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Abstract

ABSTRACT

The trend of structural engineering in the receearg is toward the use of lighter and more
economical structural elements. In steel constactpeculiarly, thin-walled structural elements are
becoming more popular and have a growing importalmsproved techniques in a manufacturing of
thin-walled elements have led to increased competiess of such products in the building
applications. Some examples of such structural etérocan be found in everyday life in form of
columns, studs, roofing trusses, and light-weigainies. However, the use of slender profiles and a
complex cross sections shape lead to requiremestsidy instability phenomenon in a form of local,
distortional, flexural, torsional and coupled irsliy. Such complex structural behavior is inebita
accompanied by demand to improve calculation mettepttl design provisions. In this thesis, an
innovative solution of structural element composad thin-walled plates is proposed for the
application on lattice support structure of windbine.

Thin-walled cold-formed profiles are steel produassially made from cold rolled coils and folded in
the second step. In this way, only open profiles lba produced. The predominant problem of the
open cross-section is the excessive torsional teffmesed by the non-coincidence between the shear
center and mass center, and a poor torsionalaasestA better response is possible with closesiscro
sections, but such profiles could not be produgethb folding. The solution is to make semi-closed
section by assembling them into polygonal profigth mechanical fasteners, as presented in this
thesis.

Objective of this work is to study the proposedudtural sections in design situation and to
investigate possible design models. The expectedtstal behavior of the column is a mixture
between the open and closed cross-section. Thees wdll be investigated through numerical study.
In this thesis presented a comprehensive parangtrity on the ultimate strength of proposed cold-
formed steel columns using the Finite Element pgek&BAQUS. FE models were first developed
for columns by using automation that was made tinddATLAB and Python script. The buckling
and non-linear FE study was done for the invesagasf local (L), distortional (D) and global (G)
possible buckling failures and ultimate resistammespectively. Modelling issues such as boundary
conditions, meshing, initial imperfections, matenadels, and non-linear solution controls in FEA
were also addressed.

The parametric study involved series of profileduwilt-up polygonal cross-section types with varied
thickness ), number of cornersnf, diameter €), slendernesssfend, yield strengthf(), number of
points along corner rading, extension lip lengthl4y), gusset plate thicknesig)( member lengthl),
and density of fasteners/{ ratig, loaded in compression and bending moment. Thdibg moment
occurs as the effect of forces acting on the caimecThe purpose of this analysis is to study the
critical load, cross-sectional behavior, influenmethe amplitude of initial imperfections on the
ultimate load, and influence of each parameter uséite analysis through Full Factorial Design.

Key Words

Lattice tower, Thin-walled element, Semi-closed ygohal section, Finite element analysis,
Parametric study, Buckling, Python script, Matlab, Eurocode 3, Factorial design







Notations

NOTATIONS

Latin capital letters
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Gross cross sectional area
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Modulus of elasticity
Second moment of inertia

Effective second moment of inertia
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Characteristic buckling resistance
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Elastic load

Characteristic resistance Moment
Designed moment

Elastic section moduli

Effective elastic section moduli
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Notional flat width
Yield strength
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Basic yield strength

Ultimate tensile strength
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Greek small letters
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Relative Slenderness
Plate slenderness
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Critical buckling stress
Strain

Buckling factor
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Finite Element Modelling and Parametric Studiesefmi-Closed Thin-Walled
Steel Polygonal Columns

1 INTRODUCTION

At current stage of wind converter developmentucaty the amount of input cost is still a big
challenge. Wind energy is positive in the way that wind resource is renewable and it does not
produce harmful impact like greenhouse gas fronmveational power source. However, one of the
shortcomings with wind power generation is that aln@ount of investment cost makes it not as much
commercially competitive as other conventional pogeneration sources for the time being. Efforts
are being carried out to optimize it. As for optation of structural form, lattice system is propos
as support structure for wind turbine. Lattice sfuwre possesses advantages in that it generally
requires less material and the wind load impacalso reduced due to the reduced impacted area
compared with monopole structure. In this parttit& structure composed of steel semi-closed
polygonal cross-section made by cold-formed thilaglaplates is proposed for more efficient
structural solution, and compared to other commypetof wind turbine towers. This novel built-up
structural section is expected to deliver robusicture with economical feature.

1.1Background

Wind power is considered one of the most promisiltgrnative energy resources for production
of electricity. One major advantage that wind powdiers compared to conventional ways of
producing energy such as fossil energy and nueleargy is the low emission of carbon dioxide,CO
during production of electrical energy. It is aalerenewable energy. In the last decades extensive
research and huge resources have been focusedoducpon of wind power around the world,
especially in the European Union (EU) where anmiatl power installations have increased steadily
over the past 15 years from 3.2 GW in 2000 to T2/ in 2015, an annual growth rate of over 9%

[1].

A wind power station consists of a supporting tostucture with a turbine nacelle at the top.
The cost of the tower is one of the most importsgects to address at the moment of design stage
and installation. Based on experience, it covepa@imately 20%of the total manufacturing cost for
a wind turbine 2]. For turbines with higher rated power capacitye fpercentage could be even
increasing. Moreover, the height of the tower isiraportant factor in the efficiency of using wind
power. Higher tower solutions have a significanterin reducing the unit costs of generated
electricity [3], likewise latest development in wind power inayshcludes the effort to achieve larger
blades radius and consequently higher tower. Bugldiigher tower increases the output of wind
power as the wind becomes more constant, lesslémdei and the wind speed increases with the
increase of the tower height. Hence, the optinorawf supporting tower for more economical
solution while keeping the structural performarcaécessary.

Reduction of cost could be made through varioushotst: optimization of structural form can
save material cost if sufficient structural strémigt maintained or manufacturing cost can be lodere
by means of mass production. The latter is in flagtreason why large scale wind farm development
is becoming the interests of many. One possiltitityeduce costs of tower manufacturing could be to
produce them in smaller parts that are easier esgldxpensive to transport. For such a solutidre to
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feasible it is important that the resulting struetand connections has the required stability aad |
resistance. The problem of transportation of toteeinland sites and erection method significantly
decreases if the tower is built by sections instehdarge cross-section and in long segments.
Moreover, the price of the tower can also be desg@dy the use of thin elements with high strength
values.

In the current design of steel towers for onshoiredviurbines the most common type of tower is
cylindrical tubular tower. Some challenging limitats regarding tower height and erection process
attributed to this type of structures includingsportation restriction for maximum shell diamedér
4 — 4.5m, fatigue endurance due to transversall@mgltudinal welding, connection problems with
thick flanges, expensive rolling process, andndtitechnology that limit the height of current
installed tower to be 80 — 100m.Lattice or trusppsuit structure then proposed to deal with such
problems, however the steel CHS section as commuss cection for this type of structure for high
onshore wind turbine has complication in weldingroection and member thickness. All these issues
will eventually affect the cost effectiveness ofvew component in the overall building cost. Many
researches have been looking for different solstitmthese problems. Three projects which have
been dealing with these questions are the HISTWAN HISTWINZ2 [5], and the on-going
AEOLUS4FUTURE p]. New challenging load conditions and new typesopport structures for
wind energy converter which foster new structuk@laepts and high performance material became
the focus of those researches. As part of thegeqgtso Heistermann/] proved a new solution with
friction connections to replace the traditionalflange connection, and then Gars@h ¢onducted
comprehensive study of polygonal tubular towers enafifolded plates. In 2008 the steel supplier
“Rautaruukki Oy” B] developed a method to build a lattice tower dd 1% using a new section type
made from cold-formed steel as illustrated in Fegdl. The latter type of structural member is
adopted in this thesis.

Besides the structural performance of member, omgoitant issue for the stability of the
presented tower is to analyze the connections medjtid maintain the structural performance. As the
joint behavior affects distribution of both intefriarces and moments as well as deformations of the
structure, its investigation is very important. Téfere, the work presented here also addressed
guestions related to the structural characteristibolted connection on the lattice column made of
polygonal thin-walled folded plates. Globally, thisrk is intended to promote competitiveness of
semi-closed polygonal cross section for truss sirecapplication.

1.2 Objectives and Expected Research Achievement

The main objective of this thesis is to study ttractural behaviour of semi-closed polygonal column
subject to various geometrical configuration anadiag schemes. Another aspect with regard to the
connections on this type of member is also consitleAs of structural joints are characterized by
means of their resistance, stiffness and rotatpacity, one parameter investigated here is estmat
of stiffness of the connection under prescribed$@arameters.. The overall objectives are acliieve
by performing an extensive numerical parametrictio analyze and investigate the influence of
different parameters on the response of the member.

2 Introduction
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The following key research questions are addressed:

1. Are the existing Eurocode EN1993 part 19ahalytical models for cold-formed steel
sections suitable for predicting the critical axaice and bending moment on the proposed
semi-closed polygonal section with bolted conneio

2. Is it possible to accurately predict the behavibthe proposed cross-sections as a built-up
member by means of Finite Element Methods (FEM)?at\dre differences of such an
approach compared to the analytical ones?

3. As for parametric studies, how far is the influermfeeach parameter on the structural
response of the model?

4. s it possible to investigate the influence of imipetion on the resistance of the proposed
cross-sections?

1.3 Limitation

This thesis is endeavoring to solve the challerigesipplication of a new type of truss member as
support structure of wind turbine and the purpastiachieve a balance point between the safety,
cost and the overall performance. Limitations ekistause there is little existing experience and
research to learn from for this thesis topic andyrm@sources in the steel thin-walled industrysiile

not accessible to public. The whole thesis wonkégorly based on conceptual studies and numerical
analysis whereas there is a lack of verificatiamfreither physical modeling or industrial experenc
The thesis is therefore trying to produce a worthimiits scope that could be useful or applied as
reference when future relevant projects are toléened.

The study performed in this thesis deals with tinecsural behavior of steel semi-closed polygonal
sections with bolted connection in lattice struetuwith focus on buckling behaviour, ultimate
resistance and connection stiffness. In the numleranalyses, different types of structural
configurations have been considered. Several paeasnare applied on the parametric study to
identify the influence on the response of the mambbus, the analysis is limited to these specific
prescribed parameters. The studied members irthibis are series of segment of corner chord on
lattice tower.

1.4 Methodology

To address the objectives and answers of the @seaestions in this thesis the following research
methodology was adopted:

1. In the first step, a literature review has beerriedrout to identify the status of existing
research work related to cold-formed polygonal isactThe existing rules according to
Eurocode EN1993 are briefly presented. Results fotmer researches are also presented. A
particular focus was on built-up section made dh-thalled folded plates with bolted
connection.
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2. Thereafter, automation was carried out to build f3hite element models of the sub-
assemblies for parametric studies. MATLAB code wsad to generate profiles of model and
continued with automation in Python. Focus is git@emumerically study and investigate the
influence of different parameters on the respotfiskeosection.

3. After evaluating the results, focus is shifted lte stiffness prediction of connection on the
studied columns. In addition, influence of impetiee is also investigated.

4. An evaluation of the results of the models perfairbg FEM and recommendation for the
applicability of numerical calculation for this typof cross-section with regard to the
standards of Eurocodes for steel design: EN 19931p3 [9] and EN1993 part 1-51p] was
done.

1.50rganization of the Thesis

The thesis consists of seven chapters excludingxasn A brief summary of the content of each
chapter is explained as follows.

Chapter 1gives a background and a brief introduction of tesearch subject. Therein, also
present the objectives and expected research a&chents, limitations, and research
methodology.

Chapter 2gives a state of the art review. It starts withoaarview of the rules for the considered
type of thin-plates as presented in Eurocode EN1®9&ddition research results from other
references are also presented.

Chapter 3presents the procedure of parametric studies anérical analysis. Detail description
of FE models developed for the proposed semi-clpsdgyjonal cross-section is described here.

Chapter 4describes the evaluation of result from FE-caloots and parametric studies for the
proposed polygonal cross-section.

Chapter 5gives procedure for the numerical modeling and uatmn of stiffness of the bolt
connection along the member

Chapter 6gives the investigation of moment-rotation behawiolithe gusset connection on the
member

Chapter 7sums up the main conclusions achieved and prasoadee suggestions for future work
related to the research presented in this thesis.
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1.6 Type of Towersfor Wind Energy Converter
1.6.1 Welded steel shell towe

The welded steel shell tower today dominates theirbine market. It consists of cylinders m
of steel plate bent to a circular shape and weldegitudinally (Figur« 1). Transversal welds conn
several such cylinders to form a tower section hEsection ends with a steel flange in each end.
sections are bolted to each other. The bottom dasgonnected to the foundation and the top ol
the nacelle.

A tower is primarily dimensioned ainst tension and buckling in the extreme load salskeally the
margin should be the same for both criteria, simoeeasing the diameter, with a corresponc
reduction of plate thickness, increases the tensim@ngth but reduces the buckling mai Finally
the tower has to be checked against fatigue. Acegitd Eurocode connecting welds (transversal
longitudinal) and dimension changes (flanges) &dfélee strength in a negative way. Thus it is
welds and the geometry that primarily detine the fatigue strength rather than the qualityhe
steel. Therefore wind turbine towers mostly useimany qualities of steel. In this report use
S355J2G3 (earlier known as SS2134, tensile yigld 855 MPa) is assumed for both the welded
friction joint towers.

In the dimensioning load case, the tower is affittgthe thrust from the rotor. This thrust wilkate
a bending moment, which increases with the distaftoen the turbine shaft, i.e. inverse
proportional to the height above tiground. To cope with this increasing bending moméns
favourable to make the tower conical in shapehéolitmit of buckling. However, land transportati
even with a special permit is not possible for ditemsexceeding 4 m in Sweden. Other couies
and certain roads may create even more severdctiests, e.g. .5 m. To a certain degree the
restrictions may be counteracted by an increasplaie thickness, however, the towerll then
become less economicdl].

flange——=x, 8l Urper segmant

i ] 1
Suppor! for assembly
. |

_transverse weld | aesped

flange J !
connection™~—___—~1 | a

| longitudinal weld

" Lower sagmeanl

\ i
“~ Flanges L i
flange™~—— Tl wisw

a) Shell tower in two sections  b) Ring flange connection c) Friction connectior

Figure 1.a) Modularized tubular sections with two different connection type:
b) ring flange and c) fiction connection proposed in HISTWIN project
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The specific investment cost for the different ralégives is summarized in Figure 2. The inter
higher hub height alternative was not possiblettairawith the 4.5 m base diamelimitation. For
the 5 MW turbine the limit was 100 m. For all towers the imaxm plate thickness is 75 mi
According to one source, some manufacturers expeidifficulties above 50 m.
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Figure 2. Summary of specific investment cost for 3 and 5 M wind turbines furnished with welded steel shel
towers, maximum diameter 4.5 m 11]

Besides making the tower expensive, a small tovanelter also means difficulties with transferr
the loads into the foxdation and also with the distribution of the loauthe foundatio [12].

1.6.2 PretensionedConcrete Towel

In a concrete tower the concrete proper only wéthds pressure. The ability to absorb tensi
provided primarily by pretensioned tendons, locateducts in the concrete or internal/externalhaf
concrete walls. Putting them internal or externsl#es easy inspection. There are also tradit
untensioned reinforcement bars cast into thecrete shell, necessary to provide the compre:
strength.

A concrete tower is clearly dimensioned by theext load case, since it has large margins tov
fatigue. It is assumed that the concrete is preiaed by the tendons to 20 MPa. In the eme load
case the pressure side is offloaded to close twhereas the tension on the other side is dou
By increasing the thickness of the concrete caveraly be possible to increase the lifetime to 8
years. One concrete tower may then < for two generations of machineries, with obvi
economical savings (Figure 3).

Compared to steel towers, concrete towers are rhaakier and takes longer time to erect. On
other hand, the concrete or the concrete elemdhtsiade small enough, arnot subject to
transportation restrictions, as for the case wigfoed steel towers with large base diame
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Figure 3. Summary of specific investment cost for 3 and 5 M wind turbines furnished
with slip formed concrete towers [L1]

Regardless if the tower is slip formed or assemfitat precast elements, it is advantageous tolir
the poststressing tendons from below, thus not needirlift the heavy rolls of tendons to the tov
top. Then it is however necessary to furnish thméation with a celli [12)].

1.6.3 Concrete/Steel Hybrid Towe!

The idea behind building a hybrid concrete/stower is to use concrete in the wide lower part
steel in the upper part, where a conventional veefdeel shell tower section may be designed wit
any risk of conflict with the transportation limiiians. In reality it also makes it easier to dn the
concrete part and to get the ei-frequencies right1[1].

. |

Figure 4. Concrete-steel hybrid tower
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Figure 5. Summary of specific investment cost for 3 and BIW wind turbines furnished
with hybrid concrete/steel towers[L1]

1.6.4 Lattice Tower

The simplest construction method of building higaed stiffer towes is a threalimensional truss, so
called lattice or truss towerdJ). Lattice towers have been used in large numbersifaller winc
turbines. For larger turbines they have mainly baerhoice when stiff (unde-critical) tower was
needed.They are typically manufactured by means of weldedbolted tubular steel profiles ol
section steel profiles. The lattice towers are dgly three or four- legged and consist of corr
chords interconnected thibracngs in a triangulated structure.

It is clear that they often are considerably lightean towers based on other technologies.
physical background to this phenomenon is the lavghhs of the lower sections. The need
material to take stin or pressure is inversely proportional to thdttui With a tubular section a tl-
walled construction will finally meet with bucklingvhich restrains the maximum diameter. A lat
design does not buckle like a shell. The risk ofkling of the indvidual members is controlled |
inserting numerous struts that give the latticeeioits characteristic loc

The basic advantage of lattice towers is costesmtattice tower requires only half as much mat
as a freely standing tubular tower with a simikffreess as already described above (FiguriAs for
optimization of structural form, the 20% cven higher cost of the tower coueé possibly reduced
for instance lattice structure ispplied as support structure for wind turhir@ne another stated
advantage of lattice towers is that they shouldeHass aerodynamic drag and hence createower
shadow and nois®©n the other handransportation of lattice structure is alsoich more conveniel
when roadransportation capacity o-6m is limited if a larger ahension of monopole is requirfor

a larger scale wind turbine
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The visual qualities are controversial, especidiy to the resemblance to towers for -voltage
power lines, generally claimed to be ugly. An opesign, like a lattice tower, is more prone tog
than atubular tower. The possible impact on the dynamigperties may be the most sev
conseqguence, which may endanger the wind turbiraa iextreme case. It may also be a probler
maintenance personnel, even if their elevator nm&eated rails. Anotr dange for such tower is
the increased risk of falling ic&he last resort for evacuating a wind turbine riadslnormally by ¢
rope to the ground.

