.90 1148 148 2 LA2
3 203 2.67 1148 148 2 LA2
4 254 1.70 1148 148 2 LA2
5 254 2.00 1148 148 2 LA2
6 254 2.67 1148 148 2 LA2

Figure 39c shows the configuration of end suppestst In this case no overlap is applied,
the resistance is determined on two purlins comukby hat sections on the upper and lower
flanges. The test program for end support teshasva in Table 14. Altogether 12 tests are
completed on the six various sections.

3.3 Test results

3.3.1. Failure modes

In the first step the pure failure modes of a camdus purlin system are defined as detailed
in Table 15. The observed failure modes are mamigracted failures of those pure modes;
these are presented in Table 16. The main restdtgsha ultimate loads and the ultimate
behaviour which are identified by photos and theasneed force-displacement curves in
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Figure 41 - Figure 51. The failure modes are oleskrat the limit point of the force-
displacement curves.

The overlap stiffness results are evaluated in @neh5.4 from the end of overlap tests
where reinforcing elements are not used.

The typical failure is plate buckling (yield mecliwm) at the end of the overlap (Mode 1).
In several cases distortional buckling is expemehio the case of large spans (Mode 2) while
pure web crippling failure is experienced in theeaf the overlap support tests (Mode 3).
Pure shear failure of the bolts at the end of therlap is occurred only for overlap support
tests where reinforcing elements are used (Moddnd)he case of short specimens shear
failures are also occurred in the interaction wiite buckling (Mode 9).

Table 15. Pure failure modes

Mode description
Plate buckling (yield mechanism) at the end ofdherlap
Distortional buckling
Web crippling at load application point
Lip plate buckling
Shear buckling
Shear failure of the bolts at the end of the oyerla
Web crippling at the end support
Failure of the gable Z-section beam

In most cases pure modes did not observed, instaccted modes are evolved which
resulted the ultimate behaviour. After the limitiqgas reached in the descending branch of
the behaviour plastic plate buckling (yield meckam)i in the case of end of overlap tests
(Mode 6 and Mode 8) and web crippling in the casewerlap support tests (Mode 7) are
observed.

Table 16. Definition of observed failure modes

Failure Mode description
mode #
Mode 1 Plate buckling (yield mechanism) at the ehtthe overlap
Mode 2 Distortional buckling
Mode 3 Web crippling at load application point
Mode 4 Shear failure of the bolts at the end ofaherlap
Interaction of plate buckling at the end of thentsye and web crippling at
Mode 5 S :
the load application point
Interaction of plate buckling at the end of the ntsye and distortional
Mode 6 buckling
Mode 7 Interaction of distortional buckling and web criygl at load application
point

Mode 8 | Interaction of plate buckling at the endha&f overlap and lip plate buckling
Mode 9 Interaction of plate buckling at the endh&f overlap and shear buckling
Mode 10 Web crippling at the end support
Interaction of web crippling at the end support &blire of the gable Z-
Mode 11 :
section beam
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In the case of overlap support test the web cmgpiailure at overlap support could not
reached for long specimens even though the reimigrat the end of the overlaln those
cases end of ovexp failures are experienc

The typical failure of end support test is web plipg (Mode 10). For small web heig
and large thickness the failure occurred in thdegZ-sectionbeam by large deformatic
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Figure 42  Distortional buckling (Mode 2)
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Figure 43.  Web crippling at load application poi(Mode 3
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Figure 44.

Figure 45.
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3.3.2. Results of bending moment and shear force intenaeti the end of the overlap

The results of bending moment and shear forcedatien are presented in Table 17 with
the measured ultimate loads and the observed daituwdes. The design values are also
presented in the last two columns, the calculati@thod is presented in Chapter 3.5.

Each test is repeated two times, the average davig 1.76 % and the maximum is
4.18 %, which shows good correlation between theresults.

Table 17. Results of bending moment and shear force intenaeti the end of the overlap

Test Ptest:kN] Failure mode [#] MRd.test.overIa VRd.test.overIa
code 1 2 1 2 [KNm] [kN]
1 17.38| 16.80 1 8 7.25 3.63
2 33.67| 33.57 6 6 7.13 7.13
3 91.37| 94.73 6 1 4.94 19.74
4 23.30| 24.34 2 2 10.61 5.30
5 46.39| 42.67 1 2 9.91 9.91
6 140.57137.71] 9 9 1.74 30.98
7 39.67| 39.34 2 8 16.84 8.42
8 78.22| 77.76 6 6 16.62 16.62
9 249.220 258.36] 9 9 13.52 54.08
10 27.70| 28.13 6 6 11.66 6.06
11 | 50.81( 48.98 6 6 10.01 10.83
12 | 159.49 168.29] 9 9 6.19 35.57
13 39.46| 39.17 1 1 15.10 7.85
14 80.67| 74.50 6 6 14.31 15.49
15 | 22795 231.31] 9 9 7.98 45.84
16 59.78| 62.02 1 1 24.39 12.68
17 | 116.90 103.94| 8 1 21.24 22.98
18 | 371.54371.71] 9 9 13.46 77.34

3.3.3. Results of transverse force at the end support

The results of transverse force are presented lokeTEB with the measured ultimate loads
and the observed failure modes.
In these cases the average deviation is 1.04 %thenghaximum is 1.52 %.

Table 18. Results of transverse force at end support
Test Rest[KN] Failure mode [#] Rd.tes
code 1 2 1 2 [kN]
1 32.21| 32.59 10 10 11.98
2 40.18( 39.46 10 10 15.44
3 81.74| 80.35 11 11 30.09
4 40.87| 40.06 10 10 15.30
5 52.73| 54.36 10 10 18.62
6 78.00| 75.96 10 10 27.91

3.3.4. Results of bending moment and transverse forceaictien at the overlap support

The results of bending moment and transverse fiotegaction are presented in Table 19
with the measured ultimate loads and the obsermiétté modes in the first five columns.
In these cases the average deviation is 1.40 %henghaximum is 3.16 %.
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Table 19. Results of bending moment and transverse forceaictien

Test Prest[KN] Failure mode [#] MRd.test.midspe | RRd.tes

code 1 2 1 2 [KNm] [kN]
1 23.50 | 23.71 5 5 11.64 10.02
2 37.61 | 35.98 7 5 10.34 15.61
3 51.46 | 51.38 3 3 6.26 21.82
4 31.56 | 32.90 1 1 16.68 14.35
5 55.42 | 55.97 7 3 16.42 24.80
6 83.66 | 79.73 3 3 10.44 36.37
7 50.98 | 51.62 1 6 25.40 21.86
8 85.39 | 84.70 6 2 23.99 36.24
9 153.19( 148.32 3 3 18.44 64.25

10 37.90| 37.68 3 3 19.07 16.41
11 56.76 | 54.96 3 7 16.06 24.25
12 70.97 | 72.26 3 3 8.92 31.09
13 52.39| 52.13 7 3 24.24 20.86
14 80.69 | 85.10 3 3 21.91 33.09
15 103.70| 99.62 3 3 11.65 40.59
16 81.10| 86.35 6 4 40.50 34.85
17 127.97| 12458 3 3 34.80 52.56

18 161.66[ 170.2¢ 3 3 19.83 69.08

3.4 Material tests

Tensile tests are carried out on specimens cutaut each purlin type. Altogether 30 tests
are completed (six different sections and 5 speacsnieom each web). The detailed stress —
strain curve, plotted by an MTS 80 hydraulic tegtipment, can be found in [39]. The test
results are summarized in Table 20 for the 203 raight purlins and in Table 21 for the 254

mm height purlins. The definition @® , and R, are detailed in Chapter 2.2.6.

Table 20. Material test results for the 203 mm height purlin

Material Specimen Yield stres§  UltimateUltimate
test | thickness width Rpo: Ren stress strain

specimer [mm] [IN/mm?] | [N/mm?] [%]
811 1.53 2048 - 413 451 37.5
812 1.52 2042 - 417 460 36.5
813 1.52 20.42 - 414 461 36.5
814 1.52 2046 - 413 458 38.0
815 1.51 20.34 - 411 459 35.5
821 1.88 20.18 401 - 514 31.0
822 1.88 20.14 403 - 516 325
823 1.89 20.19 402 - 515 33.0
824 1.88 20.17 394 - 512 325
825 1.89 20.1% 398 - 515 30.5
831 2.67 20.50 - 407 460 35.5
832 2.67 20.56 - 411 462 38.0
833 2.68 20.5% - 412 462 36.5
834 2.68 20.48 - 412 461 37.5
835 2.67 2049 - 414 464 35.0
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Table 21. Material test results for the 254 mm height purlin

Material Specimen Yield stres§  UltimateUltimate
test | thickness width Rpo: Ren stress strain

specimer] [mm] [IN/mm?] | [N/mm?] [%]
1011 1.71 20.24 - 401 448 37.0
1012 1.71 20.21 - 400 451 38.0
1013 1.70 20.24 - 405 455 38.0
1014 1.70 20.26 - 404 453 36.0
1015 1.71 20.19 - 404 451 36.5
1021 2.00 20.21 435 - 533 35.0
1022 2.00 20.20 446 - 536 34.0
1023 2.01 20.18 443 - 533 32.0
1024 2.00 20.1p 431 - 534 30.5
1025 1.99 20.19 443 - 538 31.5
1031 2.64 20.54 - 429 542 31.0
1032 2.63 20.5¢4 - 425 542 30.0
1033 2.64 20.58 - 424 540 315
1034 2.64 20.57 - 427 543 31.0
1035 2.65 20.54 - 427 535 34.5

3.5 Evaluation of test results

3.5.1. Evaluation method
The test results of each test series are evaluatddfine the standard design resistances
according to the Eurocode 3 [60]. The adjustedesRy; of the test results are calculated
according to Eq. (1) and (2), where the nomindlidystress isf,, = 390N/mm?.
The mean, the characteristic and the design valesalculated as:
Rm_RadjlzRadJZ Rk:”karn ande =/73ysx5k (13)
M
The observed failure is yielding failure gp = 09, or it can be between, = 08...09 if
the observed failure is local stability, dependorg effects on the global behaviour. In this
caser], = 09 is used because the observed local buckling dihedests was in the elastic

range which was followed by postcritical behaviamd the final collapse was due to the
developed yield mechanism (means that the locaklimgcin the elastic range did not cause
sudden global failure). The design value is catedadyr, =1 because the test conditions

followed the applied solution, ang, =1 partial factor is applied (according to [59]).
The bending moment and shear force resistanceeo$ection is calculated as

Mg, =MV Ry 4 Lo andV, = Z" (14)

wherel,,, isthe M/V ratio at the end of the overlap.

3.5.2. Design resistances of end of overlap and overlppat tests

On the basis of the calculated test based resestahe design values of the interaction of
bending moment and shear force at the end of teelagw are shown in Figure 52a. The
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interactions of bending moment and transverse fatcéhe overlap support are shown
Figure 52b.

The tendencies of thend ofoverlap resistances of various sections and thgdescan be
seen clearlyln case of longer span, shear is relatively sntialis, it is reasonable to assu
that the measured bending resistances can be eoedids pure bending resistances. In ¢
cases the erosive effect of shear (on the bendisptamce) can be seen. Since eve
relatively small bending has n-negligible effect on the shear resistance, the mineal
resistance cannot be accurately predicted from pdsdormed tests. In case support
resistance tests failure was intended to occureastipport, involving two overlapping cr-
sections. The major actions: bending and (concetyaransverse force. In certain ca:
especially tests with longer spans, failure ocalaketheend of overlap regic, thus, in these
cases the measured bending/reacforcevalues do not represent real failure val
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(a) 0 20 40 60 80 100 (b) 0 20 40 60 80 100
Shearresistance [KN] Cripplingresistance [KN]

Figure 52. Interaction curves(a) end of overlap resistand®) Everlap support resistar

3.5.3. Design resistances of end support-

Thetest based design results of web cripg are shown in Figure 53 he design values
show the same tendencidke crippling resistance nearlylinearly depening on the plate
thickness and it is not dependent on the puieight.
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Figure 53  Design resistances of end support test
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3.5.4. Overlap stiffness

The overlap stiffness is determined lwo ways: (i) the evaluation of relati
displacements at the end of the overlap ancthe comparison of calculated and measi
deflections. A bearmodel of the test setup is built, where the segonchent of inertia othe

specimensis used for the whole length and the overlap st881is describeby a k;
rotational springas shown irFigure 54b. The rotational sprirflq is calibrated to reach tt
same deflection -at the level of serviceability limit sta(Mg s = 0.7My,,) — as observed

during the testsThe results are summarizedTable 22 and shown iRigure 5 for the two
section heightsThere are two cases where deviation of the resultBom the tendencies
significant which represents the uncertain behaviour of tlezlap.