700
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400
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Figure 7. Specific investment cost for 3 MW wind turbine funished with
lattice towers

1.6.5 Hybrid Lattice- Tubular Towers

The most recent type of wind tower is hybrid l&-tubular tower. This type of towers is intendec
achieve greater hub heights. It consists of theetttomponents, the lower lattice part, a trans
piece,and tubular part. The lattice tower is set on thenflation and is assembled directly at site.
transition piece connects the lattice tower to tbbular tower, ensures the connection

transmission of forces between the two main pdi® tubulartower consists of sections joint
means of bolted flanges as happen in most tuboeers.

Introduction 9
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The tower can be climbed from the inside and ispmmpd with working platforms, ladder with fall
protection system and a service lift. The bottomiret sections are arranged in the transition piece
The cabinet sections are connected to the genaaatbthe top cabinet in the nacelle via power and
control cables. At the tower top the cables areembthrough a cable loop. It allows the nacellauta
several times in each direction without damagirg ¢hbles. The power cables between WTG and
grid are routed through conduits. The tower isqut#d against corrosion with special coating.

A tower of this type was installed at the wind famrGujarat, India (Figure 8). It is expected ttias

new type of towers produces about 10 to 12% moeeggn because gains against the normal towers
more than 40 meters in total height, with a comthiheight of 120 meters compared to the 80 meters
of most tubular towers, therefore it is ideal fowlwind areas, due to its superior performance) @it
potential to be installed in all parts of the wondthout having to look for places where the wind
speed is highl2].

E s “j d
Figure 8. Steel hybrid lattice-tubular tower

1.6.6 Summary of Type of Support Structure

In the early experimental stage of wind energy esgkcially when the size of wind turbine was still
moderate, the emphasis was not placed on costtredws the tower, which is why the tubular tower
was very widely and popularly used. However, asroencialization of wind energy is urged and the
size of wind turbine grows, after cost reductionasweements on mechanical components like the
gearbox and generator are achieved, cost minirizassociated with the turbine support structure is
again attracting interests and this is why thesgsyéhe lattice structure is receiving more andemor
attentions, especially on large scale wind turbines

A comparison in terms of the investment cost obamissioned wind turbine divided by the yearly
production, called the specific cost for the présdrypes of tower is shown in Figure 9 below.
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Figure 9. Tower cost for the alternative designs. Power 3 M\Whub height 125 n[11].

1.7 Semi<closed polygonal section truss:

The idea of using built-upolygonalprofile member made of folded plates the trus element is an
innovative and recent solutiptherefore the research and previousies about this matter anot

much availableThe objective is to maximize the effincy of the crossection by itsgeometry,

while minimizing the quantity of sel used. This can lead to great econ@hn&nd environment:

benefits.There is no extended research and literature behis type of builtup hollow sectionsso

far and therefore there are many uncertaintichow these elements would behunder loads.

The main advantage of sewmibsed polygonal profis made from coldermec steel is that they
facilitate simplerconnections with nnimum welding. Figure 10 shovp®ssible polygonal profiles fi
compression chords andadonals in alattice. The gusseplates required for the connections
inserted into tB polygonal profile and securwith pretension bolts.

Figure 10. lllustration of connection of semielosed polygonal cross sections chords to diagor

A detailed research study about ttype of section was performed i8]] which investigated the
resistance of the polygonal cr-sections for tubular tower applicatiohhe focus of that research
the use of thirwalls on bolted elements in wind towapplications and the assessmof the design
methods according to Eurocodn comparison with FEM analysiShe results of the study show tl
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the Eurocode EN1993 part3land part -6 are in a goodgaeement when compared to the labora

tests and FEM analysis performewhenever the axial resistance was done on the«ed plates. A
smaller differencédetween numerical and analytical results was obthimhe calculating the critice

load with EN1993 part 1;5ather than with part-6. Therefore, in this thesiEEN1993part 1-5 is also
used in order to determine the critical load otgdalt isalso shown that the strengththe folded

plate, even with less material used in the «-section has Aigher efficiencythan the plates with
circular cross-section§].

Furthermore, apart of HISTWIN projec, lattice tower using a new section made from -formed
steel as illustrated in Figure idas developed by RuukkA preliminary study by experimental te
and FE analysis of the behavior of this new polydaros-section consist of folded plates w
conducted at Lule& University of Technolc[8].

(b) ()

Figure 11 Lattice (truss) tower using sen-closed polygonal cross section, a) Steel plate,tbyver section
and c) Lattice towerdesigned by “Rautaruukki Oy”

This thesis is an extended research for -up polygonal crossection for application in lattice
truss structuresvith bolted connectic. Several numerical modetse developed for paramet
study to understand the sttural behavior and evaluate the efficierfythe proposed solution in
comparison with the existing Eurocode for formed steel.
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2 THIN-WALLED STEEL PROFILES AND THEIR RESISTANCE
ACCORDING TO EUROCODES

Cold-formed steel sections demonstrates extenppiecability, even it is a relatively new systeraed

to some great advantages, such as high strengttetght ratio, reduced labor costs and fast erection
due to the light weight of cold-formed membershé&form of individual plates, they have an inhéren
weakness in their small torsional stiffness, whighunfavorable for compressive members. The
solution is to make closed section by assembliegntkvith fasteners. Cold-formed steel design is
dominated by two specific problems, i.e. (1) stgbilehaviour, which is dominant for design crigeri
of thin sections, and (2) connecting technologyictwhs specific and influences significantly the
structural performance and design detailing. Thekyaresented in this chapter deals with resistance
of the proposed section in relation with stabibityd connection, based on analytical approach in the
Eurocodes.

2.1 Introduction

In steel construction cold-formed structural merskame becoming more popular and have a growing
importance. One of the reasons is the versatilar@athich allows for the forming of almost any
section geometry which can be produced at low-bgstold forming and rolling from thin steel
sheets. Cold—formed steel sections are usually¢hithan hot-rolled sections and can be subject to
different modes of failure and deformation and ¢fi@re extensive testing is required to provide a
guideline for the design of cold-formed thin-wallgtductural memberd .

The main mechanical properties (yield point, tenstrength and ductility) of cold-formed steel
sections, particularly at the corners, are conalulgrdifferent from those of the flat steel shedate,
strip or bar before forming. This is because thid-dorming operation increases the yield point and
tensile strength, and at the same time decreaseduittility. Design codes have been generated for
cold-formed steel structures subjected to varioasgihg scenarios which can cause buckling, bending
and web crippling or a combination.

Cold formed sections can be optimized for differpatposes and they are fairly inexpensive to
produce in small series by brake forming. The fobjective of the optimization is to avoid the
detrimental effects of local buckling of compresgmits. This is done by folds and by forming
intermediate stiffeners in wide flat parts. Mosttloé cold-formed members have open cross-sections
with a very small torsional stiffness. This meahnattthe resistance to global buckling frequently is
governed by torsional or torsional-flexural bucklimith a relatively low resistance compared to
flexural buckling. One way of improving the resista is to make the cross-section closed by using
mechanical fasteners for the connection, which ballinvestigated in this thesis. It is here caled
semi-closed cross-section because it is not camtisiy and rigidly connected.
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Using the newest developments in material techryoéogl in cold forming technique the processing
of steel sheets with yield strength ranging fron® MPa to 700 MPa and larger sheet thicknesses
becomes possible. Due to that, trusses with coluidd sections show a marked reduction in weight
in comparison to hot rolled sections. However, #Hidsantage can only be used for structures, where
serviceability is not decisive, which is the case frusses with their large flexural rigidity. For
conventional truss structures made from hot roedtions, design details were optimised during
decades of application, while for an economicalgitesf trusses made of cold formed sections, new
cross-section types as well as truss joint detaalge to be developed. 115 a pentagon shaped
cross-section is proposed and investigated thr@ughlculation method based on the Generalized
Beam Theory (GBT), which was compared to numeeidulations and experimental data. The main
concepts and steps that need to be followed wheslajgng the numerical implementation of a GBT
formulation aimed to perform first-order elasticagtic analyses of thin-walled members have been
presented there. All the GBT results were compaoeABAQUS shell finite element value, very
good agreement between the two being obtained. H#mwé is shown that FEM analysis provides
better and more precise results than the GBT proeeahd therefore, in this work an FEM approach
is adopted.

The objective of this chapter is to assess thebkesi@d design procedure of an axially compressed
cold-formed steel member and stiffness of the comme The investigated steel member is a segment
of a semi-closed corner chord as illustrated irufégl1l. The element was intended to be used as part
of a lattice tower for wind turbines. The resis&rto axial compression of the folded plate was
analysed according to the rules of EN-1993 rulets 18 [9] for the folded cold-formed members and
then evaluated with the help of FEA.

2.2 Manufacturing of Cold-Formed Steel Section

Cold-formed members are steel products made fraatedoor uncoated hot-rolled or cold-rolled flat
strips or coils. Within the permitted range of taleces, they have constant or variable cross sectio
Individual structural members (bar members) obtifrem so called “long products” including
single open sections, open built-up sections, égkd built-up sections.

Cold-formed members are normally manufactured wyafrtwo processes, namely:

- Roll forming;
- Folding and press braking.

Roll forming consists of feeding a continuous stetlp through a series of opposing rolls to
progressively deform the steel plastically to fottme desired shape. Each pair of rolls produces a
fixed amount of deformation in a sequence of typ@as in Figure 12a. Each pair of opposing rolls is
called a stage as shown in Figure 12. In gendnal,ntore complex the cross sectional shape, the
greater the number of stages required.
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Figure 12 Stages in roll forming a simple section(Rhodes, 129

Folding is the simplest process, in which specimeinshort lengths, and of simple geometry
produced from a sheet of material by folding aesenf bends, as shown in Figure 13. This pro
has very limited application.

2

(V5]

4
Figure 13. Folding process

Press braking is more widely used, and a greatéstyaf cross sectional forms can be produce
this process. Here a section is formed from a ken§strip by pressing the strip between shapes
to form theprofile shape, as shown in Figure 14. Usually dsatd is formed separately. This proc
also has limitations on the profiled geometry whielm be formed and, often more importantly, or
lengths of sections which can be produced. Presary is nomally restricted to sections of leng
less than 5 m although press brakes capable ofipigi8 m long members are in use in indu
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0

Figure 14. Press braking process

2.2.1 Peculiar Characteristic of Cold-Formed Sections

Compared to hatelled steel sections, the manufacturing technolofygolc-formed steel sectior
causes some peculiar characteristics. First ofcalt-forming leads to a modification of the str-
strain curve of the steel. With respect to theimingaterial,cold+olling provides an increase of t
yield strength and, sometimes, of the ultimatengiife that is important in the corners and

appreciable in the flanges, while press brakingdenese characteristics nearly unchanged ir
flanges.

Table 1 Influence of manufacturing process on the strengis of hot and col-formed section:

Cold forming

Forming method Hot rolling - :
Cold rolling Press braking
. Comer - high high
Yield strength
Flange - moderate --
, Comer - high high
Ultimate strength
Flange - moderate --

The increase of the yield strength is due to sthairdening and depends on the type of steel use
cold rolling. On the other hand, thecrease of the ultimate strength is related torsaging, which is
accompanied by a decrease of the ductility and mtpen the metallurgical properties of
material. Eurocodes provide formulas to evaluateiticrease of yield strength of c-formed steel
sections, compared to that of the basic mat

Hot-rolled profiles are affected by residual stressdsich result from air cooling after t-rolling.
These stresses are mostly of membrane type, thpgndeon the shape of sections and ha
significant influence on thiuckling strength. In the case of c-formed sections the residual stres
are mainly of flexural type (Figure 1, influenced by cold rolling procedurand their influence o
the buckling strength is less important than meane residual stresses as shown in Tal
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Figure 15.flexural residual stresses in a lipped channel cd-formed steel sectio

Table 2. Residual stress in steel sections

Cold forming

Forming method Hot rolling - -
Cold rolling Press braking

Membrane residual )
high low low
stresses (G,

Flexural residual i
low high low
stresses (G,y)

The fact that the mechanical perties of cold-formed sectionge. yield strength and residt
stresses -are different to those of hot rolled ones, différeackling curves need to be justifie
However for the simplicity of the design prcss, the same buckling curvesfashotformed sections
are still used in Eurocodes.

2.3Buckling Behaviour
2.3.1 Elastic buckling of column

Buckling is a geometric nolmear problem. Buckling of a member occurs whendRial force in th
member is so high, that the member cannot resist dkial force in combination with later
deflection and thus no stable equilibrium can bhentb The vlue for which this happens is callet
bifurcation point because an intersection betweenm équilibrium paths is present. For the ic
column (a perfectly straight column is subjectedtoentrically applied load) when the load is
than the criticaload, the column will remain straight in state tftde equilibrium. When the load
continuously increased equilibrium is not only pblesfor a straight column in deformed sha
however this is state of unstable equilibrium megnthat small distibances leads to lar
displacements. In Figure 18 shown in a forc-deflection diagram. The vertical axis represeng
axial compressive force in the column (hinged d@hlends) and the horizontal axis shows the la
deflection in the middle of theolumn
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P Perfect bar

LW, W

Figure 16. Euler buckling load

In a Linear Buckling Analysis, it is assumed thia¢ column is centrically loaded, the materie
homogeneous, isotropic and perfectly elastic arat the deflections are small. A mmum
compressive stress is not taken into account. Wayg a buckling load can be found by finding
equilibrium between the compressive force multgbheith an eccentricity (which is only presen
buckling occurs) and the flexural stiffness of ttlumn where the axial compressive force is ce
the disturbing force and the force caused by theuflal stiffness of the column is called the iné
resisting moment. The disturbing force and therivdkeresisting moment must be in equilibrium
the column to be stable. Using a differential equatmdescribe its behavior, the first order or &r
buckling load can &found by equation bel¢, which is found by seing the differential equatio

_m?E.l
(K. L)?

where:

N is the critical load or buckling load of the colu
El is the flexural stiffness of the colul

L is the system length

K is effective length factor

And critical stress is defined by:

m?E N,
%= =g

where:

o 1S the critical stress, the streshereby the column buckles
Ais the slenderness of the colu

Ais the area of the section

where:
i is the radiusf gyration, determined |
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With the above equatiores graph can be plotted with the critical stresghenvertical axis and tt
slenderness on the horizontal axis (Ficl7).
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Figure 17. Euler buckling curve

It can be seen that the critical stress increasenthe slendernedecreases. The stress even exc
the yielding stress of steel. Of course, this ipassible, but as outlined before, it is assumec
material is perfectly elastic and a maximuiress is not taken into account.

The failure of a column under compree stresses could be either local or global bucklinghe
case of global buckling the deformation can beending, torsion or in combination depending on
type of crosssection. Local buckling occurs in the form of omeseveral small buckles. Amportant
characteristic of local buckling is the g-buckling range, as the load can be increased betjw
load at which an initially flat cro-section buckles. The process of local buckling gliobal buckling
is different depending on the type oluctural element (Figure 18).
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attect the bukling mode of can affect the behaviour of the sensitive to
the bar plate imperfections.

Figure 18. Stability of a member under axial compression

It can be seen in Figure 18 tleampared to otherinds of structures, thin platare characterised by
a stable post-critical behaviouUstandards such as EN 1993 paf tensider the susceptibility
structural element to buckling by the classificatiaf the cros-sections. Where Classes 1 and
used for elements where buckling less possibletaro Class 3 and 4 is used when thederness is
higher and buckling occurs before the yield stisggached. Cro-sections formed from thin plat
usuallyfall in class 4 and are very sensitive to imperfew under axial compressive loe
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2.3.2 Buckling behaviour of colc-formed structural members

The use of thinner sections and hstrength steels leads to desygblems for structural engine¢
which maynot normally be encountered routine structural steel design. Structural indity of
sections is most likelto occur as a resLof the thickness otie sections, leading to reducbuckling
loads (and stresses), and the ushigher strength steel typicalipakes the buckling stress and yi
stress of the thimvalled sectionapproximately equal.

Unlike heavy hotolled steel setions, cold-formed thirwalled sections tend tbuckle locally at
stress levels lower than the d strength of the materiacharacterised by the relativeshort
wavelength buckling of individual plate elem. However, these members do fail at these stress
levels and continue to carry further loads. - phenomenon is called pdstickling behaviour, as
shown in Figure 18. In thimalled col-formed steel structures, elastiocking and load deformatic
response are closehglated. There are diffent buckling modes as illustrated in Figit19: Local
[16], Distortional [L6], Euler (Flexural, Torsional-Flexural of column dratera—Torsional of beam

[17].

(@) Locally buckled plain channe

- - 1 ~
(b) Distortional buckling mode (c) Flexural-torsional buckling mode

Figure 19. Different buckling modes

It is well known that coldermed thir-walled members under compression lcexhibit local and
global post buckling behaviod§]. Overall column strength igreatly depende on the interaction
effect of localand overall column bucing. The curves shown in Figure B@ve been obined using
elasticFinite Strip (FS) software, analysing ancscribing the change of bucklirstrength versus
buckle half-wavelength.

It is recognised that cold formed steel comsion menbers may locally buckle befothe applied
load reaches the overall collapse Icof the column. The influence dbcal buckling on columi
strength depends on tf@lowing factors: the slendness ratio of the column, the shape of the ¢
sectia, influence of cold workthe type of steel used and its mechanical prog, the type of
governing overallcolumn buckling, effect of imperfection, effect wfelding, interaction betwee
planecomponents, effect of perforatic if any, effect of residuatress etc. For short columilocal
buckling occurs first leading to large deflens. Local buckling involves formation of the
component plate elements of thection, with the plate junctioneemaining straight and occurs

20 Thin-Walled Steel Profiles and Their Resistanceaadingto Eurocodes



Finite Element Modelling and Parametric Studof Semi-Closedhin-Walled
Steel Polygonal Columns

plate buckling of indiidual slender elements incrosssection as shown in Figure (a),identified by
first minimumbuckling stress at Point (Fig. 20).

Distortional buckling is characterised by rotatmfrthe flange at the flange/w junction in members
with edge stiffened elemengnd occurs only for open cri-sections where the compressed flar
buckle inward or outward along the length of a member as sho\Figure 19b). This is theform of
a "semi-local” bucklingnode which ca generally arise at somewhat longeavelength, generally
intermediate between that of local buckling andbglducklin¢. The distortionabuckling mode has
been found to govern the strenof sections with intermediatelstiffened element[16], [17]. The
elastically determined pogiuckling behaviour isgenerally stable, but iptane deformations c
encourage substantial membristresses and rapidly produce yield and failuréhenstiffener<[19],
[201.

Local mode Distorsional mode

600 | P
i Timoshenko Flexural-
Torsional Buckling

L

Flexural-Torsional |
mode

500 |

400 |

300

Buckling Strength (Mpa)

All modes (coupled) puckling curve
200

100 | 65mm 280mm

0

10 100 1000 10000

Figure 20Buckling strength versus hal-wavelengh for a lipped channel in
compression (Hancock, 2001)

For long columns under compression load, Eulekling is more likely to occubefore any other
instability failure and occurs by bending about Wel[21]. When a slender member is subjecte

an axial force, failure in the member takes place do torsion or bending rather than di

compression of the material. Further, if the corapi@n member is not supported in the lat

direction the metmer will fail due to lateral buckling of the compseton flange[22].This

phenomenomccurs when the flexural load increases to a atitimit. In wide—flange sections, if the
compression flange bucklémterally, the cross sdon will also twist in torsionresulting in a failure
mode which represents latertrsional buckling. The lateritorsional buckling strength of a secti

could be increased by usiagbracing systenin general, bracing systentould be divided in" two

categories namely, laterdatacing and torsional bracing. Cold formed steructures are made of th

steelsheets and have often mono symmetric (-symmetric cross sections. Fce their lateral—
torsional buckling behavious morecomplicated than that of doubkymmetric hc—rolled beams.
Past research on latertsional buckling of stedbeams has mainly concentrated or—rolled steel
beams 23].

The dashed line in Figure 2fualitatively shows the patn of all modes or coupled mocThe effect
of interaction between séamhal and global buckling moderesults in increasing sensitivity
imperfections, leading to the erosion of theoretical buckling strength.
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In general, he buckling mode is influenced by cr-sectiongeometry, end conditions, Icing and
material. Also, introducingpenings and imperfectic to strictures has a significant effeon the
critical buckling load and the buckling mo[24], [25].

N I N I
'Lla:uc | elastic
1 !
Npl’ h ] rigid plastic NF[ h I rigid plastic
A \ 1
\{/ M
Is clastic buckling (Euler) elastic buckling (Euler, gross section)
Nop-—t-x~~~"-==--— Nap—-ft¢-—======—
Nul - N
[T O N . N ——
plastic hinge Nei|- 1
Nei|- elastic-plastic . i
. I (local plastic
first yield ] mechanism)
Nr} -
A . A -
N / i /
1 f

Figure 21. Behaviour of (a) slender thicl-walled and (b) thin-walled compression colum

Figure 21 shows the differena® behaviour of a thick-walled slender coluimcompression and
thin-walled column. It showshe behaviour of a thick-walled bar thatbegins to depart from tf
elastic curve at poirB when the first fibre reachedhe yield stress, i and it reaces its maximum
(ultimate) load capacity, Nat point C; after which the load drops graly and the curve approach
the theoretical rigigslastic curve asymptotica. The elastic theory is able tefine the deflection
and stresses up to the pointfio$t yield and the loaat which first yield occurs. The position of
rigid-plastic curve determinethe absolute limit of the load carrying ccity, above which th
structurecannot support the load and remain in a ste equilibrium.

In case of a thin-walled bar,d®nal buckling, e.g. local cdistortional buckling, may occur prior
the initiation of plastificationSectional buckling is characterised by the stablg-critical path and
the bardoes not fail as a result of this, but sigrantly lose stiffness. Yielding starat the corners of
cross section prior to fare of the bar, when sectionbuckling mode changes into a local ple
mechanism quagimultaneoushwith the occurrence of global buckling.

2.3.3 Coupled Instabilities

In many practical cases, as it is for thin walled merspthe loss of stability is often complicated
the occurrence of two or more eigenmodes at cagmtidr nearly coincident critical loads. This le
to an increase in sensitivity to geometric impetion with reduction (erosion) of the expec
buckling strength.

The natural effect of geometrical imperfectionshis erosion of the cusp formed by the interactib
the pre-critical and postrtical paths In the case of coupled instabilities (termherein used to
express the simultaneous occurrence of differeciklmg modes) further reduction is produc
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« Nature of the Phenomenon

The occurrence of simultaneous buckling arisesrattiral situations when the attempt is don
optimize the structe by choosing a specific geometry that allows libekling modes to have tl
same critical load: this is the sadled “simultaneous buckling design princip

The matter is to analyse which are the effectsref buckling mode on the other; the inteion
between the two modes generates a change in thdingushape causing severe imperfec
sensitivity and modifying the apparent optimizatassumed with this approa

The phenomenon can be illustrated by a simple meglshown in Figu 22.

Length =L
rd

Ga
1

/ ’/
v
Ball Joint

X

Figure 22 Model used by Croll and Walker (1972) to illustrde interaction of critical loads

By introducing the potential energy of the illusé model and deriving the equilibrium equati
four solutions are obtained, the next res depict their expression:
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Figure 23. a) Stability paths for coupling between relativef close critical loads;
b) Stability paths for coupling between coincidentriti cal loads
It may be observed that the coupling of two stalgl@metric pos-critical curves (S2 and S3 in Figt
23) generates a fourth path (S4) which inverted slsaggests a marked increase in sensitivity of
model to initial imperfections.

Consideing only the lowest po-critical path (S2) would have carried to have netedted th
presence of these unstable paths, thus leadingitewarrect interpretation of the member beha
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* Interaction Types in Bar Membx

The characteristic of main irrest of coupled instabilities is the evaluation tbe associate
maximum load reduction; this fact is generated bgomn increase of sensitivity to geome
imperfection. As for simple buckling, there are coupled instaie#i for which the effects
imperfections are not very important, but structuexist with very important reduction in t
buckling loads.

If the two modes that couple have wavelengths obiathe same order the p-critical path shows a
weak or moderate interaction: this is icase of coupling between flexural and flex-torsional
buckling of monosymmetrical compressed memb

If high difference exists between the two bucklingdes wavelengths, as for an overall bucklhat
couples with a local one,lag erosion might ccur.

For thinwalled members, a typical situation is a prelimjnaoupling between multiple loc
buckling modes with ni; m, m+1 halwavelength which give rise to an unstable -critical path
characterized by théocalisation of the buckling patter (experimental tests showed that
periodical local buckling mode develops at failareocal mechanism). The second interaction oc
between a stable postitical overall buckling mode (i.e. flexural orrsmona-flexural) with the
unstable localizechode, this leads to a very unstable -critical behavior.

p P
—_—

do +
e | |ido A

I+

Figure 24. Flexural and Flexural-torsional coupled instabilities

41 Q2

N

Figure 25. Overall and localized coupled instabilities
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Figure 26. Multiple buckling mode interaction
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Figure 24 — 2&ummarize the main results achieved in the -

Dubina R6] suggested a reduction from the theoretical bucHKiragl less than 30% in the coupli
between flexural and flexurébrsional buckling, more than 50% in thoupling between an over:
mode with localized one.

Thus it might be concluded that couplingtabilities may generate high sensitivity to locatialobal
geometric imperfections, this phenomenon will ocaith a more and more significant releva
when approaching the simultaneous buckling rr

For the studied cross section, doubly symmetrisss section, for which centroid and shear ce
coincide, these buckling modes are independerthigncase the column buckles at the lowest o
critical loads associated with these mao

In the case of asymmetric cross sections, the maxdesouple and the lowest bucking load is low
than each one associated to the independent medeslged above: in this case the column buc
in a flexural-torsional mode.

In the case cross section is m-symmetric, in this case the flexural buckling mat®tt one axis is
independent from the others modes because thebshifeen shear center and centroid with respe
this axis is zero. The shift of another axis ondtteer hand different from zero, this causes auflal-
torsional mode (deflection due translation about norero shift axis and rotation about the st
center).

2.3.4 Open section, free and prevented warpir

The theory of bending and torsion of t-walled elastic column is applied in this part tdvecthe
behaviour of a biaxially loaded wmn. The governing equation for column buckling, refegrito
Murray are achieved considering the equilibriumaajeneric section which undergoes generic t
dof small displacement( v, andep).
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The basic assumptions taken for this analysis are:

The material elasticity assurances the invarighilftthe sectional property

Thin-walled open cross section

Shear deformation is ignored

Initially straight member. The effects of initigtéral deflections and twist on the behavior of

the beam-column can be neglected if they compaittdthie eccentricities applied

e. Small deformation. The lateral deflectionv, and twistingd are considered small. In this
mode, it is possible to use linear differential &tpns

f. No lateral load, which is applied only in the beaofdmn ends.

oo op

The rectangular coordinate systex ¥, 3 are defined in accordance with the principal aaxkethe
cross-section having the origin at the mass cdbtdut the displacements,(v,6) are taken to shear
center S of coordinates.(Yo).

The equilibrium equations are as follows:
EJyu’ + Pu't — P(e, — y,)9"' =0
EJ.vY + Pv! + P(e, — x,)9" =0
EJ,9" + (K — GJr)9" + P[(ex — x,)9" — (e, —y,)u''] =0

where:

Je+ly
k= A

+ (x? +907)| P+ BePer = ByPey + M

andp,, py, p., are the Wagner’s coefficients, that represensgimmetry degree of the section respect
the relative axis. They are equal to:

1 2
Bx = 7. J (x* + y*)ydA - 2y,

1
= —f (x? +y?)xdA —2x, =0
Ty Ja

1 2
By = ]wf (x? + y>)wdA

This is a system of three linear non-homogenougreifitial equation with the unknown,s andé.

An exact solution is possible and has been writhgrCulver, who found the unknown variables
resolving separately the homogenous particular lprobThe twelve integration constants can be
determined giving the followed twelve boundary dtiods for both the extremes:

u=0;v=0; =0 geometric boundary conditions
= Pe,/E], ; v = Pe,/E], beam simple supported
pl=0;60"=0 for warping free or prevented
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In the exact approach, the evaluation of the imtiggn constant it is not always simple and faseréh
is an approximate way for find the same solutiamj ¢hat studied byekozand Celebiusing the
Galerkin methodThey supposed the rotation and deflection funstiwith the following form:

Pe,
u=Apug—=——2z(L—-2)

2E],
Pe,,
v = Byvy — mZ(L —-2)
X
9 = 6090

Where u, Vo, 8o are function of z, and they respect the boundangitions imposed, therefore simple
supported beam-column.

Applying the Galerkin methodo the previous differential equations, and udimgse displacements
functions, a system of three linear equations #Wighunknowns 4 By, G, is possible to be solved.

The solution of that system is the following masipstem:

P? \
— ol
P, 0 P(ey — yo) 4, PJ;
P(ey —yo) —Plex—x)Ki 1P, —P) |\Go »
p2 [(ey — Yo)ex _ (ex — xp)ey
\ By Py J
where:
_ mE], . '
P, = Iz flexural buckling load around x — axis
n*EJ, . '
P, = Iz flexural buckling load around y — axis
1 (m?E], _ _
z = oZ TKZ + GJr | torsional buckling load

And the constants Kand K are the integration coefficients functions of t@undary conditions
used, which for this case take the following valu@834 and 4.1223 respectively in accordance with
thePekozandCelebisolution.

In the case of mono-symmetry cross-section, whiclsubject to an axial force P in the plan of
symmetry (¢ = 0) it is possible to write an independent equratf in-plane bending about x-axis and
two homogenous simultaneous equations of flexoraldnal buckling.

PZ
(B, — P)4 = o
Px —-P _P(ex - xO)Kl {BO} — {0}
—P(ex — x0)K; 7'02(Pz - P) Co 0
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From which three critical loads are obtained:

(P =P) £ J (P = Pp) + 4PcP,((ex = X0)/m0)* K *
2[1 = ((ex — %0)/70)2K1%]

Pers =Py

Pcr1,2 =

2.3.5 Closed section, free warping

The theory explained in the previous paragraphlmmsed in case of closed section only in free
warping, where the displacement along the profiefeee.

The studied cross section is doubly-symmetricathis case the flexural buckling mode abrwnd
y-axis is independent from other modes becausehiftexs andy, between shear center and centroid
is zero. Further, this cross-section is not sudoiepto torsion due to coincidence of shear ceatet
centroid.

2.3.6 Buckling of Thin Plates according to Eurocodes

The resistance of a thin plate under compressina$ois calculated in two steps; first calculating
critical load (elastic or buckling analysis) ancc@ed the determination of the ultimate load level
(post-buckling analysis), when the behaviour is m¢ar any more due to plasticity or loss of
stability.

EN-1993 part 1-5[0defined the critical compressive stress for buakiof a plate element as:

2. E t2
o 12.(1=v2) b2

Ocr =

where;k, is the plate buckling coefficient that dependstmsupport conditions of the plate.

When an element is formed from a folded plate tidthwof the element b can be defined in different
ways. EN 1993 part 1-5 does not take the bent péttse cross-section into consideration and tlee us
of EN 1993 part 1-6 is recommended by the standeis should be done by calculating a notional
flat width b, of the plane elements, which is measured from tidpamnts of the adjacent corner
elements (Figure 27). Hence the critical stressimes:

2. E t2

= ky————
R PG WA

Where; k, is the buckling coefficient (4 for internal compsas elements and 0.43 for outstand
compression elements).
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X is intersection of midlines
P is midpoint of corner

m =1 + t/2

g, = mltan{¢/2) - sin(¢/2)]

Figure 27. Notional flat width b,

The minimum critical load is obtained from the oyt&ate both in using the elastic plate theory &r
calculations with the notional flat widb,.

* The ultimate load for plates in compressio

In a linear elastic analysis of compression, thesstdistribution is assumed to remain uniformlt
the plate buckles. In pobtickling however, stresses ar-distributed in the plate. Equilibrium patl
the influence of imperfections and load eccentricitteay be analysed by means of equation
equilibrium or energy methods. In order to avoithptex analysis in design, the criteria of effec
width is used, where a simply supported plate issitierecand axially loaded in two sides, the str
distribution in a buckled crossection of the plate is simplified into two strédecks with constar
stress over the total width. EN 1993 pe-5 determined the effective width by using reductiactor
p, this factor is obtained as follov

If the flat width b is replaced by the notionaltflaidth b, from EN 1993 part -3, equation above
becomes:

berr = p-by
where;
p=1 if Ay < 0.673;
1—-0.055.3+ ) ) —
p = — if Ap >0.673  but p<1.0

Ap

for doubly supported elements compression, w

Y = %is the ratio of the extreme fibre stres
1

1-0.188
p=——T"=" but p=< 1.0
/‘lp

for outstand compression elem:
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The reduction factop depends on the plate sIendernF;:which is determinate in EN 1993 part 1-3

as:
by

— fy

1, = = £
PO 284¢./k,

If we compare the notional flat width bp and théeefive width Ry we get two expressions for the
Cross section area as:
Ag = byt

n
=1

n
i=1

In the ultimate limit state EN 1993-1-3 differs fnopart 1-5 since it allows a consideration of an
average yield strengfiy, (due to different levels of cold working) if theiseno reduction due to local
and/or distortional buckling, this average yieleesgthfy, is illustrated in equation 15 and it is found
in EN1993 part 1-3 chapter 6.1.3(B).[Thus the characteristic resistance for uniformmpressed
plate should be determined as follows:

NC,RK = Aeff-fyb |f Aeff < Ag

Negie = Ag oo+ (Fra = i) 4-(1 =) S Ag-fra 1T Ay =4,

Due to local buckling the centroid of the effectoress-section does not coincide with the centobid
the gross cross-section described in EN1993 pértchapter 4.3(3)10]. Therefore, an additional
bending moment, considering the shift of the ced#loaxis, should be considered. The characteristic
buckling resistance for flexural buckling of a amln made of thin plate is based on the relative

slenderness,:

= A. .
A= ny for class cross-section 1, 2, 3
cr
Aeff
= A. L .
A= Ty =y 4 for class cross-sections 4
Ner A

T E
A=m \/f:y
Using the relative slendernessand an imperfection factaer of 0.49 (in accordance with buckling

curve c in EN 1993 part 1-1) the reduction fagtdor the buckling resistance can be calculated as:

1
xX= -
¢ +[¢p? - 22

]0.5

¢ =05.(1+a(1-0.2)+1%)
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This leads to a characteristic buckling columnstasice of:
Npri = X-A. fy for class cross-section 1, 2, 3

Nprk = X-Aefr-fy for class cross-section 4

2.3.7 Buckling of cold-formed sections according to Euroades

o] Geometrical Proportions. EC3-1-3 -5.2

The part considers the slenderness of the singiée,pwhich composes the cross-section. The
maximum ratidb/t have to be lower of a particular value, which dwpen the relative position in the
cross-section of the elements tested and the presdrstiffeners as shown in table 5.1 of Euroc®de
part 1-3.

The maximum width-to-thickness ratios for the sattstudied are satisfied in all cases, with all the
thickness.

0 Local and Distortional Buckling. EC3-1-3 -5.5

In this part is considered the local and distodidouckling, that influence is accounted througé th
definition of effective cross section propertie$isT means that the non-uniform stress distribution
that arise in the post local (or distortional) bk range, is replaced by an uniform distributimi

the maximum stress acting on a reduced portiom®fetement, having same thickness but reduced
width.

The researches of the effective reaction sectigtieapat an entire global section is complicated] a
for that reason the assumption of the Eurocode athdr codes, to consider the member as an
assembly of individual plates simply supportingteather at boundaries. In the studied cross-section
every side is considered simply supported, inclutthedflange and its stiffener, which dimension is
not so important to influence the effective arethefflange.

The effective width of a compression element sha@dased on the comprehensive stogsseqin
the element when the cross-section resistanceacheel. Since this value is not initially known, an
iterative procedure needs to be performed untiliniteal stress used to calculate the effectiveaare
coincides with the stress corresponding to thescsestion resistance.