The overlap stiffness cabe also defined as the inertia factor of the sirggetion a
published in [36]. Thex, inertia factor is the modification factor of thecead moment o
inertia of the single section in the overlappecion (Figure 54c) This inertia factor is als
determined at the level of serviceability limittetaThe inertia factor is determined only
the longest specimens according to the span/settimnof the referred pape

L FSLS

~
-
~ -~

— - —-—

Figure 54.  Stiffness definition of the overla(a) measured deflection at serviceabi
limit state(b) rotational spring (c) inertia factor
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Figure 55.  Overlap stiffness(a) 203 mm andh) 254 mm height purl
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Table 22. Results of initial overlap rigidities

Test | Purlin height| Purlin thicknegs Half-span Overlap stiffness
code [mm] [mm] [mm] k, [kNm/rad] | a,

1 203 1.50 2324 5250 0.68
2 203 1.50 1324 1640 -
3 203 1.50 574 650 -

4 203 1.90 2324 2625 0.45
5 203 1.90 1324 2275 -
6 203 1.90 574 1288 -

7 203 2.67 2324 3245 0.40
8 203 2.67 1324 2325 -
9 203 2.67 574 1070 -
10 254 1.70 2324 4300 0.46
11 254 1.70 1324 2175 -
12 254 1.70 574 1050 -
13 254 2.00 2324 3400 0.43
14 254 2.00 1324 1750 -
15 254 2.00 574 1220 -
16 254 2.67 2324 4925 0.39
17 254 2.67 1324 2675 -
18 254 2.67 574 3000 -

The calculated inertia factors are compared toréiselts of [36]. The paper contains test
results for different overlap length/section heigatios and structural details (number and
position of bolts). The section height and the sg#di@er from the current tests and the fact
that there “perfect-fit” bolts are used. The simitasts, however, can be compared to the
results of the paper. The presented research ihff@éhd that in case of small overlap
length/section height ratio the inertia factorasd than 1.

In [36] a prediction formula is proposed for theritia factor; applying it for the Z254/2.67
test by 8 = 3.1 (overlap length/section height ratio); the resuls follows:

a = 023x B - 018 = 0.533 (15)

In the current study it is found that the calculiaieertia factor is ~0.45 that shows good
agreement, concerning the differences in the bolts.

3.6 Design method development

3.6.1. Calculated resistances for Z-sections

The Eurocode 3 [60] contains the resistances foiowa failure modes of Z-sections
except for the overlapped zone, where the desigistamce can be determined only by tests.
In Table 23 the pure bending resistancés.() and the pure shear resistanc¥s,] are

summarized of a single Z-section for the studiesesaThese values are used to compare to
the end of overlap test based resistances. Thargenbment-shear force interaction curves
are calculated according to the Eurocode and sho@hapter 3.6.2.

The doubled section resistances at the middle efotrerlap for bendingNl r4,) and for
web crippling (Ryy,) are also shown in Table 23. These values are tesedmpare to the
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overlap support test results. The bending momamnistrerse force interaction curves are
calculated according to the Eurocode and showrhapr 3.6.3.

The web crippling design resistanc®.() at the end support is compared to the end
support test results and detailed in Chapter 3.6.4.

Table 23. Eurocode design resistances

Purlin | Purlin Single section Double section  End support

height | thickness| Mgq VRd MRd2 Rra2 Rrd

[mm] [mm] [KNm] [KN] [KNm] [KN] [KN]

203 1.50 8.64 29.23 17.28 28.8P 3.30
203 1.90 12.60 46.24 25.20 43.91 6.07
203 2.67 20.20 90.69 40.40 81.5%4 13.53
254 1.70 14.80 36.53 29.60 33.77 4.05
254 2.00 19.40 50.62 38.80 45.78 6.27
254 2.67 30.40 90.45 60.80 79.15 12.80

3.6.2. End of overlap resistance

Figure 56 shows the test based design resultsliftes) and the Eurocode interaction
curves (continuous lines) for the two section hegiBased on the obtained results the
following conclusions can be drawn.

The end of overlap failure always occurs in onglsiisection.

As far as bending resistance is considered, theuledéd Eurocode values are
tendentiously larger by 20-25% than the measuraeesaThis difference can be explained by
the following facts. In case of Z-sections with atelely small end-stiffeners (lips),
distortional buckling has pronounced role. Earest experiences showed that in such cases
the Eurocode calculation gives approximately 10ghér resistances than the real resistance
as an average (the Eurocode is unsafe), but tfexethice can reach even 20% [38].

In the evaluation of the test results, the Euroc®d60] procedure is followed. Since the
number of repetitions is only 2, the average testilts are multiplied by a factor of 0.9. It is
reasonable to assume that this 10% reduction is-aweservative, and a more accurate
statistical evaluation would lead to a higher tedtes.

In the carried-out tests holes (in the web andg#grexisted just in the region where failure
took place. Though there is no evidence on thecetiethe holes, it is reasonable to assume
that a moderate bending resistance degradatiameisadthe existence of holes.

Finally, it seems that the overlap has an unfavaaraffect on the bending resistance if
failure occurs at the end of the overlaps. The remalb performed tests is too few to give an
exact quantitative assessment on this effect, tbosg#ems it is not more than 5-10% (on the
bending resistance).

Based on the test results and the Eurocode metbgyal design method is developed for
these types of sections and overlap arrangement.(E) shows the bending moment
resistance in the function of shear force. Theand 8 parameters are chosen to fit the

interaction curves to the test based design resista The parameters are shown in Table 24
and the modified interaction curves in Figure 57.

My ra = XMpgq if Vg <Bx05xV,

o M Veo V. (16)
M V.Rd — @ xM Rd[]'-[l- Mf: j(z IB Xlindj } if VEd > ﬂx O.SXVRd
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where M

f,pl

is the plastic moment resistance of the flan M, is the plastic momer

resistance of the cross section iV, is the applied shear force, and S is defined in

Table 24.
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Figure 56. End of overlap resistanc(a) 203 mm andd) 254 mm height purl
Table 24. Design parameters
Purlin | Purlin | Design parameters
height| thickness| «a B
[mm] [mm]
203 1.50 0.825 0.775
20< 1.90 0.787 0.815
20< 2.67 0.823 0.755
254 1.70 0.676 1.000
254 2.00 0.738 0.952
254 2.67 0.699 0.920
40 40
®203x1.5 °254 x1.7
35 +«203x19 35 <254 x2.0
4203 x2.67 2254 x2.67
) 30 ) 30
é 25 é 25 &
% 20 % 20 -
2 15 - g 15
B L N I E A
£ N £ N
0 IW T T T 0 T 1 T T T
(a) ° % She:lt') resis?s?nce [lgl%] 100 (b) ° % She:lt') resis?s?nce [lgl%] 100
Figure 57. Modified design curves: (a) 203 mm ari) 254 mm height purl
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3.6.3. Overlap support resianc

Figure 58shows the test bad design resistancédot lines) and the Eurocode interact
curves (continuous lines) for the two section hegiBased n the obtained results tl
following conclusionsan be draw.

According to Eurocodealculation,bending and transverse forogeraction is weak (il
fact: negligible) if thebending moment or the transverse fois smaller thai25% of the
resistance value. Since this design rule is base@éxperimental evidence, arsince the
measured bending momeahd transverse force values in the carrmd-tests are sure
greater that 25% of the resistances, it is readertabconclude that all the measured val
are interacted values, i.e. pure resistance valieebendingor to reactio force) are not
measured.

In certain cases, especially tests with longer sptailure occurred at the end of over
region, too (despite of the reinforcement in tlegion). These values are marked by the u
arrows in Figure 58Thus, in these cases the measured bending/redorce values do not
represent reaverlap supporfailure values (the support resistancaigher.

Considering the above facit can be concludedhat the measurebending moment-
transverse forcealues lay on the urocodeinteraction curve in most of the cases. This m
that the applied Eurocodealculationis applicable. The Eurocodesistance values (bc
bending and reaction forcesan bi calculated by a simple summatiohtbe correspondin
resistancesf the two overlapping sectic.
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55 s ?O%‘Y?hﬁ-"‘ H 55 cotd--- 254 x2.67
< o S I N Test
50 T/ Test i 50 .

545 Furocode Ll 545 ? Eurocode
40 40

g 3s g 3s > o

Z T Z I )

2 25 A 2 25 A :

S — S =

E‘_. 20 l \ —= \ E‘_. 20 @\\Q \ =

515 1. 815 :

20 L= £ 10 AN

Q. DN @, %
O T T T | T T O T T T T

0 20 40 60 80 100 0 20 40 60 80 100
(a) Crippling resistance [KN] (b) Crippling resistance [KN]
Figure 58.  Overlap support resistanc(a) 203 mm andh) 254 mm height purl

3.6.4. End support resistance

Figure 59shows the test bad design results (dot linesind the Eurocodresistances
(continuous lines) for the two section heig The Eurocode resistances calculated witt
mm support width (upper flange of the gab-section) and two forces

According to the resultst can beconcluded that the test results 2r&-3.8 times higher
than the Eurocode valueshd Eurocodiresistances are too conservatile to the fact that
is calibrated to stiff bearing, while here flexilgable z-sections are applied support.

The Eurocode design methodology cal modified as it is shown in E(17) to reach
closer values to the test based design resistaBgdle given modification the results rem
on the safe side for the studied arrangementshéuresearch is needed to dev. more
general formulations.
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h, /t S
W4 }{u o.omjtzfyb/ Yin (17)

R,y = O X klkzk{ 666

wherethe proposed modification facta = 22; k, k,, k, are constants of the Eurocc

that are depend on the yield st, the thickness, the fillet radius and the anglevben the
flange and webs, is the length of the bearinh,, is the web height andis the thickness of

the purlin.
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Figure 59. End support resisnce: (a) 203 mm andb) 254 mm height purl
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3.7 Numerical modelsof continuous purlins

3.7.1. Introduction

As it is mentionedn the previous studiein Chapter 3.1.2he finite element modeling «
overlap zone can be found [36]. That model concentrates the bending mome-shear
force interaction and overlap stiffne only. In my research various model levels of
overlap zone are worked oiatr the specific— experimentally tested structural arrangemes.

In case of complex strucal problems and behaviour modé® FE modeling leads -
numerical problems as welh those cases it is practical to tend the modeéld@mentfrom
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the simplest model to the complex model [41]. Tha be carried out by multi-level
approaching of the problem.

The multi-level models contains local models sushsmgle section (Figure 61a) and
double section (Figure 61b) and global model (Fagitc), respectively.

The local models are used to analyse the effestrattural and numerical approaching of
the problem on the behaviour modes. It is easibutlal these models, the run time is less and
the analysis is more stable. The local models aexl uo describe the failure modes and
resistances for the following internal forces:

- pure bending moment (single section),

- pure shear force (single section),

- bending moment and shear force interaction (sisgietion and end of overlap
model),

- bending moment and transverse force interactiomgisiand double section).

The results of the local models can be used taméte the bending moment — shear force
interaction curves of various sections and the imghchoment — transverse force interaction
curves.

Parametric studies are carried out to analyse ffieeteof the following parameters to the
behaviour modes and resistances:

- holes in the web and in the flanges,

- round or sharp edge of the section,

- contact model in case of double section,
- equivalent geometrical imperfection.

Based on the experiences, the local models canibed) to a global model which can be

used to determine the:
- overlap stiffness,
- end of overlap behaviour and resistance,
- overlap support behaviour and resistance,
- end support behaviour and resistance.

The developed numerical model of the overlaps apparts is to be implemented to the
program PurlinFED, presented in Chapter 5.

3.7.2. Shell finite element models

The various FE models of the overlapped joint &eetbped in Ansys FE program [64].

The Z-section geometry corresponds to the sectapmied in the experimental tests.
Those sections are produced with same lower andrdlgmge widths, which mean that in the
overlap zone the two sections are tightened togethehe FE model this phenomenon is
eliminated, the cross-sections’ mid-planes are riead@ the distance of the plate thickness.

In the parametric studies the cross-section is teddeith sharp and round edges, and the
bolt holes in the web and in the flanges are mablatewell. The sharp edges can be seen in
Figure 61a on the single section and the roundetsrosan be seen in Figure 61b on the
double section model. An example of the bolt halas be seen in Figure 61a, which pattern
is similar to the holes at the end of the overtathe experimental tests.

The SHELL181 shell finite element model of Ansyspplied which is able to follow the
material and geometrical nonlinearities duringuatttests. The web, the flanges and the lips
are divided into 26, 8 and 4 elements. This smiailnent size is necessary to model the
evolving yield mechanism around the edges. Thd tatenber of nodes is dependent on the
member length; it varies from 5000-35 000.

The ends of the local models are stiffened withst@mnt equations as it is shown in Figure
6la. The loads and the boundary conditions ardexpph the centre of the rigid end cross-
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sectionin case of bending mome— shear force interaction analys&nematic loas are
used on the center nodé&s generate the pure bending moment, pure shear Bordethe

interaction of themln case of bending mome- transverse force interacticanalyses the
bending moment is applied on the center node oétitecros-sections and the concened

load is applied on the top flange by element pnesBYy this method thénteraction curves ¢

the investigated experimental test can be produAdditionally, horizontal supports a

applied on upper and lower flange to simulate thgpserting effec of the other -purlin.

The connection zone can be built up in two wayscdmpression only beam eleme
between the purlins and (ii) contact paThe contact pairs cannot be used in the instal
analysis Instability analyses are used to define shape of theequivalent geometric:
imperfection.The bolts between the two purlins at the end ofaherlap are modeled th
constrained equations, where nodisplacements in the three directions are conne
together.

Figure 61. Local models(a) single sectiowith holes in the web and in the top fla, (b)
double sectionvith link elements between the ple and (c) global mod

3.7.3. Local models —malysis ancresults

In the first step linear test analyses are caroed on the local models where t
deformations and the internal forces are checkederAfiat instability analysis is carried ¢
on each single section modby various combinations of the internal forces. Thest
buckling modes are shown Figure 62a for bending moment andkigure 6:b for shear
force.These modes are applied as equivalent geometmgedrfection for virtual tesi

The material and geometrical nonlinear FE simutaisocalled virtual test if the followin
conditions are satisfied:

- the real nonlinear material properties are used;ase of linear elasti— perfect
plastic material model the yield stress correspdondfie measured yield stress
coupon test;

- the model contains the real imperfections of thucture: ifthe real imperfection
are not measureit is possible to apply assumeagkometrical imperfectiorto
considerresidual stresses and geometrical imperfection,revlibe shape and
amplitude is chosen to cause the same behaviouultinthte loa, as experienced
in the tests.

Virtual test based grametric studieiare carried out on the local models of the sii
section to test the effect of bolt holes at theitpos of the failur¢ and the imperfectior
amplitude orthe behaviour mode and resiste.
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The experienced failure mode for bending mom— shear force interactioiis yield
mechanism othe compressed w-flange edge, as it is shown kigure 4.. The same failure
mode of the numerical model is experienced, can be seen iRigure 6:c and d, sections
without and with holes.

(@) ' (b) I

Figure 62.  First buckling modes for (a) pure bending momert @) pure shear for and
plastic plate buckling yield mechanism on single section (c) withand (d) with hol; and
(e) web crippling failure

The imperfection sensitivity is checked on bothetyf single sections. Three virtual te
are carried out: without imperfection, with geonwal imperfection of the first and tt
second buckling mode.he amplitude of the imperfection corresponds tottinekness of th
element. The bending mome- displacement curves are shown for sectwith and without
hole in Figure 63The perfect and the imperfect curves show sicant differencs. The
perfect curve reaches the ultimate l@after a partially linear phasand suddenly the load
bearing capacity starts to decrei(similarly to a bifurcation curve)The imperfect curve
show continuously increasing load bearing cety after the first yield appears in the ci-
section and the limit point occur at higher defotioralevel. There is increase in the ultim
load compared to the perfect model: the applicatbmhe first buckling mode shows 2
increase while the seconiduckling mode shows 5% incree The similar behaviot
experienced in case of sections with |, as it is shown in Figure 63he decrease in tf
ultimate load is 3% due to the presence of h

10
- 9
.Zi 8 - ——————
— ——— —
Z 6
E 5 perfect - without hole
5 4 perfect - with hole
-E_‘ 3 1. mode imperfect - without hole
g 2 1. mode imperfect - with hole
1 —72 . mode imperfect - without hole
0 . . . . .
0 10 20 30 40 50
Deformation [1mm]

Figure 63. Imperfection sensitivity ¢single section witland withouthole

Parametric studies are carried out on the bendinghemb— transverse force interactit
problem.It can be concluded on the existing results thdt ergpling is more sensitive to tl
geometrical imperfections. The perfection amplitude corresponds the thickness ce
cause 30% decrease in the ultimate ldn this case the double section local model is use
the two types of contact algorithms between the sections The failure mode of numeric
model can be seen Figure 6: which is similar to the failure moax the experimental tes
as it is shown in Figure 43.
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3.8 Virtual test based interaction curve:

3.8.1. Bending moment anshea force interaction

The bending moment shear force interaction curves of the tested caseproduced ba
series of virtual tests on the single section lonablel The points on the interaction curv
from the tests and from the numerical analysesesfegt model are shown Figure 64a for
the Z203 cross-sectionAs it is shown previously the imperfect results arthin 3-5% of the
perfect resultsThe numerical results are close to the experimaetallts, the tendencies
the two interactiorturves are similar for all examined cr-section. Theesults sho that the
difference between the two restis around 10%.
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Figure 64. Interaction curves from test and numerical res@@stendin¢c moment and
shear force interactiomnd (b) bending momeand transverse force interact

3.8.2. Bending moment and transverse force intera

Virtual tests are carried out on the double sectiwdel in perfect case and the benc
moment —transverse force interaction curve is determindae Tesult, together with the
experimental resultgre shown i Figure 64b. In these caggerfect modelthe tendencies of
the curves are irgood correlation with the experimentresults; however theultimate
resistances are about 30% higher tlthe experimental results. As is it showed in
parametric studies the thickness size imperfeateuse about 30% decrease in the ultir
load which are close to the experimental results,the imperfect analyses are not exter
to the full test program yet.

3.8.3. Summaryand conclusio

In this chapterhte development of the numerical modeling of cortirsupurlin system ar
the first results are presented helt can be concluded that the local models are ateuo
model the interaction phenomena exenced in the tests. Similaendencies in the
interaction curves can be observedthe case of bending momenshear force interactic
the ultimate resistances are within 1(The model shows the capability to use it to exti
experimental resultsybvirtual tests Further studies are needédweverto analyze the
behaviour of the overlap support zone where dosklgions are appli and extend the
numerical program to the full test progt. The global model is necessary to determine
overlap stifness and to analyse the end support behaviouesadd resistance by shell fin
element models.
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4. Anti-sag system elements
4.1 Introduction

4.1.1. Structural problems

In cold-formed thin-walled roof systems additiobahcings are applied in the roof plane —
called anti-sag system — to evolve the followinigets:
(1) ensure lateral support for the lower flange ofghdins in midbays,
(i) derive the roof in plane forces to the main framoenf the in-plane components of
the loads, from the stressed skin forces and frartnquake excitation.
The components of the anti-sag system are showigure 65 and Figure 66:
(1) cold-formed U-section sag channels with large apgin the web,
(i) adjustable sag channel for irregular purlin spaging
(i)  peak elements between the two roof planes and
(iv)  flying sag system built from tie rod elements tansfer the forces to the main
frames.
The design of these special elements due to theadeructural arrangements and joints is
not covered by standards.

_________________ . -7 Flying-sag system

Figure 65. Arrangement of the various components of an amfisyatem

4.1.2. Previous studies and conclusions

In the investigated literature | did not find:
- experimental studies on this special type of supplgary elements of thin-walled
cold-formed roof system,
- the behaviour modes and the design resistancég efrious components,
- finite element model which can follow the behaviauodes of the presented
system.

- 68 -



Flying sag i

_______________

J Sag channel
’ : HSG !
HSG+holes

Figure 66  Details of the anti-sag system

4.1.3. Purpose and researclrategy

The purposesf the research is to determithe behaviour modeand design resistancof
the previously presentedupplementary elements hin-walled roof system (an-sag
systems) by experimenttdsts and develop a shell finite element mod the main part of
the system (sag channel) for further stu.

4.2 Test program

The research i®cused on the following details and internal fa:

- sag channels with various length (1350 and 1550 rand) web (with or withou
web openings) focompressiotand tension,

- adjustable piece of the sag nnels forcompression and tensi,

- peak channel tests 1 compression and tension,

- flying sag system in two arrangemenCase 1 — diagonals two directions,
symmetrical Figure 7(), Case 2 —diagonal in one directi, unsymmetrical
arrangementHigure 7(). The flying sag system is tested for ten: only.

The tests are completed with the aim to find theeexmental behaviour modes ane test
resistances; and from these results to deriveetstebasedesignresistances by the Euroco
3 standardized methodology.

The tests are completed in the Structural Laboyatdrthe Departme of Structural
Engineering, BME. The test setujcorresponds to the standardizgdictural arrangement
Astron company.ln the test progra 17 specimens for sag chafge6 specimens for
adjustable piece tests, 12 specimens for peak els are tested. The flying sag tests
carried out in two stepshe first series contained 16 specimersd the second series w
improved structural details contained 21 specir. The observed behaviour modes
described qualitatively and the main desiparametersare determined quantitative
Altogether 72 tests arcarried ou

The mechanical properties of the specimens’ baderrabare determined b8 coupon
testsof the sag channels, 3 tests on purlin base material and the mechanical propedie
the BZD12030 bolts (M12x30, 4.are also determined by 3 tests.
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The test results are evaluated according to themewendations of Eurocode 3 and the
derived design values are presented.

The test program for five structural arrangemesitsummarized in this chapter. In the first
test series two sag channel types (with and witkaalt openings) and two lengths (1350 and
1550 mm) are tested for compression and tensi@pentively. Each test is repeated four
times. These are altogether 16 specimens thauarmarized in Table 25. The specimens are
tested for compression first then for tension. @st (sag channel without holes in the web
and with 1550 mm length, test number 17) is regkfttetension test only to see the effect of
previous compression test on the tensile resistambes test showed that the previous
compression test on the specimen has no effedtetensile resistance.

The adjustable piece is tested with three varialsgositions in the adjustable element, as
shown in Figure 67:

- bolt position 1: the bolt is close to the middlelod sag channel,

- bolt position 2: the bolt is close to the end &f #ag channel,

- bolt position 3: the bolt is in the closest positim the bolt in the web of the sag
channel.

The test program is summarized in Table 26. Twmelds are used: the adjustable piece
CL226 and the modified sag channel HSH.

Three various peak elements are tested at 6% (QL2P% (CL222) and 20% (CL223)
roof slope; each is repeated 4 times.

The flying sag system is tested in two structuredrggements. The results of the first test
series showed failure modes to be avoided in thetige, so new joints are developed for the
flying sag system. The test program for the firsties is shown in Table 28 and the test
program with improved details are shown in Table ¥ modified CL231 clip is called as
XCL-C and the reinforcing plate is called as XCLHDthe table. The angle between the
purlin and the tie rods are defined@sin the last column of the table.