Local buckling can occur either simultaneously vdistortional buckling, or at higher or lower loads
The two modes can interact too but the post—ctitoapled mode is stable and, consequently, the
local and distortional buckling strengths can beeased independently of whether they occur
simultaneously. In design codes, these two probkmmsreated separately.

*= Plane Element with Edge or Intermediate StiffenerEC3-1-3 -5.5.3

For the studied case the element are classifiefbalsly supported compression element and outstand
compression element.

The effective widthoe;0f @ compression element is defined as:

bey = pb
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The reduction factop is based on the largest compressive Sio.omeqacting on the element whi
the cross section resistance is reac The calculation for taking into asent local buckling is don
in accordance to EC348,-as described in section 3.2

Distortional buckling of compression members is eqoed by the rotational stiffness at
web/flange junction; deepavebs are more flexible and thus provless rotational stiffness to tl
web/flange juncture. EN199B3 does not provide expit provisions for distortionabuckling.
However, a calculation peedure can be obtained from tinterpretation of the rules given in t
code for plane elements wigilge oiintermediate stiffeners in compression.

The procedure is based on the assumption thattiffener behaves as a compression member
continuous partial restraint. This restraint haspaing stiffness that depends on the boun
conditions ad the flexural stiffness of the adjacent plane elet® of the cross section. The spi
stiffness of the stiffener may be determinwy applying a unit load per ungngth to the cross secti
at the location of the stiffenefhe rotational spring stnessC, characterizes the bendistiffness of
the web part of the section. Theing stiffnessK per unit lengthmay be determined frol

K=u/é

whered is the deflection of the stiffener due to the lodtd u

Figure 28.Procedure for spring stiffness K according to EN19¢-3

The elastic critical buckling stre for a long strut on an elastfoundation, in which the preferrt
wavelengths free to develop, is given [Timoshenko & Gere (1961):

n2.EI, I

+ K.2?
Ao A% A, m?

Ocr =

where:
A andl are the effective cross sional area and second momentoda of the stiffener accordino
EN1993-1-3, as illustrated Figure 29 for an edge stiffener;

A =L/ mis the halfwavelengthmis the number of half-wavelengths.

b,

Be) / b

| | |

.. ai JC! tC’le
As: Is )

Figure 29. Effective cross sectional area of stiffener
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The preferred half-wavelength of buckling for adostrut can be derived from equation above by
minimizing the critical stress:

+|E. I

A
cr K

For an infinitely long strut, the critical bucklirgjress can be derived, after substitution, as:

2./K.E.I
Ocr = A
s

The above equation of critical buckling stress iigeg in EN1993-1-3; thus, this method does not
consider the effect of column length but assumasittis sufficiently long for integer half-waves t
occur.

2.3.7.1 Ultimate Limit States. EC3-1-3 -6

The design value of the internal force and momeémtaah cross section shall not exceed the design
value of the corresponding resistance, which wélldetermined for combined bending moment and
axial compression.

* Resistance of cross section. EC3-1-3 -6.1
a. Axial Compression. EC3-1-3-6.1.3

The design resistance for uniform compres$jghyyo is determined as the resistance of the effective
arealert:

Nepa = Aefffyb/yMO

b. Bending Moment. EC3-1-3 -6.1.4

The design moment resistance for bending aroungoneipal axisMrqiS determined as follows:
M gra = Wefffyb/VMO

whereW, is the effective resistance of the cross secti@halinear distribution of stress across the
cross-section is taken.

c. Combined Compression and Bending. EC3-1-3 -6.1.9

Cross-section subject to a combined axial force lagding moment should satisfy the following
criteria:

N, M, gq + AM
Ed_ MyEd yEd _

Nc,Rd Mcy,Rd,com -
where:
AM,, gq = Ngqeny is the additional moment for the eccentricity bedtw the gross area and the
effective one
My ra,com is the pure moment resistance
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2.3.7.2 Buckling Resistance. EC3-1-3 -6.2
a. Axial Compression. EC3-1-3 -6.2.2

The design buckling resistance of a compressiontmeshould be taken as:

XNc ra¥Ymo
Nb,Rd = e
Ym1
where:
X ! is the reduction factor for the relevant bucklingde,

T pr(pP-12)08
¢ = 0.5[1 + a(2? — 0.2) + 2?]

a is an imperfection factor, depending on the raievackling mode
A is the relative slenderness for the relevant bogkhode

The appropriate imperfection factor for the relevauckling mode should be obtained from Table 6.2
in EC3.

In part EC3-6.2.2.2 (3) is prescribed that for ebbduilt-up section (as could be intended the etlidi
one) curve b should be used which correspondiisgequal to 0.34.

a.l. Flexural Buckling. EC3-1-3 -6.2.2.2

The relative slenderneggor flexural buckling about a given axis is detered as:

1 _ LeryAers/4

i o
with:
A= nF =93,9¢
fy
Ler is buckling length in the plane considered

[ is radius of gyration based on the propertiehefgross section

a.2. Torsional and Torsional-Flexural Buckling. EC31-3 -6.2.2.3

In this part is stated that all section should béfied for torsional or flexural torsional buckdjrif
these modes result to be the critical ones.

The relative slendernegdor the torsional-flexural buckling is determinast

Agrr/A

A=
NCT

WhereN, is the axial critical load for the pertinent irtstdy, therefore the minimum critical load
between:

Nt  elastic critical force for torsional buckling

Nere  elastic critical force for flexural-torsional buuig
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For simply supported beam

Ncr,T = %(G]t + nzl#
lo
where
G shear modulus
J torsion constant of gross-section
Jo warping constant of gross-section
i) =i+ Y%+ 2,0
iy radius of gyration of the gross-section aboutaziz
Iy radius of gyration of the gross-section aboutaxis

Yo Z  COordinate of shear center respect to gross-secénter
I buckling length

For mono-symmetric cross section

2
Ncry Nch < Nch) Yo 2NCTT
Neprp=—=[1+—-— [[1--2 +4(.—) —]
T2 Nepy Ner.y io) Nery

with

b. Bending Moment. EC3-1-3 -6.2.3
b.1. Lateral torsional buckling

The design buckling resistance of a member suddet lateral torsional buckling should be taken
as:

XrMeraYmo
Mb,Rd = —
Ym1
where:
1
XLt = 2 — <1
bir + [Prr” — 07527 ]
¢ =051+ ayr (Zr —0.4)+0.757; ]
-— \/ Mc Rd
A = d
oMy
ot=0.34 is an imperfection factor
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Mer is the elastic critical moment of the gross-sectar lateral-torsional buckling, which is taken
in literature

TheMc, for mono-symmetric cross-section can be written as

n?E], n?E], = By |m?E], By |m*E],
Mo = = |Glot—F t05 |2 1P+5 [

By is the Wagner coefficient around the y-y axis, whrepresents the symmetry degree of the
section.

where

c. Bending and Compression. EC3-1-3 -6.2.4

For member with mono-symmetrical cross sectiorréisestance criteria used is:
0.8 0.8
Ngq Mgq
+ <1
Np ra Mp ra

2.3.8 Buckling of shell sections according to Eurocodes

Thin cylindrical shells structures under compressistresses are known to be sensitive to
imperfections which reduce their resistance comaldlg. Therefore, local buckling is one of the most
important criteria in the calculations of the mawim strength of such shells. The bending stress
which varies trough the shell thickness, does ffettthe stability of the shell, except in as mash
they may cause yield of the material of the shedl e this case local reduction in the stiffnesshef
shell. In general there are two ways in which ast@ structure may become unstable. These are
commonly termed as shap-through and bifurcationtpthiistrated in Figure 18.

a. Elastic buckling

For thin circular shells the elastic theory of #ell is given by Timoshenko where the elastidaait
stress in the case for symmetrical buckling ofttie shell is defined as:

1 E.t E.t
Oerit = s .~ = 0.605.—

J3a—vE T
wherer is the radius of the shell ahds the wall thickness.

When analysing buckling in a shell, it is importamtconsider in addition to axial compression, the
strain of the middle surface in the circumferentiection. Thus the strain energy of the shell is
increased. This increase in energy must be equtdetavork done by the compressive load as the
cylinder shortens owing to buckling. The bucklingde can be given as:

W = w,.sin (m 7 x) .sin (n. @)
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The critical load of a structure in the elasticgarcan be obtained from eigenvalue analysis if the
geometry of the structure up to buckling remairsensally unchanged as in a compressed column.
However, in many practically important buckling plems for shells e.g. for axis symmetrically
loaded shells of revolution the critical load ahé buckling mode is significantly affected by pre-
buckling geometric nonlinearity. Linear eigen vahralysis is required to find the elastic bifuroati
point on the pre-buckling path and thus predictdtitcal load and mode.

b. Ultimate resistance of thin shell

Shell buckling is the principal design considenatior cylindrical shells with constant wall thiclsse
under any stress loading conditions because thk thiakness of the shell may vary. Therefore,
buckling stress becomes an important concept feragsessments of cylindrical shells. Buckling
stress design approach follows the principle eistiadgdl in Eurocode. The calculation process of the
ultimate strength for cylindrical shells beginstwihe determination of two important variables:

1. The plastic limit load
2. The linear elastic critical load

The ratio of these two loads is used to deterntieeshell relative slendernessf the shell:

fy

Ocrit

Wheref, is the yield strength of the shell ang,;is the critical stress value of the shell. The
combination of the relative slenderness with déferreduction factors governs the assessment of the
relative plastic and elastic behaviour of the shell

The buckling stress calculation is done based eretlaluation of the ultimate load according to the
EN 1993 part 1-6 and EN 1993 part 3-2 which arendefby the variation of the reduction factors of:

1. Geometry
2. Load case
3. Fabrication quality

The critical stress in EN 1993 part 1-6 is detegditby the variation of Donnell's theory with the
introduction of the coefficient factdE,. The factorC, refers to the length of the shell defined from
long to short cylinders where:

C,=1 for medium-length cylinders ifl.7 < w < 0.5 %
C,=136— % + % for short cylindersif w < 1.7
Cx = Cyn for long cylinders if w > 0.5 %

0.2 t
Cen =136 % 1-— 2.(1).;]
Cin represents the reduction in the elastic criti¢gdss. AndC,,is a parameter depending on the
boundary conditions. The idea to classify shelt® istrength groups according to the quality of
construction was introduced into the Eurocode. diteracteristic determinate factor used to calculate
the sensitivity of the elastic buckling strengthtleé shell to both imperfections and geometry non-
linearity is calculated as follow:
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wel [
W—Q. .

WhereQ is the meridional compression fabrication qugb&rameter with three fabrication tolerance
guality class. The meridional buckling parametartdaa, is determined as a function of the non-
dimensional imperfection amplitudéw/t since this measure raised in all imperfection itigitg
analyses for the geometric and quality fabricatibthe shells.

0.62
14191 .(ATW)L44

The buckling reduction factoris determined as a function of the relative slenelss of the shell,
from:

a, =

x=1 if 4, < 4o
— _7 7’ _ _ _
X=1—ﬁ.<ix—i°) if 1, < 4, < 1,
Ay — %o

B =0.6andy=1.0

X= (%) it 1, < 1,
where:

f is the plastic range factor
n is the interaction exponent

A, is the meridional squash limit for short and meditylinder is defined as:

— 0.
o =02+ 0.1( ’“'M)

Oyx

And /Tp is the plastic relative slenderness, defined as:

Ay = 101"/3 The plastic relative slenderness

Hence, the characteristic buckling strength is:

oy = X-fyd

This procedure of shell assessment will be usdéchiapter 4 when calculating the ultimate resistance
of members. Diagram below shows the workflow of tfethe shell assessment with the above
mentioned methods.
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Figure 30. Workflow of resistance analysis of cylindrical skll based on EN 1993 part -6

2.4 Connection inLattice(Truss) Structures

So far the focus of all the research carried oubated connections in steel structures has bedha
strength of such joints. However it has long brealizedthat, as well as strength, connecl
stiffness is importanto a sound design and sucdul use of steel in any building. Traditional
connections have been designed as either pinngay{ig no moment transfer) or rigid (implyir
complete rotational continuity) in steel frarr- alternatively referred to as simple and contint
construdbn. Lattice structure is no exception to this itiad. At present, the truss design
constantly being carried out with ideally hingethis in the finite element mod..

The notions of pinned and rigid joints are simpkgreme cases of true joint havior. Most pinned
connections possess some rotational stiffnessewigjid connections often display some flexibil
In real systemstiwould therefore seem more appropriate to reghrsteel frames under the mc
general heading of semigid corstruction, treating the simple and continuous aoetion a: the

extremes (Figure 30). Thec-called semrgid joint covers the whole range of intermed
characteristics between the two idealized onesioread aboveln beamanalysis, the performanof

such connections can be represented by set ofyspwiith respective degree of freedoms and stiff
values. The structuraesign cod{27] provides guidelines for engineers, however theypatowidely
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apply probably due to difficulties of assessmerd/aninsufficient guidelines of such connectic
Finite element analysis is then needed to knovathteal stiffness of the connecti

This thesis is made to describe a finite element ingastn on rotational stiffness of se-closed
polygonal steel section members in lattstructures In practice, the stiffness of the conneci
obtained from momenwtation relation would represent theal rigidity of that connecti¢, which
affects the behavior of structure. The stiffness@inectiorwill affects distribution of both intern
forces and moments as well as deformations ofttinetare. Moreover, it affectthe buckling length
factor which in turn determin¢ the first order elastic buckling load of a membEe first ordel
buckling load, material properties and a bucklingve are then used to determine an el-plastic
buckling load.In many cases, the significance of connecticffness to the response of ent
structure is not negligible2B]. This shows the importance of determinatmfithe real stiffness of
connectionsather than assuming it as fully hin(pinned) or fixed (rigid) ones.

14Applied moment (kNm)

12r Rigid connection

Semi-rigid connection

Pinned connection

0 1 1 1

0 20 40 5 % 80
Connection rotation, ¢ x 10 = (Rads.)

Figure 31 Typical moment-rotation characteristics of a bolted connectio

Figure 32shows the bending moment distributions for a pinmggd and sen-rigid beam. It can be
seen that with pinned connections the -span moment is critical, whereas with rigid joitiie enr
moments are critical. If semigid joints are used, these twcoments may be more nearly balanc
and the optimum solution is when the -span moment and the entments are equal. Hen
consideration of the moment/rotation charactesstitbolted connections can be of vital importa
to economic design.

w

E"nmmml] Bending moment Maximum
I L diagram deflection
i 3
/No rotation WL—}8— WL /12 _L ﬂ‘
wL/24 386 EI
Inflection point Rigid
Ry Lesslhonsimple’l- — 1w
rotation ! <WL/12 738 EI
beom wL/8 =W 3
<WL/B < 5 WL
— — 8L EI
' Semi-rigid
@
A Full simple R=
beamrotation -+ . WL3
4 t — ﬂ wL/8 WLB  38; ET
Flexible

Figure 32 Effect of end restraint on end momers and deflectiors for elastic respons
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The thesis consists of two parts; a literature ystadd a report about the analytical and nume
investigation. The first part is made to gain ihsignto the momel-rotation characteristics
members in the lattice girder, with emphasis oomokiructural members in latticstructures, and to
make clear what has already been done and whabisrk The second part describes the perfor
numerical study, where the methodology, used paemneand conclusions are discussed
emphasis on connectis with semn-closed polygonal sections. This novel type of sects a nev
alternative in steel lattice girder structures battnot many researches have been perfor
especially related to its connectiin which this thesis tries to explore.

2.4.1 Moment-Rotation Behaviour

The non-linear momenbtation (V-¢) behavior of a semigid joint can be idealized as a series
stepwise linear relationships of gradier;, R,, ..., R, as shown in Figure 33 at a general loadin
increment j, the angle of tation of the senr-rigid joint changes frony;.;, to ¢; caused by change in
rotational moment from M to M;; then the incremental momertation of the joint may be define
as:

6M = R;.dg
where,

R = (M = M;_1)/(®j = ¢j-1)

6
A

Py @

Figure 33. Moment-rotation behaviour of a semi-rigid joint

The hinge can be replaced with a rotational sptcngnodel the ser-rigid nature of the joint. T
consider the appropriate stiffness of the sprimgiantity called fixity factc is introduced. The fixity
factor is defined amatio of angles seen Figu34.

Figure 34. Definition of fixity factor

It can be written as egtion (Monforton and Wu, 19€
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M
0, k+% 1

= ="M ~ 3E]

P1 — 1+—

k oL

or if fixity factor is known, the respective rotatid stiffness can be solved, thus

_3EI a
T L 1-a

Fixity factor can get valueas € [0,1] where 0 means ideally hinged and 1 meanslljdeigid
connection. Eurocode 1993-128], on the other hand, gives values for the limitsdeflly rigid or
hinged joints. A joint can treated ideally rigidlife stiffness satisfi

K> 25E]
- L
or by using fixity factor
> 25 _ 0.893
a = 8 = U.
Also, If stiffness satisfies
k< El < 1_ 0.143
=37 or a< -=0.

the jointcan be treated ideally hing

2.4.2 Rotational stiffness based on Eurocode-1-8

EN 1993-1-8 27] distinguishes between three simplified joint modélsimple model in which th
joint is assumed to be nominally pinned, thus namgmitting bending moments; a continuous j
model in which the joint behaviour is considered taohave any effect othe analysis; and a se-
continuous model in which the behaviour of the tdias to be taken into account in the glc
analysis. Three different kinds of global analyaesconsidered. In an elastic global analysisr# je
classified according to it®tational stiffness, whereas in a ri-plastic analysis it is categorised ba
on its strength. An elastiglastic global analysis requires both strength stifthess for classificatior
A short summary is depicted in Tal3.

Table 3. Different joint models according to EN 1993-1-8J/]

fethod Ot, global Classification of joint
analysis
Elastic Nominally pinned | Rigid Semi-rigid
Rigid-Plastic Nominally pinned | Full-strength Partial-strength
_ B . _ Rigid and full- Semyrfgd and QalTlgl-sn‘ength
Elastic-Plastic Nomunally pimned | ~ Semi-rigid and full-strength
strength L= . =
= Rigid and partial-strength
Type of joint model | Simple Continuous Semi-continuous
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Joints which are classified according to their gesnoment resistance are divided into three cle—
nominally pinned, partiadtrength and fu-strength. Nominally pinned joints are defined aistg
with a design moment resistarM; g4 smaller than 0.25 times the design moment resistaha ful-
strength joint. In order to classify a i-strength joint a comparisanf its design moment resistar
M;rq IS made with respect to the design plastic bendnagnent resistancM, rq Of the adjacent
members (beam or column). All joints which do natenthe criteria for nominally pinned or *
strength joints are consiaat to be parti-strength.

If a joint is classified by its stiffness, it shdube categorized into nominally pinned, rigid aedi-
rigid joints. Nominally pinned joints shall trandmiternal forces without developing significe
moments, whereas rigidints are assumed to have sufficient rotationéfinstss as to fully transfe
the moment acting on the connection. All joints ebhdo not meet the criteria for nominally pinr
or rigid joints are considered to be s-rigid.

When the connection is ckified as sen-rigid, the flexibility must be determined. The fibity is
classified as an initial stiffnes§ ;) and a stiffnessS). If the moment in the joint is smaller than .
of the maximum moment capacity of the joiM;eq < 2/3 Mjrg), the initial stiffnes<S;, of the joint
can be used. If larger moments can occur (not grahtin the maximum moment capacity of
joint), the stiffness§ must be used. As a simplificatioS;, / # may be used for any value of 1
moment in thgoint (not greater than the maximum) whe; is the stiffness modification factc
which is 2 for girderolumn connections and 3 for all other connectibriBe connection is bolte
end-plates (Figure 35).

Mirs + L

23 Migqt -- Migd +

Mgy +

S Sjin /1

a) Migq < 2/3 Mgy b) M g4 < Mgy

Figure 35. Rigidity in elastic calculation (Eurocode 3:1-8]27]

The determination of the stiffness is not discudsedbolted connections of lattice systems. Fosd
connections, only the capacity (strength) of thenextions is considered, with assumption of pir
joints.

2.5 Stiffness of Lip Connectior

The struatire with bolted joints to be analyzed is discratizeith a numbe of elements and the
assemblecdht nodes. The elements of different type and shefie complex loads anboundary
conditions can be usesimultaneously using FEM. Consider an element ¢dumeV bounded by a
surface S with the traction vectoit prescribed on a part of the surfaBe The finite elemer
formulation is to begin with a variational princ related to total potential energy as follo
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T[=J oTst—J uTtds =0,
% s

F

whereg, ¢ andu are stress, strain and displacement vector, ragpictThe first oder variation of
the functional equation aboean be written ¢

Y18 =f aT(Sst—J suTtdS =0
v s

F

Using constitutive equatioar = Deand strain—displacement relatien= Bu, the above equation is
derived is derived as

SuT U BTDBdV]u - 6uTJ NtdS =0
|4 S

F

where N is matrix of shape functiorEquation aboves the basic equation for the fir element
discretization and caoe converted to algebraic equations as fcs:

Ku=f

whereK is the element stiffness matrf is the vector of surface loads. Thisuatjon system can t
solved forunknown displacement vectu using commercial FEM software.

In this section definition of stiffness matrof a structure is givenThis concept will be used a
developed in the next chapfier calculating stiffness dbolted connection along the lip of polygol
plates.Consider a simple example structure, as foll

ki  kiz ki3
K=1|kz1 kaz k3
k31 ksz ks

The finite element forcdisplacement relation

k11 k12 k13 d1 E
k21 kzz k23 dz = Fz
k31 k32 k33 d3 F3

The first equatiomf the force equilibrium at node is

ki1dq + kqpdy + ki3ds = Fy
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By applyingdisplacement at node 1 while nodes 2 and 3 arefheld, the forcek,; andks; can be
obtained. Similarly, it allow&nowinc the other entries of the global stiffness ma

In general:

k;; = Force at node 'i’due to unit displacement at node 'j' keeping all the other nodes fixed

This is an alternate route to generating the gletiihess matri

Fl kl FE kl F‘; <
/ . \_/" @§ 3
— NNV V VT
L - [
d[ d'r d3

Taking into account the rotational degree of freagthe above equation can be extended

k11 kiz kiz ks kis o kig] U (F1
ka1 kaa  kaz  kaa  kas  kae|| U2 F,
k31 ks  ksz  kzs  kss  Kksg < Us [ _ ) F3 >
ka1 kaz  kaz kas  kys kge| JUN M,
ksi  ksy  ksz  ksy  kss  ksel||UT2 M,
ko1 ke  kes  kes kes kel \UT3/ M3/

In the FEM modeling, each bolt connection on thps Iprovide translational (spring) stiffness ii
DOF, i.e.x- andy-direction and rotational stiffness in 1 DOF, iz-direction. Detail method ar
calculation of connection stiffness is given in Gtea 5.

2.6 Imperfections

In practice, a geometricallgnd materiallyperfect structure is noexistent. It is thereforessential to
consider andnclude a proper imperfecti into the numerical modeDue to the fact thethe non-
linear response of thiwalled structures argenerallysensitive to imperfection, and conseque

affects the overall strength dfis kind of member, investigation was carried waith refer to th

Europearstandard in EN 1993 par-1 and EN 1993 part 1-5.

Imperfections of coldermed steel membeimay include bowing, warping and twisting, a local
deviations and bar deflectianés for the analysis in this study, global geomeetrimperfection
becomes the main issuehe magnitude of the imperfection in the membepetels of the shape
the bucklingmode, which can be obtainfrom eigenbuckling analysis of the compressed mer
Anotherimperfection, i.e. material imperfectiwhich occursn the member corners by c-forming
is residual stress, as already mentioned in previmction. Itis complicated to adequately mor
residual stresses ihd analysis. Lack of data malselecting an appropriate magnitude difficult. A
resut, residual stresses are oftexcluded from the analysis or the stregsin behaviot of the
material is modified t@pproximate the effect of residual stres In this thesis this effect was tak
into account by using real properties of the mal from coupon test experimental d.
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2.7 Post-Buckling and NonkLinear FE Analysis

Thin-walled stuctures, in general, are slender structural elesnexther sensitive for an influence
geometrical imperfections and eccentricity of agglload. In order to study the influence of th
parameters on the behavior of the compressed meinliemecessy to perform no-linear FE
analysis.

Moreover, norinear analysis is considerwhen non-linearity of the materiaych as plastici, and
of the geometry of the profiles present, or pc-buckling behavior is of intere. This is the main
objective of this sectiomhis was possible by a s-by-step loading process, which simulates a r
realistic behavior of the structure, which is peogmed in ABAQUS/Standard. Incremer
procedure based on RIKS algorithm is used lve system of notinear equation

In linear elastic stress analysis, equilibrium @séd on the original undeformed configuration; &
for linear elastic instability problem, deformedagk is considered, although the deformation be
instability isusually very small compared to structure’s origigabmetry For this type of problem:
theory of linear elastic buckling analysis servedlim predicting the orite of the buckling or critice
loads. In other situations, when a structure unmksfirite deformation due to compl load or
material plasticity before instability actually ags, system parameters change along with
deformation, thus, makes tleégenvalue analysis inaccureto perform. If he system accumulat:
deformation is not neigjible prior to instability due to the loads thdtimately causes its instabilit
the critical load becomes system configuration eiodnation depende. In this case, a nonline
analysis becomes necessary in order to simulagetythe of highly unable behavic due to lack of
the inclusion of large devian from the original geometr

In nonlinear static analysis for buckling, f-buckling, or collapse behavior, the tangent stgg
from the loaddisplacement response curve could change sigren system changes its stabi
status as shown in Figure.3bhe classical Newton’'s method will not work instisituation becaus
the corrections for approaching equilibrium solnsioduring iterations may become difficult
determine when the tangeniffaess is close to nt.

load

displacement

Figure 36. A typical unstable response curve
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Static equilibrium states during the unstable phaké¢he response can be found by using the
“modified Riks method” 29]. This method is used for cases where the loadipgoportional; that is,
where the load magnitudes are governed by a sswgltar parameter. The basic Riks algorithm is
essentially Newton’s method with load magnitudemrasadditional unknown to solve simultaneously
for loads and displacements, thus, can providetisakl even in cases of complex and unstable
response such as that shown in Figure 36.

As for material plasticity, realistic descriptiohtbe steel behavior is obtained from the coupatste
Therefore, true stress-strain curve modified fréva test results was used as an assumption for the
material behaviour.

Otrue = 0(1 + 5)

Errue = IM(1+¢)

l Otrue
&b =¢ -
true true E
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3 FINITE ELEMENT MODELLING OF THE PROPOSED STRUCTURAL
MEMBERS

The application of cold-formed steel members farsdr structure is relatively new in building
construction. The knowledge of structural behaviolithis steel member especially for the proposed
type of section is not widely acquired. Limitatiahse to little existing experience and research for
this type of structure has prompted tests and éxarts to be performed in order either to get bette
understanding of real behaviour of the structure emtablish design approach. In this part an
extensive parametric study by numerical FEM analygs proposed. By doing so, it is expected that
the structural characteristic and behaviour of seiadsed polygonal cross-section can be well-
understood and bring in useful recommendation fgigh purpose. Parametric studies were carried
out through automation using MATLAB and PythonpciScripting is a powerful tool for calculating

a large number of cross-sections in parametric igsidhat evade laborious task in conventional
method while keeping the functionality of FEM ABARQW set of parameters, e.g., cross-section
geometries, material, slenderness, bolt spacingewletermined in this study.

3.1Introduction

In order to gain a deeper understanding and fotmligpotheses for the structural behavior of semi-
closed thin-walled steel columns with polygonal teet a comprehensive parametric study was
carried out by means of finite element modellindABAQUS.

It is vital to first develop a reliable FE modelpadle of producing realistic and accurate results,
particularly for elastic buckling and non-lineartimate modes and loads. As the material and
geometric non-linear modelling of thin-walled stwes is sensitive to modelling inputs and
assumptiond[7], caution should be exercised when defining issieth as the type and size of the
element, the material, boundary conditions, impdidas, and solution controls, etc. The model
should also be validated before trusting it to geteefurther data for design purposes. This part
follows these principles and describes the esdestizages in the development of FE models for
columns susceptible to local, distortional, or glbbuckling, and any possible interactions between
these basic buckling modes.

Subsequently, by way of a rigorous and systemaiicqulure, parametric studies were carried out to
produce more than one hundred numerical modelsul&imans of the proposed columns subjected to
axial compressive load with elastic buckling andinear analysis, were performed. Data obtained
from the parametric studies mainly included thesttabuckling loads and ultimate strengths of the
FE models, as well as load-displacement relations.

The finite element modeling was an integrated mscperformed in parallel with parametric study.
Both processes were created through automatiog M&TLAB and Python script. First, the profiles
geometrical database of the sections was gendrgtading MATLAB code. This database was then
exported to Python via pickle file. Then the auttorawas performed in Python environment that
will be fed to ABAQUS. The automation process irtHey was carried out through back and forth
modeling process between ABAQUS/CAE and Python wddbthe final working models and
eventually used as an input file for ABAQUS. Thisput file of all models was then run
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simultaneously in batch mode of ABAQUS platform.eféfore, it can be said that the FE modeling
were carried out in fully automation method.

ABAQUS/standard v6.14was used as solvers for thesiRtlations, while codes using MATLAB
R2015a and Python 2.7.3 were developed to perfbarpte-processing (including generating input
files) and post-processing tasks. Most simulativage performed on the Cluster with parallel servers
provided by LTU’s computer lab. The large numbesiofiulations included in the parametric studies
would have been impossible without these high perdmce computing facilities, although the
systematic procedure developed to conduct the marEmstudies also enabled the successful
execution of the large number of analyses.

The proposed procedure will be explained in thiofghg section.

3.2 Automation of Parametric Studies

An FE analysis generally requires three stepspi@-processing to build up the FE model and
generate the input file, (ii) job-running by subtinig the input file, and (iii) post-processing ttract

the results. This study attempted to maximise ¢lellof automation involved in these steps in order
to increase the efficiency and capacity of the ipataic studies. This automation was mainly
achieved using scripts written in the Python lamgguiategrated into ABAQUS.

As mentioned above, the job-running step was coatipmally intensive and was performed in
parallel-computing cluster and servers. Howeveg, fgle-processing and post-processing steps could
be particularly input/output (I/O) intensive yetngputationally less intensive, So most operations in
these two steps were performed in the local compute

The following flowchart in Figure 37 describes tipeneral procedure used in this research to carry
out FE parametric studies for thin-walled steeluoubs. Efforts were made to increase the level of
automation while retaining the accuracy and reliigbof the analysis at three key stages, i.e. pre-
processing, job running, and postprocessing.

3.2.1 Pre-processing and generation of FE input files

The pre-processing stage in a commercial FE progsanormally carried out in a Graphical User
Interface (GUI) which requires a significant amouwit computing time, which means that this
conventional approach is not feasible for a largmlmer of simulations. For this reason an input file
generator coded in Python was used where the @sobf section coded in and imported from
MATLAB.

In order to generate an input file for a numbepaiticular types of cross-section, the pre-procgssi
process included the following key steps:

(1) Cross-section profiling. A number of cross-sectioereded to be modeled for each type
of polygonal shape and cross-sectional criterige plofiles were selected to cover the
practical range of applicability and cross-sectg&landerness values. In the present
parametric studies, profiles of all types of cresstion were generated in MATLAB
code, bringing out profiles database. This prafif@abase was then converted into a file
format i.e. pickle that is compatible for exportitagPython
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1. User - Input, Function

MATLAB script for section profile gcoords.m
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Cross-sectional parameters, such as number of corner
diameter, slenderness, bending radius to thickmass,
number of points along corner, lip length to diagnettio,
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l

2. User — Input, Function

MATLAB script for ranges of section profil@¢lygoner.m

>

>
>
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» Generate model in
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continuing...
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s T

Loop for each model: riks model

Plastic material properties

Step, type of analysis

Boundary conditions and loading conditions

9. User — Function

Automation Python
script for post-

\ Script for history and field output processing

8. Out 10. Job running and
Input .inp file I post-processing

generation Batch in cluster and local
computer

Job creation, keywords definition

Figure 37.General workflow for FE modeling and paranetric studies

(i) Prepare all parameters for the parametric studes.up all requested parameters and
initial data. The requested parameters includedctioss-sectional characteristics, i.e.,
polygonal type, diameter, slenderness, bendingisadi thickness ratio, number of points
along the bend, extension lip length to diametéio rahickness of the gusset plate to
thickness of sector ratio; material; member length,, while the initial data included the
cross-section geometrical information, non-dimemaislenderness and all other settings
for the input data. Initial data were created in MAB together with profile database.
This meta database was then converted into adiitedt i.e. pickle that is compatible for
exporting to Python

(iii) Importing profiles database and profiles meta detakfrom MATLAB into Python via
pickle file Create automation in Python as inpdé ffor ABAQUS. As mentioned
previously, a parametric study input file is anantory that includes the definitions of all
the models and jobs for both the elastic buckling eollapse analyses. The calculation of
bolt spacing was also performed for each columrhstat the spacing effect on
distortional buckling of the model will be invesdigd. After that, input file for all models
was ready for job running in the cluster. It is tllomentioning that on the script the
workflow and explanation, in the form of commemss included for all relevant coding
paragraphs for human readable purpose.
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3.2.2 Job running

The optimal way to run simulations depends largefy the resources available. The general
availability of CPU, memory, disk storage capacityll influence the way the simulations were run.
Therefore, the job running task used high perfomeacomputing facilities provided by LTU. The

following points will introduce the general stepsalved in the simulation process:

® Sub-divide the input file into groups: elastic blinlg analyses and collapse analyses

(i) Sub-divide the input files into different groupscarding to CPU number required for
each job. In this study, the size of the file clpselated to the number of partition of
parts, the number of elements and hence the DO#gimodel. Number of partitioning
became the most significant factor for the fileesiEach group served as the basic
submission batches that contained several hundped files, depending on their sizes

(iii) Create batch files. Batch files for all computilagifities were generated simultaneously

(iv) Submit batch files. The number of batches thatacbel submitted concurrently depended
on the capacity of the specific facility with thé°Gs, memory, hard disk and running
time allowed for each batch may also affecting. @@nds were used for submission to a
facility operating on Linux.

3.2.3 Post-processing and generation of data

When simulations in each batch of submissions weympleted the output result files were
downloaded back to the peripheral storage devi¢es local PC. Once all the result files for all
analysis type of a particular cross-section welleecied, the post-processing stage commenced. Its
main purpose in this study was to obtain the datafar parametric studies, such as first elastic
buckling load and mode, as well as the failure madeé ultimate strength for each simulation. The
following paragraph will describe the general posieessing steps of analyses:

) Generate a Windows batch file to copy all the rtefdlak into one directory

(i) Extract results. The results for each buckling eoithpse analysis were fetched from the
ABAQUS.odb files and saved in a text file by uskygthon script

(iii) Reading each result data to check whether the sisadyccessfully performed; the job
name of any analysis that did not complete wasrdecbin a text file

(iv) For those jobs not successfully done, find outrégson behind it. Modify the original
input file and generate new input file accordinghhen, loop back the process to step
(iii).
Once the result data of all elastic buckling antlapse analyses, it becomes raw data for further
analysis. Therefore, these data was turned intd fesult sheet for columns made from a particular
cross-section, generated and classified for eaemded parameter. The relevant results were then
used for parametric studies presented in Chapter 4.

The ABAQUS scripting is a Python-based applicagwogramming interface (API) to ABAQUS.
ABAQUS version 6 makes extensive use of Pythonpwepful, widely used scripting language to
automate repetitive tasks. The diagram below shbwsvorkflow of scripting for ABAQUS.
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commands

Figure 38. Abaqus Scripting workflow

3.3Problem Statement

The studied members is chord segment of latticeetomith hexagonal base shape as the common
shape for lattice wind turbine tower, hence it ferb20° of angle between the horizontal beams. The
chord column has three shapes according to nunfogide or bend, namely 6-sided (hexagon), 9-
sided (nonagon), and 12-sided (dodecagon), as simokigure 41.

chord

/ diagonals

Figure 39.Base of the studied tower
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The chord is a built-up member composed of foldatkep and gusset plates. The close-up picture of
the member is shown in Figure 40. Assembly of tleentmer is performed by bolting them along the
lips of the folded plate at a specified spacing.fésthe connection between chord and diagonals,
gusset plates coming out from the core of the cpooglide the joint.

bolt connection

packing plate

folded plate
(‘sector’)
gusset plate

Figure 40. Closed-up of the member

A A

(a) 6-sided hexagon (b) 9-sided nonagon  (c) 12-sideldchgon

Figure 41. Type of polygonal cross-section for thetudied chord
As can be seen in Figure 42, forces acting on dialgamay create bending moment at the connection

with the chord, and consequently utilizes rotatiaregacity of the joint. This aspect will be furthe
investigated in Chapter 4.