Table 25.  Test program for sag channel tests

Test # Section Internal force L ¢
[mm] | [mm]
1|1 HSG Compression+Tension  155@.5
2| 2 HSG Compression+Tension  155Q.5
3|3 HSG Compression+Tension  155Q.5
41 4 HSG Compression+Tension  155@.5
5|1 HSG Compression+Tension  135Q.5
6| 2 HSG Compression+Tension  135@.5
7] 3 HSG Compression+Tension  135Q.5
8| 4 HSG Compression+Tension  135@.5
9|1 HSG+holes Compression+Tension 15505
10| 2 HSG+holes Compression+Tensio 1550.5
11| 3 HSG+holes Compression+Tensio 1550.5
12| 4 HSG+holes Compression+Tensio 1550.5
13| 1 HSG+holes Compression+Tensio 1350.5
14| 2 HSG+holes Compression+Tensio 1350.5
15 3 HSG+holes Compression+Tensio 1350.5
16| 4 HSG+holes Compression+Tensio 1350.5
17| 1 HSG Tension 1550 1.5
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Table 26.  Test program for adjustable sag channel tests
Test # Adjustable ellemenk B(.)l.t Internal force L t
and section position [mm] | [mm]
18| 1 CL226+HSH 1 Compression+Tens|db50| 1.5
19| 2 CL226+HSH 1 Compression+Tensidtb50| 1.5
20| 3 CL226+HSH 1 Compression+Tensidb50| 1.5
21| 4 CL226+HSH 1 Compression+Tensidtb50| 1.5
22| 1 CL226+HSH 2 Compression+Tensjatb50| 1.5
23| 1 CL226+HSH 3 Compression+Tensidb50| 1.5
Table 27.  Test program for peak tests
Test#| Section Internal force L ¢
mm | mm
241 1 | CL221 Compression+Tension 692 15
25| 2 CL221 Compression+Tension 692 15
26| 3 | CL221 Compression+Tension 692 15
27| 4 CL221 Compression+Tension 692 15
28| 1 | CL222 Compression+Tension 689 15
29| 2 | CL222 Compression+Tension 689 15
30| 3| CL222 Compression+Tension 689 15
31| 4 | CL222 Compression+Tension 689 15
32| 1| CL223 Compression+Tension 682 15
33| 2 CL223 Compression+Tension 682 15
34| 3| CL223 Compression+Tension 682 15
35| 4 CL223 Compression+Tension 682 1.5
Table 28.  Test program for flying sag tests
Test # Clips Casqd a|’|
36 1 |CL230+CL231 1 26.8
37| 2 |CL230+CL231] 1 26.8
38| 3 |CL230+CL231 1 26.8
39( 4 | CL230+CL231 1 26.8
40( 1 | CL230+CL231 2 27.1
41| 2 | CL230+CL231] 2 27.1
42| 3 | CL230+CL231 2 27.1
43| 4 | CL230+CL231] 2 27.1
44| 1 | CL230+CL231 1 7.9
45| 2 | CL230+CL231] 1 7.9
46| 3 | CL230+CL231 1 7.9
47| 4 | CL230+CL231 1 7.9
48| 1 | CL230+CL231 2 8.8
49| 2 | CL230+CL231] 2 8.8
50( 3 | CL230+CL231 2 8.8
51 4 |CL230+CL231 2 8.8
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Table 29.  Test program for flying sag tests with improvedjoi

Test # Clips Tie rod ends Case| a|’|
52| 1 | XCL-C, XCL-D | CL230+CL23( 1 26.1
53| 2 [ XCL-C, XCL-D | CL230+CL23( 1 26.1
54| 3 | XCL-C, XCL-D | CL230+CL23( 1 26.1
55| 4 [ XCL-C, XCL-D | CL230+CL23( 1 26.1
56| 5 | XCL-C, XCL-D | CL230+CL23( 1 26.1
57| 1 [ XCL-C, XCL-D | CL230+CL23( 2 26.4
58| 2 | XCL-C, XCL-D | CL230+CL23( 2 26.4
59| 3 [ XCL-C, XCL-D | CL230+CL23( 2 26.4
60| 4 | XCL-C, XCL-D | CL230+CL23( 2 26.4
61| 1 [ XCL-C, XCL-D | CL230+CL23( 1 7.4
62| 2 | XCL-C, XCL-D | CL230+CL23( 1 7.4
63| 3 [ XCL-C, XCL-D | CL230+CL23( 1 7.4
64| 4 | XCL-C, XCL-D | CL230+CL23( 1 7.4
65| 1 [ XCL-C, XCL-D | CL230+CL23( 2 8.2
66| 2 | XCL-C, XCL-D | CL230+CL23( 2 8.2
67| 3 [ XCL-C, XCL-D | CL230+CL23( 2 8.2
68| 4 [ XCL-C, XCL-D | CL230+CL23( 2 8.2
69| 5 | XCL-C, XCL-D | plate+CL230 2 8.2
70| 6 | XCL-C, XCL-D | plate+CL230 2 8.2
71| 7 | XCL-C, XCL-D plate+plate 2 8.2
72| 8 | XCL-C, XCL-D plate+plate 2 8.2

4.3 Test arrangements

4.3.1. Setup for sag channel and adjustable piece tests

The test arrangement for sag channel and adjugtédate tests is shown in Figure 68. One
sag channel is tested with the typical end defavo end elements are used at both ends and
two purlins are applied for the proper connectidnthe sag channels. The length of the end
elements is 500 mm. The two purlins are fixed vatie bolt at one end to provide rotation
ability.

The end sag channels are fixed with four bolthé&end support and to the hydraulic jack.
The load is applied by MTS hydraulic jack, the mbite load is 250 kN (built-in load cell;
force or displacement control; min. measuring dom2b kN with high precision). The
maximum displacement of the jack is 150 mm. Disptaent controlled load is applied during
the tests. The longitudinal displacement is meakhyethe MTS built-in measurement system.
The various bolt positions in the adjustable piese be seen in Figure 67.

Figure 67. Bolt positions 1, 2 and 3 in the adjustable piestst
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Figure 68. Test arrangement for sag channel and adjustalde pest

4.3.2. Setup for peak channel te

The test arrangement for peak channel tests is rshio Figure 6¢{ The structural
arrangement is the same as it was in the prewests;the only difference is thvariable
slope of specimen®©ne peak channel is tested with typical end det#j two end elements
are used at both ends and two purlins are appbedhfe proper connection of the ¢
channels. The length of the end elet is 600 mm. The two purlins are fixed with one bol
only one end to providigee rotatior

The end sag channels are fixed with four bolthé&end support and to - MTS hydraulic
jack. Hinges arapplied with horizontal axes at both ends. Dispiant controlled load i:
applied during the tests. The horizontal displaggme measured by the MTS brin
measuremergystem. The test setup in tlaboratory can be seenhigure 6¢.

© e

Figure 69 Test arrangement in the laboratory
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4.3.3. Setup for flying sag system tests

Two structural arrangements are tested; the fingt is where the original joints of the
Astron company are applied. After the first testesethe observed failure modes required the
development of new structural detail (this is présd later on).

The test arrangement of the first series for flysag system is shown in Figure 70. Two
cases are tested in a symmetrical (Case 1) andrumetrical (Case 2) arrangement. The
tensile force is applied through the sag channieé fivo ends of the purlin are not fixed, it
can slide on a steel plate. The end of the sagnétaan slide, as well. The applied angles of
the diagonal can be found in Table 28. The stealityuwf the applied bolts is 4.6 except the
bolts at the far end of the tie rods where 8.8%ale used to avoid the failure there. The
details can be seen in Figure 71 and Figure 72.

For Case 2 (one diagonal tie rod) additional lateupport is applied on the lower flange
of the purlin to avoid the lateral movement of tparlin due to the unsymmetrical
arrangement as shown in Figure 73. The initiatifsic resistance of the lateral support is 60
N and 0.001x F during the load history, where is the applied force perpendicular to the
sliding direction. Two different loading equipmemt® used during the flying sag tests.

Tests 36-43: the load is applied by an MTS hydcajalck. The load and the displacement
are measured by built-in measurement system d¥iir®.

Tests 44-51: the load is applied by a 63/40x630dwlt jack; force controlled; maximum
displacement is 630 mm. In this case the load iasomed by load cell and the displacement
by inductive transducer.

(@) |

___________________

_________________

_________________

Figure 70. Test arrangement of flying sag system: (a) Casadl(la) Case 2
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Figure 71. Test arrangement in the laboratory: (a) Case 1(lan@ase 2

P R
|

e r—— e

Figure 72. Details of the test arrangement: (a) Case 1 an@d#sg 2

Purlin Sliding direction g

Lateral support

Figure 73.  Lateral support in Case 2

After the first test series is completed new stitadtdetail is developed at the sag channel,
purlin and tie rod joint. As it is presented in thext chapter the failure mode was the pull-
through failure of the bolts in the web of the purlTo avoid this failure, reinforcing plate is
applied at the purlin web, as it can be seen imfeig4. This figure shows new gusset plates
at the end of the tie rods which results in ledsmieation of the joint.

The other details of the second tests series argdme as in the previous cases. The load
is applied with the 63/40x630 hydraulic jack and tbrce is measured in the sag channel and
in the tie rods as well.
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Figure 74.

4.4 Testresults

Improvements of the new structural arrangementeiajorcement plate, b)

gusset plate at the end of the tie rod

4.4.1. Failure modes

The results of the sag channel and flying sag sygests are the ultimate loads of the
specified failure modes, the ultimate behaviour Hrelload-deformation curves. In the first
step the observed failure modes are presented: thi¢ the test results are summarized for
the whole test program. The experienced failure esofbr compression and tension are
summarized in Table 30-Table 32.

Table 30.  Sag channel failure modes for compression

Mode # Definition
cl) Flexural-torsional buckling
c2) Flexural buckling
c3) Interaction of flexural-torsional buckling almtal buckling
c4) Interaction of global mechanism and flexuratkung
cb) Local buckling at the web of the sag channel
c6) Interaction of global mechanism and local bunckl
Table 31.  Sag channel failure modes for tension
Mode # Definition
t1) Bearing failure of the bolted connection
Table 32. Flying sag failure modes
Mode # Definition
t2) Pull-through failure of the bolts in the puriireb
t3) Bolt shear failure in the CL231 clip
t4) Pull-through failure of the bolts in the CL28Ip
t5) Tie rod tensile failure

The defined modes are identified by experimentaleolation of the failure modes which
are presented below.
Mode c1): Flexural-torsional buckling
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Typical failure mode for the longer (1550 mm) HSHg £hannels without holes, Figure 75.

PR

Figure 75.  Failure mode cl), c2) and c3)

Mode c2): Flexural buckling

Typical failure mode for the shorter (1350 mm) HS&) channels without holes, Figure
75.

Mode c3): Interaction of flexural-torsional bucldiand local buckling

Typical failure mode for the HSG channels with Isoleigure 75.

Mode c4): Interaction of global mechanism and flakbuckling

Failure mode of the adjustable piece only, if thé s close to the end of the sag channel
(bolt position 2), Figure 76.

Figure 76.  Failure mode c4)

Mode c5): Local buckling at the web of the sag cfehn
Typical failure mode for peak channel tests, FigtifeThis failure occurs if the end of the
sag channel reaches the purlin before the BZDO8®bGstarts to work for compression.

- *—':ij,,._;:’_’ 2 —

Figure 77.  Failure mode c5), c6) and t1)
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Mode c6): Interaction of global mechanism and ldnaikling

Typical failure mode for the peak channel with l@ghoof slope, Figure 77.
Mode t1): Bearing failure of the bolted connect{&2ZD08160)

Failure mode of all specimens under tension, Figure

Mode t2): Pull-through failure of the bolts in tharlin web

Typical failure mode for Case 1 with large angliguire 78.

-

Figure 78. Failure mode t2)

Mode t3): Bolt shear failure in the CL231 clip
Typical failure mode of the flying sag system, ieear failure of the BZD12030 bolts in
the CL231 clip, Figure 79. Note that the “sheaflufa@” means a combined tension-shear

failure due to the rotation of the bolt axis.

Figure 79.  Failure mode t3)

Mode t4): Pull-through failure of the bolts in t6¢230 clip

This failure mode is occurred when the sliding suppeached the deformation limit
which increased the force in the tie rod, Figure Blis test is not used in the evaluation
method because it cannot be occurred in a realtateu

Figure 80. Failure mode t4)
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Mode t5): Tie rod tensile failure
This failure mode is occurred when the sliding sappeached the deformation limit
which increased the force in the tie rod, Figure Bhis test is not used in the evaluation
method because it cannot be occurred in a realtateu

Figure 81. Failure mode t5)

Beyond the ultimate failure modes defined above ftlowing ultimate behaviour modes
are observed: (i) crack in the weld of the CL23p,djii) large deformation of the CL230 clip,
(i) large deformation of the tie rod at the erganto the CL231 clip, (iv) deformation of the
hole in the sag channel (at the connection to edlclr). Furthermore, it can be concluded
that these connection types are very “soft”. Ladgéormation is experienced of the system
(mainly in the CL231 clip), the maximum displacementhe direction of the sag channel can
be ~250 mm. The residual deformation can be simti as well. This behaviour indicates
the application of new end gusset plates of theotls which results less deformation.

The test result summarized in the next sectionrggdo the ultimate limit state of the
connection. The serviceability limit state is notablysed; these can be studied by the
functional requirements of the roof system.

4.4.2. Typical force-displacement diagrams

Force-displacement curves of the four structurghitseare shown in Figure 82-Figure 85
and described below.

Figure 82 shows a typical axial force - axial dig@iment curve of the sag channel tests.
Compression force is applied first on the specimidre uploading curve part is marked with
1 in the figure. The specimen is unloaded aftekNI~60 % of the ultimate load). The un-
and uploading loop is marked with 2. The residueflodmation of the system is 10 mm
(~50 % of the total displacement), and the secquldadling stiffness is more rigid than in the
first one due to the slip of the bolted connectiorihe structure for the first load. After the
compression failure (buckling) is occurred and thgmate load is reached (point 3) the
structure is unloaded and the tension load isestaithe residual deformation is 10 mm. The
stiffness of the first tension part is low due lte te-arrangement of the structural connections
(part 4 in the figure). After 10 kN (~60 % of th#imate load) the tension load is unloaded
and uploaded again. The loop is marked with 5. fidswdual deformation from the point
where the load is turned into tension is 15 mmcWiig also 50 % of the total deformation for
tension. The stiffness of the reloading is high@nparing to the first loading due to the slip
of the bolted connection between the sag chanoelhé first loading. The tension failure is
occurred at point 6 in the curve.

The same loading procedure is carried out on thestable elements of the sag system, as
shown in Figure 83. The stiffness of the adjustadements for compression and tension is
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less than the normal sag channel stiff because there amore bolted connectis in the
system.

20 %)
Sagforce
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Figure 82.  Typical force-displacement curve of sag channel tests forpression and

tension
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Figure 83. Typical forcedisplacement curve of adjustable piece tests forpression an
tension

The forcedisplacement curve of the peak element is shovFigure 8« The behaviour of
peak elements farompressio is very soft especially in case of large roof sk (part 1 in the
figure). After the local buckling is occurr in the lower flange of the sag channel (poir
additional load bearing capacis observedAfter failure the load is turnemto tension, the
global uplift deformation of the structure is tudneéto downwards movement until t
specimen reachetthe support. This mearin this case there is no residual deformg, the
specimen moved back to the original positTensile failue is occurred at point

The test curves of the flying sag system are shiovFigure 85for the first test series ar
for the second test series with improved connectionhe second series the fcs in the tie
rods are ao measured. The first figure shounloadingand uploading loop after 8 |
(~60 % of the ultimate loadJrigure 85shows sudden failure which is not fiurable and to
avoid this failure type new connection is develogel it s presented previou. The
behaviour of the new connection is more ductile #redultimate load is higher due to 1
same failure as it is observed in the sag chaesé
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Figure 84. Typical forcedisplacement curve of peak element tests for cogsion and

tension
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Figure 85.  Typical forcedisplacement curve the (a) firstand (b) seconflying sag tests

4.4.3. Test resistances

The test numberghe test datathe resistancesbtained from the tesiand the defined
failure modesare summarized iTable 33-Table 37.
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Table 33.  Test results on sag channels
. L t Fores Fres Failure mode
Test# Section [mm] | [mm] [KN] [kN] comp. ten.
111 HSG 1550 1.5 -19.72 16.83 cl) t1)
2| 2 HSG 1550 1.5 -18.86 15.54 cl) t1)
3| 3 HSG 1550 1.5 -15.25 17.67 cl) t1)
4| 4 HSG 1550 1.5 -15.11 17.09 cl) t1)
511 HSG 1350 1.5 -26.35 17.01 c2) t1)
6| 2 HSG 1350 1.5 -25.25 18.85 c2) t1)
71 3 HSG 1350 1.5 -25.59 20.60 c2) t1)
8| 4 HSG 1350 1.5 -25.10 16.56 c2) t1)
9| 1| HSG+holes 1550 1.5 -10.67 18.27 c3) t1)
10| 2 | HSG+holes| 1550 1.5 -14.35 18.99 c3) t1)
11| 3 | HSG+holes| 1550 1.5 -13.01 17.82 c3) t1)
12| 4 | HSG+holes| 1550 1.5 -16.23 16.20 c3) t1)
13| 1 | HSG+holes| 1350 1.5 -19.01 17.07 c3) t1)
14| 2 | HSG+holes| 1350 1.5 -11.66 17.16 c3) t1)
15| 3 | HSG+holes| 1350 1.5 -12.35 15.85 c3) t1)
16| 4 | HSG+holes| 1350 1.5 -19.27 18.25 c3) t1)
17 1 HSG 1550 1.5 - 16.53 - t1)
Table 34.  Test results on adjustable test channels
. Bolt L t Fores Fres | Failure mode
Test# Section position | [mm] | [mm] [kN] [KN] comp.| ten.
18 | 1| CL226+HSH 1 1550 1.5 -16.63 15.34 cl) t1)
19 | 2| CL226+HSH 1 1550 1.5 -16.23 16.51 c2) t1)
20 | 3| CL226+HSH 1 1550 1.5 -15.09 17.81 c2) t1)
21 | 4| CL226+HSH 1 1550 1.5 -16.03 17.13 c2) t1)
22 | 1| CL226+HSH 2 1550 1.5 -18.38 18.54 c4) t1)
23 | 1| CL226+HSH 3 1550 1.5 -16.96 18.54 c2) t1)
Table 35.  Test results on peak channels
. L t Fores Fres Failure mode
Test# Section [mm] [mm] [kN] [kN] comp. ten.
24 | 1| CL221 692 15 -23.81 16.46 cl) t1)
25 | 2| CL221 692 1.5 -23.71 17.28 c5) t1)
26 | 3] CL221 692 15 -19.27 14.81 c5) t1)
27 | 4| CL221 692 1.5 -21.08 17.18 c5) t1)
28 | 1| CL222 689 1.5 -13.71 17.44 c6) t1)
29 | 2| CL222 689 1.5 -13.41 17.34 c6) t1)
30 | 3| CL222 689 15 -14.32 16.79 c6) t1)
31 |4, CL222 689 1.5 -13.16 15.54 c6) t1)
32 | 1| CL223 682 15 -9.21 17.07 c6) t1)
33 |2 CL223 682 1.5 -7.94 17.81 c6) t1)
34 | 3| CL223 682 15 -8.66 18.30 c6) t1)
35| 4| CL223 682 1.5 -7.53 19.63 c6) t1)
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Table 36.  Test results on first flying sag system

Test # Section Casex [o] Frest [KN] Fn?glé;e
36| 1 | CL230+CL231 1 26.8 11.64 t2)
37| 2 | CL230+CL231 1 26.8 14.32 t2)
38| 3 | CL230+CL231 1 26.8 13.68 t2)
39| 4 |CL230+CL231 1 26.8 14.31 t2)
40| 1 | CL230+CL231 2 27.1 13.95 t3)
41| 2 | CL230+CL231 2 27.1 13.31 t3)
42| 3 | CL230+CL231 2 27.1 12.63 t3)
43| 4 | CL230+CL231 2 27.1 13.48 t3)
44| 1 | CL230+CL231 1 7.9 9.16 t3)
45| 2 | CL230+CL231 1 7.9 11.03 t3)
46| 3 | CL230+CL231 1 7.9 9.76 t2)
47| 4 | CL230+CL231 1 7.9 11.13 t2)
48| 1 | CL230+CL231 2 8.8 7.89 t3)
49| 2 | CL230+CL231 2 8.8 9.16 t3)
50| 3 | CL230+CL231 2 8.8 7.99 t3)
51| 4 |CL230+CL231 2 8.8 8.27 t3)

Table 37.  Test results on second flying system with improjeal

o I:tTest Sr 0d:lTest Sr OdcTest Failure
Test #[ Case a[ J [KN] [kN] [KN] mode
52| 1 1 26.1 16.31 11.80 12.53 t1)
53| 2 1 26.1 17.19 15.42 18.2( t1)
54| 3 1 26.1 21.95 16.68 19.86 t1)
55| 4 1 26.1 14.04 12.16 14.24 t1)
56| 5 1 26.1 14.37 11.89 13.02 t1)
571 1 2 26.4 14.51 - 23.09 t1)
58| 2 2 26.4 13.59 - 20.88 t1)
59| 3 2 26.4 14.67 0.02 25.3( t1)
60| 4 2 26.4 13.28 4.83 30.14 t1)
61| 1 1 7.4 13.07 21.75 18.85 t1)
62| 2 1 7.4 16.98 17.95 21.06 t1)
63| 3 1 7.4 13.22 20.99 18.43 t1)
64| 4 1 7.4 15.84 20.37 20.85 t1)
65| 1 2 8.2 11.95 10.17 30.53 t1)
66| 2 2 8.2 13.65 7.18 40.21 t1)
67| 3 2 8.2 12.12 7.94 31.59 t4)
68| 4 2 8.2 15.44 9.63 40.00 t5)
69| 5 2 8.2 15.21 16.86 39.87 t1)
70| 6 2 8.2 14.15 23.79 44.01 t1)
71| 7 2 8.2 15.00 14.55 - t1)
72| 8 2 8.2 15.12 16.92 - t1)
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4.5 Material tests

Tensile tests are carried out on specimens cut franous sag channel types, purlins and
bolts. The tests are carried out by the AGMI MaiteTiesting and Quality Control Co. Ltd.,
Hungary.

The results of various sag channel material tessammarized in Table 38. The specimen
signs are as follows: SH — sag channels with h@&s—~ peak channel element, SF — sag
channels without holes and SA — adjustable pies@enht.

Purlin failure is experienced during the flying s&gt; this explains the purlin material
tests which are summarized in Table 39.

Bolt failure also experienced in case of flying dagts. The material test results on
BZD12030 bolts are summarized in Table 40. Theayes of the 3 measured values are used
in the design process for both failure modes.

Table 38. Material test results of sag channels
The specimen Yielg
Material thickness stresg Ultimate | Ultimate
test [thickness without | width R stress strain
specimer] zinc PO.2
mm N/mnf %
SH 1.53 1.49 19.80| 444 537 22.5
SP 1.52 1.48 19.72]  45) 547 15.0
SF 1.54 1.50 19.74 44p 537 17.5
SA 1.53 1.49 19.80( 450 540 16.5
Average: 1.49 | Average:448
SAG-2 1.44 1.41 19.60| 41p 506 21.5
SAG-8 1.45 1.42 19.50 418 509 22.5
SAG-11| 1.45 1.42 19.50( 41( 507 24.5
SAG-18| 1.45 1.42 19.60( 41% 508 20.5
Average: 1.42 | Average:414
Table 39. Material test results of purlins
The specimen Yield
Material thickness stress | Ultimate | Ultimate
test [thicknesg without | width R stress strain
specimer] zinc p0.2
mm N/mnf %
P1 1.54 1.50 20.00 369 489 22.0
P2 1.55 1.51 20.20 361 485 24.0
P3 1.54 1.51 20.30 366 489 22.5
Average: 1.51 | Averagé¢: 365
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Table 40. Material test results of BZD12030 bolts

The specimen outsidgUltimate
Material diameter force »
Position of

test Minimum | Maximum| F failure

specimer max
mm N

Bl 11.57 11.75 44700 bolt thread

B2 11.50 11.74 43200 bolt thread

B3 11.70 11.75 4390(¢ bolt thread
Average: 11.67 43933

4.6 Evaluation of test results

4.6.1. Evaluation method
The test results of each test series are evaluatddfine the standard design resistances
according to the Eurocode 3 [60]. In case of fastd the adjusted and characteristic values

are calculated forf , =390N/mm?* nominal yield stress as follows:

R = Ropsi / g » :Z;Radj’iandesz"'/_ka (18)
where 4 is calculated according to Eq. (2), and for bailure:
Hr = {Fbja (19)
I:u
Fuobs is the measured ultimate force of the bolt,
F, is the nominal ultimate force of the bolt,
a=1 if F, s> F,, otherwisea =0.

and k is a coefficient from the standard, if the numbktests is 4 therk = 263,
and s is the standard deviation:

4
_ 2
N 2 (Rugy = Ro) 20)
4-1
The design value can be calculated as follows:
Ry =/75ys><& (21)
Yu

Nss =1 because the test conditions followed the appladdti®n andy,, =1 partial factor

is applied (according to Eurocode and the Natidmadexes [59]).
For the bolts the following nominal values are usessile stress area, =84.3mnT,

ultimate force:F, = A x f, =84.3x400=33720N .
There are 3 cases (tests 17, 22 and 23 in TablevB&)e only one test is carried out, in
those cases the characteristic value is calcukddllows:

R =09%7, xR, (22)
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wherer, = 09 because the observed failure is yielding failwkich is true for the tension
failure andrn, = 0.7 because the observed failure is overall instgbiithich is true for the
compression failure modes. For Case 2 tests with88" where both failure modes are
experienced the characteristic value is calculaismbrding to two tests as is shown in Eq.
(13), whereng, = 09 is applied because the observed failure is yigldailure. The design
resistances are summarized in Table 41. Note ¢tndhé adjustable piece (CL226+HSH) the
minimum design resistance for compression is shown.