~ s

Figure 42 lllustration of chord-to-diagonals boltedconnection
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3.4Development of FE models

3.4.1 Units

Table 4. Units used for FE analysis

Young's

Length Force SEes | EWEEy | DERE | o0

Gravity

3.4.2 Geometry and Material Properties
3.4.2.1 Geometry

The proposed members are built-up polygonal cressemis. Each polygonal section is composed of
three folded plates which forming 120° angle ofsgiplate. This configuration is intended as a@hor
member of lattice tower with hexagonal form of haseshown in Figure 39. The connection between
chord and diagonals are possibly made through tisseg plate extending on the two sides of the
cross-section. The folded plates in assembly grarated by gusset plates at the connection segment;
by packing plates at the bolt connection pointaglihe length; and by gaps at the remaining regions

The geometry of section profiles was generatedutjitoautomation using MATLAB code. The
workflow of the software built by MATLAB will be d&ribed in the following sections.

o0 Filename: pcoords.m

This code is basically the engine for generatingdata of the profile. First of all, function scrifor
profile of one folded plate (henceforth called sectwas made, with input variables: number of
corner (), diameter of cross-sectiod)( profile slendernesslend, yield strength (), bending radius
to thickness ratior¢oef), number of points along the bendbénd, lip length to diameter ratio
(I_ratio), gusset to sector thickness ratiarétio).

function  [x_out, y_out, t, tg, |_lip] = pcoords(n, d, slend , fy, rcoef,
nbend,|_ratio, t_ratio)

The output variables are:
x_outy out isx, ycoordinate of a profile according to the given inypariables

t is thickness of profile according to cross-sectishenderness:t.d/t)
tg is thickness of gusset plate according t@tio (ty/t) variable
I_lip is length of lip extension accordingltaatio (I_lip/d) variable

The above output variables are used to generafifeppb sector plate, as can be seen in Figure33-4
below.
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Figure 43.Figure of profile generated by MATLAB
(n=6, d=500, slend=90, fy=355, rcoef=6, nbend=5)
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Figure 45. (n=12, d=700, slend=90, fy=355, rcoef=thend=5)

The function script contains codes of geometricdtudation to generatexfy] coordinates of the
profile based on the predefined geometrical pararsefhe step-by-step explanation of the codes is
presented here.

>> Line 1-2

Function script, contains output variables and iryauiables of the function.

>> Line 3-36
The script contains recommended input argumentci@®ns of each input argument are also given.
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>>Line 40-45

Characteristics of profile were defined here. Thiess of profile is calculated according to cross-
sectional slendernesslénd as a function of diameter and epsilon. The slamehs range was chosen
SO as the cross section class to be in the linntden Class 3 and 4, based on EC 3-1-1.

d
70<2—<150
e“t

The thin-walled profile usually made of plates whiall in Class 4 cross-section. However, in order
to limit the complication of effective cross seatiin calculation, profile in between these cross-
section classes is chosen. In the parametric stodly, two values of profile slenderness were
analysed, i.e. 90 as the lower bound and 110 aspper bound. Thickness calculation is rounded to
get integer value.

% Calculated characteristics

R =d/2;

epsilon = sqrt(fy/235);

t = round(epsilon~2 * d / slend);
tg = round(t_ratio*t);

|_lip =1_ratio*d;

>>Line 46-142
The script contains calculations for tkg coordinate to produce profile of a sector. The st@n be
summarized, as follows:

(1) Calculate center of polygo®,(0) >(2) calculate polygon’s cornek( y)) >(3) calculate center of
bending arcx, y,) 2 @) calculatex, y coordinate of the arch’s point&.¢, Ya) > G) loop >

(6) calculate lip’s center of bending ank Ye9 = (7) calculate x, y coordinate of the lip’s arch’s
POINtS Ksare Ysard > (8) l0op >(9) calculate point of the lipar, Ysiard @Nd Keinishe Yiinish)

% Angle corresponding to one edge of the polygon
theta = 2*pi/n;

% Angles of radii (measured from x-axis)
phi=5*pi/6:-theta:pi/6;

% Xy coords of the polygon's corners

X = R*cos(phi);

y = R*sin(phi);

Theta 0) is the relative angle between lines, while ghiié the absolute angle of points with respect
to x-axis; n is number of corners. From the phi angle the coatéi of polygon’s corners can be
calculated. Detail of geometry calculation can &ensin Figure 46-48.
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(0.0)

Figure 46. Geometry calculation

X,

X2= X1+ d.cos6
y2=ys+d.sinf

Figure 47. Inset of geometry calculation

The center of bending arcg.,(y.) then calculated with refer to the obtainedy values, by using
Pythagorean theorem. This center point becoméegeree for calculation of, y coordinates along
the bent Xarc, Yarc)-

% Bending radius

rbend = rcoef*t;

% Distance between bending centre and corner

Ic = rbend/cos(theta/2);

% Centers of bending arcs

xc = (X(2:end-1) - Ic*cos(phi(2:end-1)));

yc = (y(2:end-1) - Ic*sin(phi(2:end-1)));

% Angles of the edges' midlines (measured from x-ax is)
phi_mids = phi(1:end-1) - theta/2 ;

Loop function was used to generate these arc’spammany asbendinput argument. Angle of the
midline (pm) was used as reference angle for calculating asattis point.
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% xy coords of the arc's points

for i=1:n/3 -1,
for j=1:nbend+1;
xarc(i, j) = xc(i) + rbend*cos(phi_mids(i)- (i-1)*(theta/nbend));
yarc(i, j) = yc(i) + rbend*sin(phi_mids(i)- (i-1)*(theta/nbend));
end;
end;

The calculation continued to the lip extension parth the same workflow to the main part. Corner
of polygon &, yi) with refer to corner point at gusset plate lomatix, y) was first calculated
according to angle of midlineg). From this, the center of bendd y.9 can be calculated using the
angle of adjacent sectov)( After that, the points along beng. Ysar9 Were calculated based on
center of bending and angle of the vector with eespox-axis.

midling
Xi,Yi Xarc, Yar / iy Yi

> X

(t+1gy2
7

(0.0)
Figure 48. Geometry calculation for extension lip
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%% Start-end extensions

% Bending radius

rs = rbend/5;

% First bend

v1 = phi_mids(1)-pi/2;

v2 = (phi(1)+phi_mids(1)-pi/2)/2;
11 = (t+tg)/(2*cos(phi(1)-phi_mids(1)));
12 = rs/sin(v2-phi_mids(1)+pi/2);
x1 = x(1)+l1*cos(vl);

y1 = y(1)+l1*sin(v1);

% First bend centre coords
xcs(1) = x1+I2*cos(v2);

ycs(1) = y1+I2*sin(v2);

The bend center coordinate for end bend can belatdd in the similar way. Loop function was used
to generate these arc’s points as manybendinput argument.

% First and last bend arc points coords
for j=1l:nbend+1;

xsarc(1, j) = xcs(1) + rs*cos(4*pi/3+(j-1)*((ph i_mids(1)-
pi/3)/nbend));

ysarc(1, j) = ycs(1) + rs*sin(4*pi/3+(j-1)*((ph i_mids(1)-
pi/3)/nbend));

xsarc(2, j) = xcs(2) + rs*cos(phi_mids(end)+pi+ (-1)*((phi(end)+pi/2-
phi_mids(end))/nbend));

ysarc(2, j) = ycs(2) + rs*sin(phi_mids(end)+pi+ (-1)*((phi(end)+pi/2-
phi_mids(end))/nbend));
end;

The next part of calculation is to define they coordinate for the lip ends. These two points tl
the start and end point of profile coordinatespeesively. Pythagorean theorem as per Figure 48 was
used to calculate this point.

%% Points of the lips

% First lip

xstart = [xsarc(1, 1) + |_lip*cos(phi(1)), xsarc(1, 1)
+l_lip*cos(phi(1))/2];

ystart = [ysarc(1, 1) + |_lip*sin(phi(1)), ysarc(1, 1)

+_lip*sin(phi(1))/2];

The last point of lip can be calculated accordinglinally, the last step is to collect all pointat
were calculated into a sorted array. Coordinateagathe flat platexstart, xend; ystart, yendand
corners Xsarc, xarc; ysarc, yajoof the profile were generated, as follows.

x_out = [xstart, xsarc(1, :), xarc(:)', xsarc(2, :) , xend];
y_out = [ystart, ysarc(1, :), yarc()', ysarc(2, :) , yend];

The completegpcoords.mscript for generation af,y coordinate can be found in Annex A.1 line 1 —
132.
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Figure 49. Figure of assembled profiles generated/tMATLAB
(n=9, d=300, slend=90, fy=355, rcoef=6, nbend=5)

Figure 48 and 49 shows that the calculation taksaccount the actual gap between profiles which
comes from half the thickness of sector profiled gnsset plate thickness. This arrangement has been
made to make sure that there is neither overlapgapr when all the parts are assembled. The
calculation also related to the thickness extrusimthod used in ABAQUS, which in this case uses
middle plane extrusion.

Thickness of gusset plate was locked to gussetdtss thickness ratia_(ratio), while thickness of
sector was locked to cross-sectional slenderrsbmsd.

The abovepcoords.mscript was then further developed and used to eraabther script, named
polygoner.min order to generate profile coordinates for emgf parameter values. The script was
also intended to create metadata file, for the gegpf storing geometry variable database needed fo
modelling automation in Python.

o Filename: polygoner.m

This code is the core software for generating s¢venofile data and variable database in range of
input parameters.

>> Line 1-2

Function script was created with input variablesige ofn, d, slend andlambda single value ofy,
rcoef nbend|_ratio,andt_ratio.

function  [profiles, meta] = polygoner(nrange, drange, slend range, fy, rcoef, nbend,
|_ratio, t_ratio)

The output variables are:
profiles is a cell containing arrays af ycoordinates of profiles
meta is a cell containing arrays of variable values,,almeter d), thicknesstj,
gusset thicknesdd), yield strengthff) cross section propertied, (lyy, 122,
and lengthlén)
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>> Line 3-26
The script contains recommended input argumenaide. Descriptions of each input argument are
also given.

>> Line 28-33
Briefly, the script will generate two databasegfiles and meta, which contain arrays with the same
dimension.

% Initialise a cell array to host the profiles' dat a
profiles = cell(length(nrange), length(drange), len gth(slendrange));
meta = cell(length(nrange), length(drange), length( slendrange)); length(lambda));

The range and single value of input arguments wletermined as per Table 6. There is one new
variable in the function script, i.dambda This variable is non-dimensional slenderness,clvhi
determines the critical buckling length of a member

- |Afy n’El,

NCT ' T lcrz
.5
S (ALL °
n2EL,
Variablelambdawill be used to calculate length of the profilaswill take the information stored in
meta database, e.g. cross-section properties.

>> Line 35-44

The process was done by running loop through theesawithin the given ranges. The ...end
command was used to make loop of profiles, wijh andk as range of numbers far d, andslend
parameter, respectively. Firstly, it caisoordsfunction to get data for profile and then collecty
coordinates of profiles into profiles database.

% Loop through the values within the given ranges
for i=1:length(nrange);
for j=1:length(drange);
for k =1:length(slendrange);
% Call pcoords to get data for a profile
[X, y, t, tg] = pcoords(nrange(i), drange(j), slend range(k), fy,
rcoef, nbend, |_ratio, t_ratio);
% Collect the xy values in a database
profiles{i, j, K} = [x; y];

>> Line 46-110

Secondly, calculation for profiles meta databases warformed. Calculation of cross section
properties were made by usiogtwp_prop2function module which available in CUFSM software
package. In order to use this function, codes ¢aternodes and element arrays for the profilemas a
input to cutwp_prop2function should be made. Process of constructodes and elements can be
seen in the complete script line 52 — 84.
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% Return cs properties using cutwp

[A, ~, ~, lyy, I1zz, lyz] = cutwp_prop2(node, elem);
% Current profile area and moment of inertia
I = min(lyy, 1zz);

% Loop through the different member slendernesses. The 'meta’
% array has one more dimension (4D)
for | = 1:length(lambda);
% Current profile length
len = lambda*pi*sqrt(E*I/(A*fy));
% Store the metadata in a cell array
metafi, , k, I} = [drange()); t; tg; fy; A; lyy; | zz; lyz];
len(DI;

end

The cross sectional properties, (yy, 1zz,andlyz) are for the entire assembled cross-section. As ca
be seen in the script, the cross sectional pragsedie needed for slendernegsc@lculation, which
will be used for determining the length of membad dock it based on certain slenderness value
defined in Python automation. These variabtrarfge()); t; tg; fy; A; lyy; 1zz; lyx were stored in
profiles meta database.

At the end of the script, a command was writteoriate .mat files for each database function. Later
these files will be converted into pickle file ugimat2pkl Python method, and used in Python
automation.

% Save the profile database and metadata to the cur rent directory as .mat
save( 'profiles.mat' , 'profiles' );
save( 'meta.mat’ , 'meta’ );

In this script, calculations for cross-section slasd the corresponding effective area were also
performed. This data are required for the analytakculation based on Eurocodes. It can be found i
line 81 — 133.

The complete script for generation of several pgefand meta database in predefined range can be
found in Annex A.2 line 1 — 155.

Ranges of values for each parameter used in thasrric study are tabulated in the following table
In order to complete the FE modelling and analyg&snally in the predefined time, the number of
input variables used in this parametric study wedkiced, so that only some input variables of the
parameter were taken from the database.
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Table 5. Ranges of parameter values

Number of Total
Parameter Description Function Value(s) model for number of
each profile  models acc.
n number of corners [6, 9, 12] 6 3
d diameter of chord [300:200:900] 500, 700, 900 3
, d/(e”.t)
slend profile slenderness linspace(70,150,10) 90, 110 2
fy yield strength 355 355 1
bending radius to
TEEES thickness ratio 6 6 ! 18
number of points
ezl along the bend ° S 1
| ratio lip length to 0.1 0.1 1
- diameter ratio
t ratio gusset to sector 12 1.2 1
- thickness ratio
_Af, 2\
len length of chord 1= 4 0.65, 1.0, 1.25 3
n2EI,
b ratio bolt density s/d 3.0,4.0,5.0 3 54
N Axial force - N 1 54
Axial force-bending 0.05M, 0.1M,
NM moment ) 0.15M 3 216

From Table 5 above it can be seen that there ageotiter parameter besides the ones defined in
MATLAB function script above. This parameter is todensity b_ratio). This parameter, together
with length parameter, are important in the bugklpehavior of the member since they affect the
buckling half-wave length of the member which imtbecomes decisive parameters for the buckling
and interaction buckling failure mode, as descriine@hapter 2.

The length of chord is calculated by keeping tha-dimensional slendernedsto certain values,
which are 0.65, 1.0, and 1.25. These values warsethto make sure the member will not either be
too slender or too stocky. The calculation requiress-section properties: area of closed cross-
section,A, and moment of inertid, and this was carried out in MATLAB script and strin meta

file which then used in the Python script.

The bolt density as function of spacing-to-diame#¢io was fully calculated in Python, togethertwit
the creation of bolt holes. The s/d ratio was deiteed to observe the influence of bolt density to
distortional and local buckling occurrences, whithhis study was taken 3.0, 4.0, and 5.0. This par
will be further explained in the section of perfitva modeling.

Five parameters which have varied valued, slend, lenandb determine the naming of numerical
model. In order to make easy identification, it whksided to name the models with numbers, as
follows.
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...number of corners (n)
...diameter (d)
...slenderness (slend)
...length (len)

— b ...bolt spacing (b_ratio)

=~ — —

The variable number for naming and the correspandatue is shown in the table below.
i j k I b
var.ID| 1 2 3 1 2 3 4 3 5 1 2 3 1 ]
values| 6 9 12 300 50( 700 900 90 11065| 1.0] 1.2 3| 4 5

14
W

o0 Conversion from MATLAB to picklefile

Profiles database calculated in MATLAB were therp@ied to Python script, as the scripting
language used in ABAQUS. The automation then cdroiet in Python directly. The database file
exporting from MATLAB to Python was performed vikckle file.

The creation of pickle file was done throulgtat2pkl.pynodule. It is essentially a small module for
python. The steps can be summarized below:
1. Save the database file as .mat files
Run a python 2.7.3 command prompt
Make sure that the .mat database is in the pytlarking directory
Import the method mat2pkl from the mat2pkl file
Run the method for a given filename. The filenaimeugd be given without the extension

ook wDd

Example code:

from mat2pkl import mat2pkl
mat2pkl(“filename”)

Script ofMat2pkl.pycan be written as follows:

# Python method converting a 3D cell array from a matlab file (.mat ) to
anequivalent pickled object containing 3D nested li sts.

# This script has to be executed by an generic Pyth on of the same
versionas the one in Abaqus (i.e 2.7.3). Requires p ickle and scipy

# The filename is given without the extension

# Module imports
import scipy.io as sio
import pickle

def mat2pkli(filename):
# Load the matlab file
database = sio.loadmat(filename+'.mat’)
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# Scipy imports the data of the .mat in a dictionar y.
# Get the lists from inside the dictionary
ppp = database[filename]

# Export with pickle to a .pkl file
pickle.dump(ppp, open( filename+".pkl", "wb" ))

Each modetepresents a corner chord member of lattice towdiwas created as a segr, consist
of three connection parts, located at the endegient and at the middland chor in between the
connection parts. The configuration is shown iruF&50.