Table 41. Design resistances of various sections for commmessd tension

Section L Des.ign resistance_s
[mm] | compression [KN] tension [KN]

HSG 1550 -9.64 12.72
HSG 1350 -21.27 11.82
HSG+holes 1550 -6.52 12.92
HSG+holes 1350 -4.14 12.73
CL226+HSH 1550 -9.32 12.16
CL221 - 6% 692 -14.00 11.62
CL222 - 10% 689 -10.67 12.52
CL223 - 20% 682 -5.50 13.30

The design resistances for flying sag systemswarerarized in 0. The tensile force in one
tie rod is calculated according to the equilibriegquations on the final-deformed-geometry,
Figure 86 and Eq. (23)-(26), in case of the fiestt tseries. The angle of the tie rods at the
failure is calculated from the start angle and dedormation in the direction of the sag
channel what is measured during the tests. For Zéaere the additional lateral support is
applied) the force in the sag channel is reducethbyfriction resistance of the support, as
shown in Figure 86. The second series of flying Sggiem contains measured forces in the
tie rods in Table 42.

(@) 1 (b) o
b |
< B
oA a+Ac o+Ao
F |\
&5 S S ™Sas
Figure 86. Calculation of the force in the tie rods — (a) Casend (b) Case 2
S= T for Casdl (23)
2sin(a)
S=_ T - 006 for Case2 (24)
sin(a + Aa)+coda + Aa)/1000
T
H=——
tan(a) (25)
F = 006kN + 0.001H (26)

Note: the 0.06 kN is the initial friction force tife lateral support.
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Table 42.  Characteristic resistances of various configuratiointhe flying sag tests

Characteristic resistances
. [ ] Failure| tension force in the sag ten_S|on force in one
Section Case a |- mode channel, T [kN] tie rod, S [kN]
measured values calculated and
measured values
CL230+CL231] 1 26.8 t2) 10.02 10.67
CL230+CL231 2 27.1 t3) 9.07 19.00
t3) 6.97 15.86
CL230+CL231 2 8.8 2) 908 20.76
CL230+CL231] 1 7.9 t3) 5.14 20.82
CL230+CL230 1 26.1 t1) 11.22 7.56
CL230+CL230 2 26.4 t1) 11.94 14.09
CL230+CL230 1 7.4 t1) 9.45 15.58
plate+CL230 2 8.2 t1) 12.91 36.87
plate+plate 2 8.2 t1) 13.25 -

4.6.2. Conclusion on the test results

Altogether 72 tests are designed and fulfilled ati-sag system elements and the failure
modes are determined for each element. The varsags channel test (main element,
adjustable piece, peak element) showed similaurailmodes for tension in the bolted
connection of the sag channels, which results clbsg&gn resistances for tension. The
flexural-torsional compression resistances depaddvary according to the member length as
it is expected. The various failure modes of thaekpgements are also determined.

The first test series of the flying sag system stobvarge deformation in unsymmetrical
cases. The design values correspond to large dafimmof the connection, which usually
cannot be developed in a real structure. The ssaibity limit of this connection type can be
determined from the force-displacement curves afseéhtests, where the design forces
belonging to a maximum allowable displacement level

To reduce the deformation of the system and inerdastensile resistance of the joint new
structural detail is developed. The experimentstistef the improved connection certified that
the failure mode of the new flying sag system oscuar the sag channel which was the
weakest point in the previous tensile details.

In the research the design resistances of theusdlements are also determined.

4.7  Numerical model of the sag channel

Shell finite element models of the sag channelsdaeeloped under my guidance by
student T. Curavy for the Student Scientific Coaf@e [45]. The aim of the study is to model
the behaviour modes of the main part of the amfisssstem for compression. The details of
the FE model are presented in this chapters. Theemaoesults are verified by the
experimental tests and the appropriate equivaleotngtrical imperfections are determined
for virtual tests.

4.7.1. Shell finite element model

The shell finite element model of the sag chanseleveloped in Ansys FE program [64].
The model geometry corresponds to the real georoétihye sag channel: the large web holes
and the end details with bolt holes are modelesheaetively. Two mesh densities are used:
around the bolt holes the largest element sizensrilwhile in the undisturbed zone the least
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density is 12 mm. The small mesh sis necessary for the proper modeling of the hohek

the applicability of théarge mesh size iproved by convergence studidhe full model and
the details can be seen iglre 8'. The thickness of the model corresponc the measured
values in Chapter 4.5.

Shell finite element called SHELL181 in Ansys idd0 be able to follow the mater
nonlinearities and large displacement during thual testsThe number of nodes is ~60(
the nunber of elements is ~5500 and total number of DOF'ss ~3600C

The end support and load is applied in the cerftdreobolt holes with constraint equatio
The load is applied by forcor by displacement according to the analysis me that are
detailed later onThis results exact eccentric load application asas in the experiment
tests, however ithe model the ¢p in the bolted connectids not considere.

I EENIEEEEEEENIEEEEEEEEENIEEEEEEEEEEEEN!
T o m s i 77 p.r

P 7 77 o |
TTT I T T T T ITTTITITTTITNTTITITITTINT

(b)
Figure 87. FE model: (aplobal mesh, (b the corner of the web hosac (c) the bolt hole

4.7.2. Results ofihear analys!

The model tested bimnear analysis for compression. The deformed shapghown ir
Figure 88t can be observed that the eccentric load causeihg alout the minor axis of th
cross-section.

m

Figure 88. Linearanalysis — deformation undeompressio

4.7.3. Results of mstability analysi

Instability analysis is carried out on the shelldal and three typicainodes can be seen
Figure 89.The first mode is flexur-torsional; thesecond mode is flexural but the lo
buckling of the flanges can be observed as wed; tthird mode is local and contains
deformation of the unrestrained flanges at the hales. Thre areothermodes with higher
critical load factor whiclare loci modes with various patterms the flange:

These threduckling modes are used the shapes aéquivalent geometrical imperfion
which means that the perfect FE model geometmodified bythe displacemes of these
modes. Either one mode combiration of several modes is used.
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Figure 89. Three buckling modes of the sag channel FE model

4.8 Virtual test on sag channels

The material and geometrical nonlinear FE simuhat®carried out as virtual tests. (The
definition of a virtual test is presented in Chajf3&.3.)

The Eurocode 3 contains suggestion to the sizeth@ddistribution of the equivalent
geometrical imperfection in [59] and [61] which dagé used for welded or hot-rolled sections
only. In the current experimental based numeriesearch the proper imperfections are
determined to obtain the same behaviour mode aidaté load as it was observed during
the tests.

4.8.1. Finite element model for virtual test

The FE model is modified according to the requirehw the virtual tests. Linear elastic —
perfect plastic material model is applied with theasured yield stress.

The geometry of the FE mesh is modified accordmghe first three buckling modes
presented above. In case of sag channel length mBd@vith web holes (Test 9-12) in Table
25 the following amplitudes and combination of thedes are applied:

- 1. mode: L/110-L/30,

- 1. and 2. modes: L/150-L/42 and L/150-L/30,

- 1. and 2. and 3. modes: L/150-L/110, L/120 and@,'/5
where L is the member length (1550 mm in this eXamp.’ is the length of the web hole
(532 mm) and the result value is the maximum daptzent perpendicular to the longitudinal
axis of the sag channel. Altogether 18 virtualdest carried out to analyse the imperfection
sensitivity. The other section types such as sagrmél without web holes and member length
are also modeled but the results are not preséeted

4.8.2. Virtual test results

The results of the virtual tests are the force ialadisplacement curves and the failure
modes. In all cases the virtual test failure maatesthe same as in the experimental tests. The
tests results of the experimental tests of sagreidangth 1550 mm with web holes (Test 9-
12) are shown in Figure 90. It can be observedthieat is a big scatter in the ultimate load of
the experimental tests; the ultimate load variemfd0-16 kN.

Various equivalent geometrical imperfections haviiect on the stiffness of the
compressed member which modifies the gradient®ffahce - axial displacement curve and
it has effect on the ultimate load, too. The s@ffa of the FE model is usually higher than in
the test due to the lack of exact modeling of thesé bolted connection at the ends. It can be
concluded from the parametric studies that the Isstatltimate load from the test can be
achieved by L/42 and the largest ultimate load Wittil0 imperfection amplitude of the first
buckling mode, where L is the member length. Thasecurves are shown in Figure 90 as
well.
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The same imperfection amplitudes can be appliethersag channels with 1350 and v
holes (Test 13-16By the application of the verified imgfection L/42the ultimate load o
the test can be determinetthin 5%.

The FE model of the sag channel without web hare verified with the experiment:
results, too. In those cases minimum ultimate load of the testan bedetermined by the
application ofL/15 imperfection amplitude of the first bucklingoate.

20
18
16
14

Sagtest

= \/irtual test

—
]

Force[ kN]

—
[= T N o A *s B e
[

0 1 2 3 4 5 6 7 8 9 10
Axial displacement [mm]

Figure 9C  Test results and virtual test

4.8.3. Conclusion omumerical resul

The shell FE model of the main part of the -sag system is developed and the m«
results are verified with the experimal tests. Virtual test are carried out on comprsag
members with various length and web hoBy virtual teststhe shape and amplitude of i
equivalent geometrical imperfectis are determinedThe size of the imperfection
determined according the test results to reach tminimumultimate load of the test

The verified numerical model is capable to extehd experimental test program -
further lengths and structural arrangements andethdts can be used in the test based dt
procedue to determine design resistances. Furthermar@nitbe built into the FE model of
roof system.

-90 -



5. FE and experimental based design methodology of rbsystems
5.1 Introduction

5.1.1. Structural and design problems

The structural problems of cold-formed thin-wallsabf systems are presented in my
research by the experimental and numerical analyfsiégs various components. The problem
of compressed Z-purlins is presented in Chaptefh2 overlap region and end support of
continuous purlin system is analysed in Chaptefi3 structural problems of anti-sag
elements of the roof system are brought on in Graft

The restraint effect of the cladding to the puléiads to new complex structural problems.
Various types of cladding systems are exist inindestry that represent rotational and lateral
restraint to the purlin which must be handled i design.

It can be clearly seen that the structural arramgenof cold-formed thin-walled roof
systems are very complex, which leads to complitatehaviour modes and require
sophisticated design methodology.

5.1.2. Previous studies

The previous studies of the roof system comporamtpresented in the previous chapters.
Here only the previous studies of the purlin-claddinteraction and the applied design
methods are discussed.

The rotational effect of the cladding system to bedaviour of Z-purlins is analysed by
GBT in a simplified way formerly in [43] for engiees. Experimental tests are carried out on
analysing the full or partial restraining effect tife sheeting on Z- ang-sections in
laboratory in [44], or by full-scale site tests[#V]. The effect of the joint elements between
the sheeting and the purlin is analysed by smafipmment tests of the region, e.g. in Hungary
in [46], as it is proposed in the standard [60].plarallel with the experimental tests the
development of finite element model is started erad Z-section purlins together with the
sheeting, [49], [48], or by local model of the jbragion, [50].

The European standard [60] handle the restrainffecteof the sheeting by rotational
spring on the top flange of the purlin, and thelling of unrestrained flange is calculated as
a beam on elastic foundation. Papers can be foartteoliterature with the purpose to refine
the spring constants and the design method: [52], [53].

5.1.3. Conclusions on previous studies

On the basis of the existing research studiesalh@ifing conclusions can be drawn:

- the lateral and rotational restrain effect on thiwal and distortional buckling modes
of Z-purlins is widely analysed in the literaturg both analytical and theoretical
ways,

- the standard design methods on restrained Z-puittnsot cover all the structural
arrangements applied in the industry.

In the investigated literature | did not find:

- research to cover the behaviour of the overlappsgion together with the
restraining effect,

- finite element model which combines behaviour moalethe overlap region and
the cladding system,

- complex algorithm, which can combine numerical noadfeall components of
cold-formed thin-walled roof systems.
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5.1.4. Purpose and research strategy

The local purposes of the examined components off sgstems are presented in the
previous chapters. The research of compressed tibisgccontinuous purlins and anti-sag
elements led to the test based design resistarfceach component. Furthermore, shell
numerical models are developed of all components artially the details of nonlinear
simulation methods and necessary equivalent getmaletimperfections are verified by
experimental tests in all cases.

The global purpose of the dissertation is to dgvedocomplex design method of thin-
walled roof systems that is applicable for pradtidasign purpose. Various model and
analysis levels are worked out from the beam mutashell finite element models, and from
linear analysis to nonlinear simulations on imperf@odels. The models of the roof system
summarize the experiences on finite element mogladincold-formed thin-walled members
gathered during my research:

- behaviour modes of compressed Z-purlins,

- buckling mode classification and imperfection sewisy analysis,
- behaviour modes of overlap region,

- rotational restraining effect of various claddirygtem,

- behaviour modes of anti-sag system.

The basic idea of the complex design method ardemgnted into an algorithm what
controls the various model levels, and automatiazdin build the shell finite element models
and evaluate the results of different analysis IievEhe developed algorithm presented in
Chapter 5.2. The models are presented in Chap&laid the design methodologies are
detailed in Chapter 5.4.

5.2 Target program for roof design — PurlinFED

A target program, called PurlinFED (Purlin FiniteelBent Design), is developed in Matlab
[65], what can prepare the data for design of systems. In this chapter the characteristics
of the algorithm are presented. The available desigthods are shown in a flowchart in
Figure 91.

The developed algorithm is able to model the whiot# system. The input data are the
followings:

- section: parametric or standardized C- and Z-sestio

- geometry: spans, purlin distances, overlap lengtlages of purlins, places of anti-
sag bars and roof slope,

- material: linear elastic, linear elastic-hardenmtgstic model,

- cladding: parametric or unique floating or trapeabisheeting,

- various surface loads and

- support models.

There are two model levels in the program: a beawdehof purlins and a shell finite
element model of the full roof system. The detaflshe shell model are presented in Chapter
5.3. Different analysis can be handled by PurlinFEDear analysis is applied on beam
model, while instability analysis and nonlinear slation on imperfect model is carried out
on the shell model. The eigenmode classificatidailiel in Chapter 2.4.3 is also built in the
program. The program window can be seen in Fig@eThe three design methods are
detailed in Chapter 5.4 and marked with differesiorcs in Figure 91.
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Figure 91.  PurlinFED algorithm
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5.3 Finite element model of roof system

Shell numerical models are developed in Ansys [Gdheral purpose finite element
software. The Matlab based PurlinFED program geasrthe input file on Ansys Parametric
Design Languages.

There are two types of roof systems, which can bdaied: trapezoidal sheeting (Figure
11), and floating cladding system. The typical segtrof the roof system consists of three
purlins, which are modeled by 4-node-shell eleméefite webs of purlins are divided equally
into four parts; both flanges into two parts andhblgps consist of one element in the cross
section, as it can be seen in Figure 93. The leaofyilements in longitudinal direction is 50
mm to get nearly square mesh in the web and a memii/3 aspect ratio in the lip. Other
mesh densities can be applied as well. In the @osiphn model the overlap over the middle
support is modeled by shell elements with doublekttess. More advanced model of the
overlap region of the two purlins is developed base the experimental results in Chapter 3.
Supports are applied on the lower flange, as ire#perimental tests. However it is remarked
that the more detailed support conditions haveuerfte on the critical load factor and design
resistance [56].

The specialty of the MR24 cladding system floatingf is the roof panels connection to
each other with seams. In the FE model roof paasismodeled with shell elements. The
seams are modeled with eccentric beam elementngider its bending stiffness. The other
specialty is the bridge system, where the bridget e modeled with shell elements,
connected to the top of the purlin flange and te tbof panels. Over the purlin, in
longitudinal direction beam elements are runninthwie cross-section of the bridge, which
are also connected to the bridge feet and to tbepanels. The system contains transverse
anti-sag bars and angels to support the lower 8aidghe main girder in horizontal direction.
Angles can be modeled as simple horizontal suppbite the anti-sag bars as coupled nodes
on each purlin webs connected to horizontal spelegnents. More advanced model of the
sag channels is developed based on the experintestdts as detailed in Chapter 4. These
spring elements model the supporting effect ofdther — not loaded — part of the roof. The
full model of the typical roof section consists afout 10000 elements depending on the
structural arrangement.

5.4 Design methodology

In the typical roofs of steel industrial type bunids cold-formed purlins, as secondary
structures, are used to support the load-beariagpesits of the cladding system. The main
characteristics of the behaviour of the typicalbgd C-, Z- o -sections are coming from the
coupled plate and distortional buckling and lateéomkional global buckling modes. These
phenomena are highly influenced by the structura@rgements of the purlin and cladding
system [44]. The lateral and torsional supportifiigad of the cladding to the purlin is
influenced by several structural parameters what b&& hardly considered without
experimental studies.

In the existing design codes the application rulse semi-empirical formulations with
significant simplifications. It is proved that tipairlin design method of Eurocode 3 [60] is
conservative and benefits can be gained by impgothia analysis model [56].

5.4.1. Design method based on beam model

The design method proposed by the Eurocode 3 It ihuihe PurlinFED program. The
internal force distribution is calculated on a sieloped beam model. The rotational
restraint of the cladding system is taken into aotdy the application of the Eurocode 3
procedure [60].
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The more sophisticated design method — use thendseesults of the dissertation — is
under development. The determined inertia factorthe overlap zone by the overlap tests
(Chapter 3.5.4) to be implemented in the interoatd calculation of the beam model. This
modification takes into account the real distribatof the internal forces. The design of the
end of overlap and end support resistances ared bmsdehe proposed design methods in
Chapter 3.6.

Support

Purlins

Anti-sag bar

Seam

«~ Spring element at the
= end of anti-sag bar

Bridge feet

Figure 93. FE model details of the floating roof

5.4.2. Design method based on shell finite element bugkinodes

In this case the same procedure is used as depmdetbusly, except that the calculation of
rotational effect of the cladding system is basedh@ shell FE model. The full model of the
roof systems takes into consideration the reattiotal rigidity of the cladding system. The
slenderness of lateral torsional buckling can derdened by instability analysis of the shell
FE model. The automatic buckling mode classificadie- detailed in Chapter 2.4 — help to
choose the pure lateral torsional buckling mode= fidduction factor for stability checking is
calculated from the numerically determined slendssn
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5.4.3. Design method based on nonlinear simulation on ifeapemode

The nost complex design method is the nonlinear simutatf imperfect shell finit
element models. In thBurocode 3[61], design methods can be found, which details
application of shell finite elements, the size lod £quivient geometrical imperfections, t
material models and other details of the mod: for welded and hotelled sections. In this
case the nominal yield stress has to be appliedrandltimate load can be directly compa
to the design loadghe problm of the Eurocode 3 1-3 standdad colc-formed sections is
that there is no equivalent geometrical imperfectis specified, experimentally verifie
imperfection sensitivity analysis is needed whaprissented irthe previous chapters for t|
same cases.

To Iillustrate the applicability of the proposed aithm, the results are compare
qualitatively to theultimate tehaviour of a special purlicladding system studied by a -
scale experimental prograf7]. The details bthe experimental research are not prese
here, only two failure modes are illustratedphotos and the FE model.

In the nonlinear analyses fofailurestypes occur, as they are presente Figure 94. The
first failure is the upper flange elastic distortional bucklingisTmode occurs if the upp
flange is slender due to the high lip or flange twitb thickness ratio, or to the long late
supporting distance (1200 miFigure 94a.

If the yoper flange is supported laterally in smaller dists (600 mm) but slender enot
to initiate the buckling, plastic distortional bulicy occur, as in case of structu
arrangement, Figure 94b.

If both the upper flange suprting is efficient and the flange slenderness isl§nthe
distortional buckling cannot be occurred. In these the phenomenon is plastic failure v
high horizontal displacement of the lower flangejtacan be seen Figure 9.

The local failure mode is the web buckling at timel ®f the overlap near to the midi
support. If the length of the overlap is relativetypall (300 mm), the shear becomes domil

The experiencedailures of the fu-scale tests are presented Higure 9. By the
qualitative comparison of the results it can becbathed that the full FE model of the rc
system built up by PurlinFED is can follow the belbar of a ful-scale experimental te

Figure 94.  Simulated &ilure mode: (a) upper flange distortional buckli, (b) upper
flange distortional buckling with plastic defomatg, (c) lower flange deformation with hig
tension stres, (d) web buckling at the end of overlap
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Figure 95. Observed failure modes: (a) elastic distortionalkdiing and (b) plastic
distortional buckling

5.5 Conclusions and further studies

The illustrative example of the proposed algoritiimowed that it is able to model the real
behaviour of a full roof-cladding system. The FEdwmls of other complex details of the
system are already exists and they are also abtettel the real behaviour of purlins, purlin
joints and anti-sag system elements. It can belgded from the research results that shell
finite element models of all components of a thiated roof system are developed and the
complex model can be build with the PurlinFED aitjon and this algorithm helps in the
evaluation of the results as well.

Further numerical benchmark tests and parametudiet are needed to calibrate the
proposed design method and to compare the resulketEurocode proposals. The final aim
of the research program is to improve the accuddcihe standards design method and to
develop a user friendly advanced design tool fgirezers.
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6. Summary and conclusions
6.1 New scientific results

6.1.1. The theses of the PhD dissertation in English
The presented research and its scientific resatidoe summarized as follows:

Thesis 1

| worked out and completed an experimental tesgnarmm on compressed cold-formed
thin-walled cold-formed Z-section members by défer lateral support conditions and load
introduction, which are not analysed previously.
a) | experimentally defined the local, distortionaldaglobal behaviour modes of
single Z-section members under compression.
b) 1 defined the behaviour modes of compressed Zaectiembers laterally restraint
by trapezoidal sheeting.
c) | analysed the behaviour of overlapped zone oftstiouble Z-section members
under compression.
Based on the experimental results | defined thieb@sed design resistances of the studied
compressed Z-section members.

Thesis 2

| developed a shell finite element model to be ablllow the behaviour of compressed
Z-section members. By the model | completed an mfepBon sensitivity analysis by
geometrical and material nonlinear analysis. Theivadent geometrical imperfection was
chosen according to the buckling modes of the maddidtermined the effect of various types
of buckling modes to the stiffness, the ultimatadoand the ultimate behaviour of the
structure. The classification of the buckling modes performed by two ways:

a) | worked out a method for the classification of thiggenmodes of shell finite
element models, based on the geometrical definibthe buckling modes. The
algorithm of the proposed method is built in a catep program developed for the
FE analysis of cold-formed thin-walled roof systems

b) | performed a parametric study on classificatioreigenmodes of thin-walled C-
and Z-section members by base functions of thetined Finite Strip Method. |
determined the participation of local, distortioraald global buckling modes in
case of various support conditions and mesh deasityl proved the applicability
of the method.