Parts that compose one segment model

sector

gusset

= - =

Assembled segment model

Figure 50. Segment model
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3.4.2.2 Material properties

The material property given by EC3 for cold-formaabfile and used in the normal production is
S355, which properties are summarized in the fahgwable:

» Elastic
Table 6. Steel

Type of steel Grade Fy, [N/mm?  F, [N/mm?]

property used

Non-alloy structural steel S 356 355 510

Nominal values are used for the elastic charatiesi®f steel - the Young’s modulus E = 210 000
N/mmn?, and poison’s ratio is 0.3.The following recommeitiohs have to be respected:

o FR/fy=110
o Elongation at failure = 15%
0 ¢g,=15¢

» Plastic

The relationship between yield stress (MPa) andtiglastrain (%) was defined based on uniaxial
coupon test data from Complab LTU. The testing nrecimeasured total strain and reaction value of
each specimen from elastic range until failurds vorth noting that the true stress-strain data wa
used as input into ABAQUS as a series of data point

The plasticity table is taking values without tHaséic part. In essence, the plastic strain isinbth

by subtracting the elastic part from the totalistra

Etot = el T Epi

o
Ept = Etot — €el = Etot — E

coupon test 'optim355'
700
600 e
500 /fv
400 I
300
200
100 \
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Figure 51. Coupon test stress-strain curve of S35f%eel specimen
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Step of constructing plasticity table for the us&EM can be summarized as follo

1. Take specific stress at plastic zone from truess-strain curve

2. Take the corresponding total strairth excluding elasticity (use tangent of elastictioor, E,
to calculate elastic stra

3. Add a few points on the plastic [ (e.g. in range 0% 14%) while keeping the last tv
points has a moderate inclination. This is duehtoreason theABAQUS will continue the
curve by extrapolating these two values. A steepeise of this part may cause «strength
in the FEM analysis.

Table 7. Plastic material properties

# Yield stress | Plastic strain # Yield stress Plastic strain # | Yield stress Plastic strain

1 381.1 0 4 418.0 0.0228 7 539.] 0.0765

2 391.2 0.0053 5 444.2 0.0310 8 562.] 0.1009

3 404.8 0.0197 6 499.8 0.0503 9 584.¢ 0.1221
10 596.¢ 0.1394

3.4.3 Python automation
3.4.3.1 Introduction

The ABAQUS Scripting extends Python witseveral types of objectsThe hierarchy and tt
relationship between these objects is callectABAQUS Object model.

== . There are three roots in
- B! the Abaqus object model:
— a— ‘|:j::-hs the Session, the Mdb, and
TR S — the Odb objects.
T sketches

The complete Abaqus
object model is too
complex to easily present
in a single figure.

Taken from the Abaqus Scripting User's Manual
(available online only)

lod ‘ e
rootAssermbly 7T =Container s, ] .
parts =Singuler object /7 A container is either a
sectionCategories TR sequence Or a repository
steps of like objects.

Figure 52. ABAQUS object model

The data encapsulated by an object are calledmembers of the object. The functions th
manipulate the data are calletethods. A method that creates an object is calleconstructor.
Ownership defines the access path to the objects. Any Py#taiement that accesses the Ses
Mdb, or Odb is called eommanc.

Commands are useh access objects by stepping through the hieraothgbjects in the obje:
model. All commands mirror the structure of theeabjmode For example:
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vp = session.viewports['Viewport: 1']

vp.setValues (origin=(200,0))

celld = mdb.models['block'].parts['crankcase'].cells[4]

T 1 T 1 T

Variable Model model named part named cell with
celld database mdb block crankcase index 4

It can be interpreted that tlcell with an index o# in the part namedcrankcas in themodelnamed
blockin the model databasedt is assigned to the varialell4.

The first script need to be defined is importinga§bs modules. Each module has function:
attributed to it. Modules are imported using thepdam staterent, the same as any other Pyt
module:

from caeModules import *

Table 8. Modules and their functionality

Kernel Module Functionality
part Creating and modifying parts
material Creating and modifying materials
section Creating and modifying sections
assembly Creating and modifying assemblies
step Creating and modifying steps
interaction Creating and modifying interactions
load Creating and modifying loads and boundary conditions
mesh Meshing part instances
job Creating, submitting, and monitoring jobs
visualization Visualizing results
odbAccess Accessing the output database file
sketch Creating and modifying sketches

The script for this part can be seen in Anne4 line 1 — 15.

3.4.3.2 Part Module

As mentioned before, the moling of section members were carried out througly faltomatior
process by using Python scripll parts were modeled using shell element, 3D defible type witt
extrusion feature. Instead of creating sketch dafifiler in CAE environment, the profs were
imported from database file in pickle forn(.pkl) stored in working directory.

Workflow of the modeling procesin Pythonfor part module can be described as folla

1. Import database pickle files required for profilefidition (profiles database d profiles
metadatawhich stored in working directo

2. Create the models in a looCreate models instead of renaming to make more dity
straight code

3. Create diferent models for buckling andiks analysis. First create the buckling models
then copy it into the iRs models. They will be identical in shape butythall differ in the
boundary conditions, the loads, the keywords etds Wway done so thi they can have
individual Jobs dér the buckling and theiks analyses anldave individual input fes
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4. Extrude the sector part based on geometry caloulati profiles metadata file
5. Create gusset part directly in Python based on gagroalculation in profiles metadata file

Each model consists of two parts, ‘sector’ and sgtispart. Sector part represents the folded p@late
was profiled in MATLAB script, which then imported Python. Gusset part represents the gusset
plate at connection regions, protruding from thatee of assembly cross-section to the chord-
diagonals connection.

0 Sector

The script for modeling parts in loop, in accordandgth the workflow mentioned above is written
below. Thicknesses of sector part are locked basedlidth-to-thickness raticslend parameter. The
calculation was performed in MATLAB script.

d

t=——
£2.slend

This ratio refers to the cross-section classif@atiegulated in Table 5.2 of EC3-191]
Length of sector parts are locked based on nonstiineal slendernessl)( parameter. The
calculation was performed in Matlab script.

l N < E.I )"'5
en=-A.m|——
Af,

In Python, profiles will be extruded based on ttafculation with total length equal to the length o
one segment, composed of two chords and threetqulases.

liot =2 . lchora + 3 -lgusset

One peculiarity in Python is that the indexing tstdirom 0 and not from 1 as it is usually, so adis
10 items numerates [0, 1, 2, 3, ..., 8, 9].

## 1st Phase: Buckling analysis
for i in range(profiles.shape[0]):
for j in range(profiles.shape[1]):
for k in range(profiles.shape[2]):
for | in range(profiles_meta.shape[3])

# Variables holding information of the current profile

current_model=str(i+1)+'-"+str(j+1) +'-"+str(k+1)+'
"+str(l+1)

current_d = float(profiles_metali][ JIIKIIN[oq[on

current_t = float(profiles_metali][ JIIKIIN[L1on

current_tg = float(profiles_metali] LIKIME21on

current_fy = float(profiles_metai] LIKIM310n

current_| = float(profiles_metali][ JKIN71001)

current_llip = sqrt((profilesi][j] [K][O][O]-

profilesi][j][k][0][2])**2+(profiles[i][j] [K][ 1][0}-

profiles(i][j][k][1][2])**2)
# Create model ------------------—-
# Create Parts -----------------—--
# Sector
# -Profile sketch for sector
# -Sketch sector lines
# -Extrude sector part
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with,

i refers tainput variable number of corn

j refers to input variable diame

k refers to input variable crosgction slenderne
| refers to input variable length

Figure 53. Created sector part (n=6, 9, 12)

The detailscript for creating sector part can be secAnnex A.4 line 51 — 90.

0 Gusset

The gusseplate has to be adjusted accing to the profile’s diametetJnlike the sector parprofile
of gusset part was created directly inhon due to fixed shape of the gusset for all sectiThe
variable needo be calculated is radial length of gusset fromdknter point0.0, 0.0, 0.] to the tip
of lips. This calculation is a bit tricky since thadius ofassembly sectigrapart from the lips, us:
the bended corner as the end point. This makesdleiated radius become slightly less than
actual radius. A modified code was made to conghierthing

Figure 54. Created gusset part
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Thicknesses of gusset plate is locked based oregpsae-to-sector thickness ratip r@tio), set at
value of 1.2.

The script sequence for gusset part inside thargdpnction is written below.

# -Profile sketch for gusset

# -Sketch gusset lines

# First point of the first sector

# Draw lines for the sketch of the gusset plate bet ween 0, 0 and the
# -Extrude gusset part

Length of gusset plate is set equal to the dian@fteissembly sectioty = d. The profile of gusset
was then extruded based on the above parameter.

The detail script for creating gusset part candesn Annex A.4 line 200 — 253.

o Perforation

In part module, calculation of bolts position wdsoaperformed. Bolts, located both at connection
part and along chord region, were modelled by hol#is diameter equal to washer diameter. This
was made to take into account the effect of coritdetaction between the member plate and bolt
washer. Creating holes were chosen instead oficgegitcle partition since the area inside theleirc
is of no interest in this study and also this mdtlll obviate complicated mesh of circle region.
Nonetheless, partitions still need to be made tieahole to apply structured mesh.

The connections provided by bolts will be modelgdié constraining the perimeter of the holes. This
will be further explained in the section of interan module.

Workflow of the modeling process in Python for peation of lips section can be described as
follows.

Import length calculation from database pickle file

Calculate the gusset extrusion lendth,

Calculate the total extrusion length, = (I + l;)m + 14

Calculate the bolt spacing (s) @satio of the diametes,=b.d ; b € (0.5,1.0,1.5)

Calculate the number of bolts (n) and the remaidikance to the edge,)s
In Python use: “(ng = divmod (I,s)”
6. Create a list of z coordinates for the bolts;
Sots
2
o All the following spaces; = s;_1 + s

a s w DN Pe

o Firstspaces; =11 +

7. Create the holes
0 Holes are created using hole extrusion tool, regedtges
0 The .getClosest method could be used to find tgedf the lips

8. Make longitudinal partitioning based on the caltedhz-distance (+ distance from the hole
center).
The longitudinal partitioning is needed to makeustured mesh apart of the circle region.
This partitioning can be done by:
0 Creating datum planes as offsets from principah@ky
o Partitioning face (select all faces) based on #tard planes
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M16 bolts, with washer diametd,= 30mm, were used in all models. The choice of bidé was
made considering that the bolts will only act ageaof the plates, without significant forces wank
it.

Calculation of zdistances alonz-axis is needed to get the exact position of t This was done by
calculating the bolt space along tclear span between joints and the remaining distalistribute
evenly at both ends. Bolt spagce connection region was made denser than the siear to provid
sufficient stiffness of the connecn between chord and another member.

= . \n:\\\*“m&\\

Figure 55. Scheme for bolt spacing

Script for calculation of bolt position is writtdrelow.

# Loop through the different bolt spacings (tempora ry b to change)
b =13, 4, 5]
for m in range(1):
# Calculate bolt positions
# - Distance on the width
bolts w = current_llip/2
# - Distances on the length
current_b = b[m]
s = current_b*current_d
(n0, s0) = divmod(current_I, s)
sl =(s0 +s)/2

bolts z1 = np.concatenate([[bolts_w], bolts w + ((current_d -
current_llip)/5) * np.linspace(1, 4, 4), [current_d - bolts_w]])
bolts_z2 = np.concatenate([[current_d + s1], s1 + ¢ urrent_d + (s
*np.linspace(1, n0 -1, n0-1))])

bolts z3 = bolts_z1 + (current_| + current_d)

bolts z4 = bolts_z2 + (cur rent_| + current_d)

bolts z5 = bolts_z3 + (current_| + current_d)

bolts z = np.concatenate([bolts_z1, bolts_z2, bolts _z3,
bolts_z4,bolts_z5])

The coding for perforatiomadopts the tool for making holes extrusiavailablein ABAQUS. This
tool uses edge® define position of holes. Two edges were neelleth are on the lip region.
order to select the edge, the .getCst method can be used. Format of method:

. get C osest (coordi nates=((x,VY,2z,))
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This method will find the edge close to tselectedpoint which taken from profile databasAfter
that, by using the calculatetistance from each edge, hole extrusion will baterd Distancel was
measured from edgel, equal z-distance while distance2 was measure from edgeal et
lipwidth/2.

distance?2 /
Edge

Edge
distance
A

A

z o

Figure 56. Method for perforation using edges in ABAQUS

The width of the lip as a function of -to-diameter ratio was made to take into account safft
clearance for the bolt, which in this study useMalt. The part ofscript for holc extrusion is shown
below.

# Washer diameter

d_washer = 30

# Initia  te list to store datum planes
datum_p=[]

# Make holes
for o in range(int(bolts_z.shape[0])):
sector_part.HoleBlindFromEdges(
depth=1.0,
diameter=d_washer,
distancel=bolts_z[o],
distance2=bolts_w,

edgel=sector_part.edges.getClosest(coordinates=((pr ofiles[i][j1[K][O][

1], profiles(i][j][k][1][1], 0).))[0][C],

edge2=sector_part.edges.getClosest(coordinates=((pr ofiles[i][j1[K][O][

0], profiles[i][j][k][1][0], 1).))[0][C]. _ I

plane=sector_p art.faces.getClosest(coordinates=((profiles[i][j][k 101

0], profilesi][j][k][1][0], 0).))[0][C],
planeSide=SIDE1)

The detailscript for creating perforatit, including bolt distance calculation and hole esion can
be seen in Annex A.4 line 92157.
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(a) Pefforated ‘sector’ pa (b) Perforated ‘gusset’ pi
Figure 57. Modelling of perforation on part (Model 1-1-1-1)

3.4.3.3 Patrtition

Because of the perforatiawth circular shapthere is issue with meshingherefore, the part will b
partitioned into several parts. It is also advaetass for applying different mesh density at coninac
regions. Partition will be done in part level since deperidpart instance type was chos¢The
partition process can lpgesented in following script and figur

- Sector

Partitions were made at the vicinity of the holssatrip with the help of series of datum plaiiéss
method will allow the application of structured rhes the region outside the holes, while keef
free mesh near the hole circle.

The position ofdatum planes was calculated by utilizing the bpdtsition points, taking distance h
lip width toward both sides from center of h

# Create datum planes to be used for partitioning t he sector
sector_part.DatumPlaneByPrincipalPlane(

offset=bolts_z[o] -bolts_w,

principalPlane=XYPLANE)
sector_part.DatumPlaneByPrincipalPlane(

offset=bolts_z[o]+bolts_w,

principalPlane=XYPLANE)

Figure 58. Datum planes for partitioning on sector part
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The partitioning process adoptir.PartitionFaceByDatumPlanenethod available in ABAQUS.
will partition the selected face, which is all faoethis case

# Partition the sector
# - Number of datum planes
n_dat = int(len(sector_part.datums))

# cut all the faces using the datum planes

for o in range((n_dat -2)13):
sector_part.PartitionFaceByDatumPlane(
datumPlane=sector_part.datums.items()[o+1][1],
faces=sector_part.faces[:])

Figure 59. Partitioned sector part

- Gusset

Partitioning of gussewas performe in the similar way with the partitioningf sector. Howevelifor
gusset .PartitionFaceByShortestPe method was adopted instead BfDatumflanes since the

partition needed for gusset are along the longmaidiirectior. Format of the metho
.PartitionFaceByShortestPat h(faces=, pointl=, point2=)

This method uses shortest path between two postiseacut lineFirst, datunpoints were set at the
end sides of each fin glusset plat at a distance of lip-width from the gusset GQoordinate of datum
point was taken from profiles meta datab Selection of faces usedetCloses method to find the
face from the coordinate of datum pc

After creating datum points at each fin of gusdatep partition can be defined at the path conmk
those datum points. ThgetCloses method was used to find the created datum poingititioning
process.

# Partition gusset

gusset_part.DatumPointByCoordinate((gp1[0] - current_llip*cos(5*pi/6),
gpl[l]- current_llip*sin(5*pi/6), 0),)
gusset_part.DatumPointByCoordinate((gp1[0] - current_llip*cos(5*pi/6),

gpl[l]- current_llip*sin(5*pi/6), current_d),)

gusset_part.PartitionFaceByShortestPath(
faces=gusset_part.faces.getClosest(coordinates=((gp 1[0], gp1[1],
o).)ojo 1,
pointl=gusset_part.datum.items()[0][1],
point2=gusset_part.datum.items()[1][1],)
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Figure 60. Datum points definition and partition of gusset @rt

The detailscript for creating partitioon sector part can be seen in Annex #né 173 — 195, while
for gusset part on line 299 — 342

3.4.3.4 Property Module
34341 Material Properties

The created part thawill be assigned in the property modwith material propertic. For batch of
model intended for buckling analysis, the elastaterial froperties are used. Modulus of elasticity
= 210<10° MPa and poisson rativ=0.3 was set in the script.

# Material
¢_model.Material(name="pure -elastic")
¢c_model.materials['pure - elastic'].Elastic(table=((210000.0, 0.3), ))

For batch of model intended fstatic Riks analysis, the plasticaterial properties aradded to the
material assignmenfThis was done to understand tbehaviour of the model in n-linear range
when undergoing plastic stress. Ultimate resistgload—displacementlationshi|, and post-yielding
characteristic of the model will be obser. The value of this property was taken from si-strain

relationship in Table 7.

3.4.3.5 Section Module

As mentioned beforeshell element will be assigned for all peof the modelThickness of the shy,
current_t is set based on the calculation of profile thiclnetored in profiles meta database
function of diameter-ta@hickness ratioslend.

# Create sections

# -for sector

¢_model.HomogeneousShellSection(
idealization=NO_IDEALIZATION,integrationRule=SIMPSO N,
material="pure - elastic', name="'sector', numintPts=5,
poissonDefinition=DEFAULT, prelntegrate=OFF,
temperature=GRADIENT, thickness=current_t,
thicknessField=", thicknessModulus=None,
thicknessType=UNIFO RM, useDensity=0FF)
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For gusset plate, similar sectidefinition code was assigned. Onhidkness of the shell different,
current_tg which wasset as function c(gusset thickness-tgector thickness ratit_ratio).