Thesis 3

| worked out and completed an experimental tesgnam on various components of a
continuous Z-purlin system. The specialty of theidural arrangement of the overlapped
joint can be described as follows: (i) the width tbé two flanges are the same, so the
connection is prestressed and tight, (ii) the diamef the holes of the bolts between the two
purlins are significantly higher than the diametéthe bolts, and (iii) there is no bolt at the
middle of the overlap in the web. | determined ahdracterized the behaviour modes and the
test based design resistances for the followingsas

a) | determined the test based design resistance eoktid of overlap for various
bending moment and shear force ratios. Based ornrdabelts | worked out a
Eurocode 3 based design method for bending monhesair $orce interaction at the
end of overlap.
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b) | determined the test based design resistancekeomiddle of the overlap for
various bending moment and transverse force raased on the results | proved
that the Eurocode 3 design method is applicabléhi®ioverlap region.

c) | determined the test based design resistancdseoénd support of a continuous
purlin system. Based on the results | proposedntbdification of the Eurocode
design method.

| developed shell finite element model of the aggbloverlap joint and | characterized the
behaviour modes of the end-of-overlap and overlggpsrt zones by the applied numerical
studies.

Thesis 4

| worked out and performed an experimental tesggaim for anti-sag elements of a cold-
formed thin-walled roof system. | characterized blebaviour modes and determined the test
based design resistances of the following companent

a) Cold-formed thin-walled U-shape sag channel undergression and tension. Two
configurations are analysed: web with or withougiéaopenings.

b) Adjustable piece element of the sag channel underpeession and tension. |
characterized the behaviour modes of the adjustal@ments for various bolt
positions.

c) Peak element of the sag channel under compressiteasion in case of various
roof slopes.

d) Flying sag systems in symmetrical and unsymmetstaktural arrangements.

| developed a shell finite element model of the shgnnel. | characterized the failure
modes of the model and determined the equivalesthggrical imperfection by virtual tests.

Thesis 5

| worked out the bases and the algorithm of a cemgesign methodology of cold-formed
thin-walled roof systems. The design method joingether the (i) test based design
resistances of the components that have no stamddrdackground and (ii) the Eurocode 3
based nonlinear simulation on imperfect shell &r@tement models. The developed algorithm
— called PurlinFED - contains three design levetgdof systems:

a) beam model extended with the experimentally deteedhioverlap rigidity and
proposed design methods for end of overlap andsepgdort,

b) beam model extended with the shell finite elemersteld buckling analysis, where
the slenderness are determined from the full FE ahofl the roof system that
contains the real rotational support provided g ¢kadding system to the purlin,
and

c) shell finite element model, where material and gemical nonlinear simulations
are carried out on imperfect model, the imperfextiare based on the buckling
modes of the purlin, which is classified by thelbin buckling mode recognition
algorithm.
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6.1.2. The theses of the PhD dissertation in Hungarian

Az ismertetett kutatas €s annak tudomanyos eredeneniovetkeéképpen foglalhatok
0ssze:

1. tézis

Megterveztem és végrehajtottam egy kisérleti pragtaeddigiekben nem vizsgalt hidegen
alakitott vekonyfald Z-szelvélly nyomott elemek vizsgéalatara kuléniozldaliranyu
megtamasztasi viszonyok és specialibevezetés esetén:

a) Kisérleti aton meghataroztam oldalirdanyban megtama#ian Z-szelvéeny elemek
lokdlis, torzulasos horpadas, illetve globalis Biidisvesztési maodjait.

b) Meghataroztam egyik 6vén trapézlemezzel megtamasziezelvényi nyomott
elemek viselkedési médjait.

c) Rovid, dupla Z-szelvéry probatestek segitségével elemeztem az atlapolas
kornyékének viselkedését nyomo igénybevételre.

A kisérleti eredmények alapjan meghataroztam agaizsnyomott Z-szelvény elemek
tervezési ellenallasat.

2. tézis

Nyomott Z-szelvénly elemek viselkedésének modellezésére fellletszetikezgeselemes
modellt dolgoztam ki. A fellletszerkezeti modellanyagi- és geometriai nemlinearitas
figyelembevételével imperfekci6 érzékenységi viisgdrozatot hajtottam végre. A
helyettesitc geometriai imperfekciot a modell sajatalakjai @ap vettem fel és
meghataroztam azok hatasat a szerkezet viselked@sérevség, teherbirds és tonkremeneteli
mod. A sajatalakok elemzését kétféleképpen hajtottagre:

a) Modszert dolgoztam ki a fellletszerkezeti végesekermodell sajatalakjainak
osztalyozasara az alap kihajlasi és horpadasi lalggometriai definicioja alapjan.
A javasolt moddszer algoritmusat beépitettem egyonglall tebszerkezetek
modellezését végzsajat fejlesztdsszamitogeépes programba.

b) Paraméteres vizsgalatsorozatot hajtottam végre nyéidol C- és Z-szelvények
fellletszerkezeti végeselemes modelliének sajgtatelk osztalyozasara
végessavos bazisfiggvények segitségével. Az oeztdy segitségével
meghataroztam a lokalis, a torzuldsos horpadas l@salg kihajlasi alakok
részaranyat kulonbéz megtamasztasi viszonyok és héliiség esetén, és
bizonyitottam a mdédszer alkalmazhatdsagat.

3. tézis

Megterveztem és végrehajtottam egy kisérleti progtafolytatélagos Z-szelemenek
kilénb6 komponenseinek vizsgalatara. Az atlapolt kapcsbkat aldbbi specialis szerkezeti
kialakitasban vizsgaltam: (i) a Z-szelemenek Owess#@ige azonos, ezért az atlapolast
0sszefeszitéssel kell kialakitani, (i) a két saedat 6sszekapcsold csavarok lyukatbyesr
jelenbsen nagyobb a csavaratiéeél, illetve (iii) az atlapolds kézepén a gerinchencs
csavar. Erre a szerkezeti kialakitasra meghataroztaviselkedési modokat és a tervezeési
teherbiras értékeket az alabbiak szerint:

a) Meghataroztam az atlapolas végének tervezesi dlsatikilonboé nyomaték és
nyirde ardnyok esetén. Az eredmények alapjan az atlapé@Enek nyomaték és
nyiroe interakciéjanak szamitasara Eurocode 3 alapu pEgst eljarast
dolgoztam Kki.
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b) Meghataroztam az atlapolas kdzepének tervezésiadthsat kilbnb&z nyomaték
és reakciodr aranyok esetén. Az eredmények alapjan igazoltagy hz Eurocode
3 szabvanyos méretezési eljarasa alkalmazhatdeqoldis kozepének méretezésre.
c) Kiulon vizsgalati programot dolgoztam ki egy s#étdmasz feletti Z-szelemen
beroppanasanak vizsgalatara. A kisérletek alapjéghataroztam a viselkedési
modjait és tervezési ellenallas értékeket. Az edadrek alapjan javaslatot tettem
az Eurocode 3 alapu méretezési eljaras modositasara
Kidolgoztam az alkalmazott atlapolas csomopontléesizerkezeti végeselemes modelljét
€s a Vvégrehajtott numerikus vizsgalatokkal jelleie®z az atlapolas végének és a
tamaszkornyezet viselkedési médjait.

4. tézis

Megterveztem és végrehajtottam egy kisérleti progta konnyiszerkezetes
tetoszerkezetek kiegéséitelemeinek a vizsgalatara. Meghataroztam a vizsghdinek
viselkedési médjait és a tervezési ellendllasadlakbiak szerint.

a) Hidegen alakitott vékonyfalu U-szelvéngzelemenkifligges&telem nyomasra és
hazasra, kétféle konfiguracidban: nagymérdéivagassal a gerincben, illetve
kivagas nélkdl.

b) Allithaté szelemenkifiiggeszt elem nyomasra és huzasra, kilorboz
csavarpoziciok esetén.

c) Taréj eleme a szelemenkifiiggészendszernek nyomasra és huzasra kuléhboz
tetshajlasok esetén.

d) A szelemen kifliggesit rendszer rudjai hdzasra, szimmetrikus €s nem
szimmetrikus elrendezésben.

Kidolgoztam a nyomott szelemenkifliggesetem fellletszerkezeti végeselemes modelljét.
Jellemeztem a modell tonkremeneteli modjait és raggbztam virtualis kisérletekkel a
helyettesié geometriai imperfekcidit.

5. tézis

Kidolgoztam az alapjait és az algoritmusat kdrezngrkezetes &k 0sszetett méretezési
modszerének. A meéretezési mddszer 0sszekapcso(ja kisérleti alapu ellenallasokat,
amelyekhez nincsen szabvanyos hattér és (ii) aacade 3 alapu imperfekt modellen alapul6
nemlinearis szimulaciét. A kifejlesztett algoritmus PurlinFED — harom kilonbéz
méretezeési szintet tartalmazdsterkezetekre vonatkozoan:

a) rudmodell kiegészitve a kisérleti iton meghatartoatdapolas merevségekkel és a
javasolt méretezési eljardsokkal az &atlapolas eégés a széls tdmaszra
vonatkozoan,

b) radmodell kiegészitve héj végeselemes alapu dilzsgalattal, ahol a
karcsusagot a teljes éstzerkezet végeselemes modelbjebatarozhaté meg, ami
figyelembe veszi a burkolat valos megtamaszto hatszelemenre,

c) héj végeselemes modell, ahol az anyagi és geomnetemlineéris szamitas
imperfekt modellen alapul, az imperfekcidkat a wdgkokbdl szarmaznak,
melyeket a beépitett osztalyoz6 algoritmus segitgggyalaszthatok ki.

6.2 Application of the results

6.2.1. Direct applications of the results
The different test based design values and interacurves of the overlapped connection
are directly used in the daily design practice widab and Astron companies. The results are
built in the purlin design program developed by td&m of F. Werner in Bauhaus University
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Weimar, Germany. The stiffness characteristicshef @verlap zone are also implemented.
The test based design values of the various elamehtthe anti-sag system is also
implemented in the Astron design methodology.

6.2.2. Indirect application of the research method

The research methods (experimental test — testdbdssign — nonlinear simulation on
shell finite element models) used in my researehadso applied on other structural systems
in the last years, as follows.

The global stability analysis of the Pentele bridgdunaudjvaros: experimental analyses
are carried out on the M=1:34 scale model of thdderin the Structural Laboratory of the
Department of Structural Engineering. Design metbbdrches for in-plane and out-of plane
buckling are verified by the experimental testse Tésults are used on beam and shell finite
element models of the bridge model and the redgeriThe global stability of the arch in the
erection and final stages are designed by the bfobe element models of the bridge [67]-
[75]. This global model is used to determine thleration characteristics of the bridge for
dynamic calculations (wind and earthquake).

Global shell finite element model is developed ttee MO highway bridge also to check
the stress distribution at various locations ofdtel| deck plate [76].

The test based design values of horizontal brasysgem connection to the column base
are also determined by nonlinear finite element @’ 7] for Butler company.

Large numbers of numerical simulations are execotedghell finite element models of
steel frames to check existing buildings by advdrazsign method [78].

6.3 Further research

In general the presented results are parts ofrilgeing research on modern roof systems.
Regarding the compressed Z-section members thg@rdesethod and the application of
numerical models in the advanced design has taiteeirmore studied. The classification of
the eigenmodes of compressed members by the cFS#&lfbactions has to be extending to
special members with holes, to be able to applyengenerally. Further research is needed to
develop a method where the base functions comastfie FE method and it can be used for
members with variable height and special suppaortitimns, respectively.

Experimental and numerical researchers completed overlapped connections of
continuous purlins for specific structural arrangens. The developed FE model can be the
basis of new design method of the overlap zonechvban be implemented in the standard
design methodology.

In case of the research of full roof systems theeliged algorithm has to be extended to
new structural details, and benchmark and paramstudies should be completed to prove
the applicability of the design method. After thhe advanced design method can be
implemented into the design practice and can beempip improve the structure and optimize
purlin-roof systems.

6.4 Main publications on the subject of the thesis
International journal paper: [31]
Papers in edited books: [55]
International conference papers: [25], [26], [280], [54], [56]
Conference papers (abstract and presentation ¢&aRj):[29], [41], [42]
Research reports: [39], [40], [57], [58]
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