Sedion assignment was appliewith middle surface as the offset type. For setectf part to b
assigned, set of all faces was u

# Assign sections
# -for sector
sector_part.Set(
faces=sector_part.faces[:],
name="AllSectorFaces')
sector_part.SectionAssignment(
offset=0.0, offsetField=", offsetType=MIDDLE_SURFACE,
region=sector_part.sets['AllSectorFaces'],
sectionName="sector',thicknessAssignment=FROM_SECTI ON)

Figure 61. Section assigned to sector and gusset

3.4.3.6 Assembly Module

The modelled part wasrought into the assembly idule as a dependent parstancelt is the default
type of part instance in ABAQUS/CAIA dependent instance is only a pointer to the pabgpart. In
effect, a dependent instance shares the geomedryheanmesh of theriginal part. As a resulit is

possible tamesh the original part, bnot on instances assembly/hen the original pe is modified,
ABAQUS/CAE applies the samimodification to all dependent instances of the part. N
modifications are not allogd on i dependent part instanddowever, operations that do not moc
the mesh andjeometry of a dependent part instance are stidhaltl. Therefore,modification for
mesh and geometry has te toone within the part and memodule,respectively

The advantageof dependent part instances are that they con$enmver memory resources athe
parts need to be meshedly onc¢ and all the other dependdnstances in the assembly module
be meshed accordinglin addition, ABAQUS/CAE instances a dependent pagtance in the input
file by writing a single set of nodal coordinate®la&lement connectivity to define the part alonth
a transform to define each part insta Since the core of this parametric study isscript that will
be run simultaneously arluste systems and the mdseavy duty part is the meshino that to mesh
one part on each model rather thhree individual identical parts is preferred.

# Create assembly
¢_assembly=c_model.rootAssembly
¢_assembly.DatumCsysByDefault(CARTESIAN)
# -Sectors
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c_assembly.DatumAxisByPrincipal Axis(
principalAxis=ZAXIS)

c_assembly.RadiallnstancePattern(
axis=(0.0, 0.0, 1.0),
instanceList=('sector -1'),
number=3, point=(0.0, 0.0, 0.0),
totalAngle=240.0)

In order to have the assembly of one seg mode| three instances of sector part and three ins&
of gusset part should be creatSector instances were positioned throagloptingradial pattern
method available in ABAQUS. It allows the createwtances going on according to tglobal
coordinatesystem and positioned dependently to each oThe creatednstances were set refer
axis of rotation by 120°A datum axis was createdz-axis for this purpose.

Figure 62. Sector instances

After gusset instances weteeated, they wergoing to be placed at connection region, at thesifel
and at the middle of segment mocGusset instances were positioned throuanslation method
with defined vector coordinate (0.0, 0Z). Z-point coordinate was taken from profiles metadi.

# - Gusset plate

# -- Create the instances

gl_instance=c_assembly.Instance(
dependent=0ON,
name='gusset -1
part=gusset_part)

Figure 63.Gusset instances translation
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# -- Translate them to the right position
g2_instance.translate(vector=(

0.0, 0.0, (current_I + current_d)))
g3_instance.translate(vector=(

0.0, 0.0, 2*(current_| + current_d)))

The final geometry oissemblemodel is shown in Figure 64 and 65 below.

Figure 64. Extruded view of cross-section

Figure 65. Final geometry of the assembly
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3.4.3.7 Interaction Module

In the interaction module, there are several opti@rscbnstraints and connections. Constre
defined in thenteraction modulwill model constraints on the analysis degrees of freg; partially
or fully eliminate degrees of freedom of a groumotiesand couple their motion to the motion ¢
master node (or nodes).

In this modelling two constraint types were usexdjming constraint anrigid body constraint.

3.43.71 Coupling Constraint

Coupling interactions provide a constraint betwaeaeference node arthe nodes on a surface (
coupling nodes). It willimit the motion of a group of nodes to the rigiddy motion defined by
single node (reference node).

In the model, this type of constraint was applied dpplying loads ar boundary conditions to
model and model thend condition, as well.Kinematic coupling constraint which constrainingsik
degree of freedoms (ul, u2, u3, url, ur2, ur3) wezsl in the modelin

Coupled elements:

- Reference point for BC and load applica
- End chord includig gusse

The reference point (RRNhd nod as master node wasupled with the front edge of tlend chord as
slave nodes, as shown in Figé&

Figure 66. Kinematic coupling constraints

First the reference points (RPs) w created. These reference points will also be usethdundary
conditions (BCs) and loading conditions. RPs wesslenat the two ends and at the middle of
column.

# Create reference points

# - RPs for the faces at the two ends of the columns
c_assembly.ReferencePoint((0.0, 0.0, 0.0))

c_assembly.ReferencePoint((0.0, 0.0, (2*current_| + 3*current_d)))

#- RP at the middle
c_assembly.ReferencePoint((0.0, 0.0, (current_| + 1 .5*current_d)))
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In this stage, it is important to create sets angetry since the interaction will involve numberfs o
nodes and edges. Identification of set will easevtbrkflow of coding.

Sets then made for each master and slave nod&Phendl set’ and ‘RP-end2 set’ for the reference
point, and ‘endl-face’ and ‘end2-face’ for the esubes. The creation of coupling constraint used
findAt method to select the reference point (RP) as mastie, andgetByBoundingBorethod to
select the faces of slave nodes. The argumeriitsdtat are an arbitrary point on an edge, face, or cell
or the X-, Y-, and Z-coordinates of a vertéirdAt returns an object that contains the id of theevert
or the id of the edge, face, or cell that incluttes arbitrary point ThegetByBoundingBawrethod is
capable of selecting objects that lie entirely witthe selection volume. Six points need to berasfi

for the box. Format of the method:

findAt(x, y, 2)
. get ByBoundi ngBox(xni n, ymin, zmn, Xxmax, ymex, zmax)

# - End face couplings to reference points
#End 1
c_assembly.Set(
name='RP-1-set’,
referencePoints=(c_assembly.referencePoints.findAt( (0, 0, 0)),

)

c_assembly.Set(
edges=gl_instance.edges.getByBoundingBox(-current_d -
current_d,0,current_d,current_d,0),
name='end1-face',)

¢_model.Coupling(
controlPoint=c_assembly.sets['RP-1-set'],
couplingType=KINEMATIC, influenceRadius=WHOLE_SURFA CE,
localCsys=None, name='end1-coupling’,
surface=c_assembly.sets['end1-face’],
ul=0N, u2=0N, u3=0N, url=0ON, ur2=0N, ur3=0N)

The second end coupling at another end (End 2)tldhird coupling at the middle connection
(Middle) were made in the same way as above. Angdisbn for middle connection is that the mid-RP
master nodes coupled with the three fins’ intefsacdge as the slave nodes (Figure 66).

3.4.3.7.2 TieConstraint

Tie constraint ties two separate surfaces togetbehat there is no relative motion between them.
Hence, the two tied surfaces expected to behavegidsbody. This type of constraint allows fuse
together two regions even though the meshes creatéitk surfaces of the regions may be dissimilar.
This type of constraint was tried to tie the botilds along the sector plates and gusset plates.
Modelling of bolt connection using tie constrainhsvperformed in consideration that the rigidity of
bolts are much higher compared to the connectadsylao that by constraining the perimeter of holes
as rigid body will represent the bolt connectiongize model.

Tied element:
- Holes perimeter on sector and gusset plates

The master nodes are nodes along the holes periamdethe slave nodes are the nodes along the
holes perimeter at the opposite side.
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tie Gusset plate tie }
‘/

tie tie }

y Nodes in generated node set
7 CONSTRAINT_NODES

s e - e
Figure 67. Tie constraint of holes perimeter

The codes for tie constraint were made by first creatime sets of node region for each const
pair. Sets of node were stored to later facilitate n@dsction usin.findAtmethod.

Figure 68. Result of static analysis at tie constraint regn

As it can be noticed in Figure86thetie constraint physically displaces the noof the slave region
to meet the master nodeshish isunrealistic.

The type of constraint intended in this studythe one that only couples the node DOFs, witl
changing the geometri.he attempt to constraint the connection  thenwill be done with rigic
body type of constraint instead of . For this type of constrainteference pointsRPs, must be
createdor each bolt and then all corresponding surfagesaoipled as a rigid body to the |

3.4.3.7.3 Rigid Body Constraint

A rigid body constraint allows constrain the motiohregions of the assembly to the motion «
reference point. The relative positions of regions that are part of the rigid body remain tamt
throughout the analysis.

Codes for rigid body constraint principally madetive same way witlthe tie constrair previously
describedonly sets of reference points need to be cre@mtedt as masr nodes Sets of node were
stored as variabley facilitate nodes selection usi.findAt method.

First, position of each bolt was defined for se¢tsh’) and gusset (‘gh’) using profiles databage
function of bolt position in gusset plate, resjively.
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# Position of the holes on the cross -section

sh11 = np.array([profiles[i][j][k][0][1], profiles[ i0IKIIAILI)

sh12 = np.array([profiles][i][jI[K][O][ - 2], profiles[i][jIIKI[L][ -
2]))

ghl = (gp1[0]- bolts_w*cos(5*pi/6), gpl[l]- bolts w*sin(5*pi/6))

gh2 = (gp2[0]- bolts_w*cos(  -pi/2), gp2[1]- bolts_w*sin(  -pi/2))

gh3 = (gp3[0]- bolts_w*cos(pi/6), gp3[1] - bolts_w*sin(pi/6))

These sets of poitlhen multiplied in order to obtain the points or tither instances. Rotation mat
(Rma) methodwas used to calculate the points for se¢ plate.

# Rotation matrix to get the points of the other 2 instances

Rmat = np.array([[cos( -2*pil/3), -sin(- 2*pi/3)], [sin( -2*pil/3), cos(-
2%pi/3)]])

# Calculate the points by multiplying with the 120 degrees rotation
matrix

sh21 = sh1l.dot(Rmat)
sh22 = sh12.dot(Rmat)
sh31 = sh21.dot(Rmat)
sh32 = sh22.dot(Rmat)
sh = ((sh11, sh12), (sh21, sh22), (sh31, sh32))

Figure 69. Rigid body constraint assignment at ‘bolt-1’

After that, reference points and set of referengi@tpvere created by usir.findAl method. In the
following section will be described the codes faid body constraint as En connection. The
remaining region, i.eMiddle connectionSpanl, Span2and End2 connection were made with
same flow.

The RPs and tie region were made in loop of nurbéplts along -direction based on bolt functic
previously definedfindAt method used to select ‘sh’ and ‘gh’ points andextathem in set. lis
function will createconstraint between the set of reference pointsthadcorresponding set of -
regions, with number of constraints as many asthe pairs
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# Create reference points for the bolt rigid body ¢ ouplings
# Create the necessary sets a nd the constraints for all the bolts
# End 1 connection
for oo in (range(3)):
ii=1
for o in tuple(bolts_z1):
c_assembly.ReferencePoint((gh[oo - 3][0], gh[oo -3][1],
float(0)))
c_assembly.Set(
edges=s_instance[oo- 3].edges.findAt(((sh[oo -
3][0][0],sh[o0-3][0][1], float(0)- d_washer/2), ),
)+

s_instance[oo- 2].edges.findAt(((sh[oo -2][1][0],
sh[oo-2][1][1], float(0)- d_washer/2),), )+ \
gl _instance.edges.findAt(((gh[oo- 3][0], gh[oo -3][1],
float(o)-d_washer/2), ), ),
name="b'+str(ii)+str(00)+'setl")

c_model.RigidBody(
name="b1'+str(ii)+str(oo)+'joint1’,
refPointRegion=Region(referencePoints=(c_assembly.r e
ferencePoints.findAt((gh[oo- 3][0], gh[oo -3][1],
float(0))). ),
tie Region=c_assembly.sets['b'+str(ii)+str(oo)+'setl’

D

The detailscript of interaction can be seen in Anne4 line 504 —717. Result for the application
rigid body constraint is shown in FigL70.

Figure 70. Result ofstatic analysis at rigid body constraint region

It can be seen in the figyrde rigid body constraint works w, as expected in rigid connecticThe
geometry at hole circle does not change and tiedrdmgly. Therefore, this type of constraint v
used for modeling the bolt connectic

3.4.3.8 Load Module

Boundary conditions have a profound impact on thectural resonse and therefore they must
modelled as closely as possible to the physicaasdn in practical thi-walled steel systems. Desg
this, their numerical models should not be overly congibd so as timpair modelling efficienc
and computational stability.
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The boundary conditions adopted in the model cpoed to those applies for truss structure. Pir
support at the two ends of the column was used. Astioned above, the boundary condition will
put on the endeference point (RP) and connected to the membdirt®matic coupling constrair
This way,the coupling nodes, i.e., the chord eare congtined to the rigid body motion of a sin
node (RP). Therefore, dthe constrined degrees of freedom transmitted at this . It will allow the
end chord to rotate globally insteadeach edge move localliyBC along edges is applie

BCend-1 at one enckference node heul, u2, u3 restrained translation®OFsandur3 restrained
rotational DOFs, while BC eng-at the other end hiu3 free to accommodate the application of |

A BC was addedbr the middle joint. This joint is stabilised byetconverging diagonals so the glol
buckling length is the length of one span. In this middlej&e, All DOFs of the nodes on the edc
are coupld to the RP and the RP is rained on Ul and U2. It can move on the z axis aman
rotate freely becaesthe converging diagonals do not provide any imtat stiffness (it is very sme
and neglected).

# BCs

endl BC=c_model.DisplacementBC(
amplitude=UNSET, createStepName='Initial’,
distributionType=UNIFORM, fieldName=",

localCsys=None, name="fix -endl’,
region=Region(referencePoints=(c_assembly.reference Points.findAt
((0,0,0)),)),

Ul=SET, u2=SET, u3=SET, url=UNSET, ur2=UNSET, ur3=S ET)

The RP was selected from the predefined set ofarde points by usin.findAl method. Script for
end2-BC and middIBC were made in the similar way as aboAll boundary conditions wer
created in the initial step.

BC1:
U1 - restrained
U2 — restrained
U3 — restrained
BC2: UR3 — restrained
U1 — restrained
U2 — restrained

UR3 - restrained BC3:

U1 — restrained
U2 — restrained

Figure 71. Boundary condition of the model
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As forloading condition, two loading conditions weset.

1. Buckling analysis: ancentrated force of 1N was applied at ¢BC
2. Riks analysis:

a. Riks_N (axial only):Concentrated force of 510 area of cross secti at end2-BC.
510MPais the nominal ultimate stre for S355. It isused to estimate a lc as the highest
load tha could be applied on the cresection. So theesistance is definitely going to
lower than that in all cas

b. Riks_NM (axial and bending)Concentrated force of 520area of cross secn at end2-
BC and 5, 10, 1% bending moment resistance of the c-sectionat mid-BC. This value
is chosen since the presence of bending momenisa structure actually not significa
The bending moment is induced by forces from diatg

# Apply con centrated force
N_pl_rd = 510*area

# Apply bending moment at the mid -connection

# Calculate the magnitude of moment as 10% of momen t resistance
W = current_ly/(current_d/2)

M_resist = W*current_fy

M = 0.1*M_resist

r_model_NM.Moment(

cml=-M,
createStepName='RIKS",
distributionType=UNIFORM,

field=",

localCsys=None,

name='moment’,
region=c_assembly.sets['RP -Mid-set)

CM1

CT3 (b) axial-bending

Figure 72. Boundary conditions and loading conditions
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3.4.3.9 Mesh Module

It is important to notethat appropriate element type should be selecteéde meshin module, in
order to provide ABAQUSvith information about the interpolation it show@dply to thos elements.
For thin-walled structures is widely acknowledged tt shell elements are thmost suitable type fc
FE modelling because it is able to capture local,odiitnal, as well as locaed buckling of the
structure so thaa realistic response n be predicted. ABAQUS offers a dozen connly used shell
elements for 3-Dstress/displacement analysis, such as S3, S3R54R, S4R5, S8R, S8|, SI9R5,
etc., of which S4R, as shown in Fig73, was chosen for this study.

Figure 73.1llustration of ABAQUS shell element S4R

Element S4R is a standard le-strain shell element with “4-node genepalrpose shell, finite
membrane strains” (ABAQUS.14 Documentation). It has six degrees of freedom maten three
translations and tee rotations. It also has a uniformly reduced irsttgn to avoid shear ar
membrane locking. It also converges to a sheaibllexheory for thick shells and to a classicalottye
for thin shells. Hence, it can be concluded tha étement chosen is suitable element for tt
buckling analysis of thinvalled structure

As already mentioned in the assembly module, atll ipatances in the model are dependent tyf
means that meshing of thoskements should be performed for each part instéadessembly level.
The mesh module will associate the mesh from padiltdependent instances. In order to keeg
meshed element as closedguar: as possibleand limit the free mesh only to region right at

peripheral of the hole circle, partitions were teglaas described in the part mod

All of the shell elements were seeded by size eflstéAn adequate mesh of the structures is »
important when daling with finite element method analysis. If asimds too coarse, the rest
obtained from the analysis may not be sufficierbcurate. On the other hand, if a mesh is
refined, the analysis can develop accurate redultsit will increase the |ocessing time with
computational costs. In order to have the accueselts without spending too much processing t
it was decided to model all the structures witlkeasonable mesh. After running several converg
studies, the mesh with approxin size of 30 was chosen.

# Global seeding in mm
seedsize = 30

# -Sector

sector_part.setMeshControls(algorithm=MEDIAL_AXIS,e lemShape=QUAD,
regions=sector_part.faces[:])

sector_part.seedPart(deviationFactor=0.1, minSizeFa ctor=0.1,

size=seedsize)
sector_part.generateMesh()

Mesh control with quadratishape of element was used since it can be afto any planar or curve
surface.The reason behind this is thhe high order approximation for the finite elemgmeping the
same size) leads to the small error for the salufi@ll parameters (boundary conditions, geome
materials) are sufficiently smootiMoreover, it can avoid error due to shear lockingbending
problem commonly found in triangular shaThus the quadratic approximatiorused.
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Sector part Gusset pa
Figure 74. Meshed part

3.4.3.1(Btep Module

In ABAQUS the user divides the complete load history of fheukation into a number of steps. E¢
step is a period of “time,” specified by the uder, which ABAQUS calculates the response of
model to a particular set of loads and boundaryditimms. The uer must specify the type
response, known as the analysis procedure, dudoh step and may change analysis procec
from step to step.

ABAQUS divides all of its analysis procedures into two mgioups: linear perturbation and gen.
In this parametric study lineaigenvalu analysis and statiRiks analysis were employeLinear
eigenvalue analysis is generally used to estinfegectitical (bifurcation) load and buckling shage
the structure. On the other haload-deflection (Riks) analystsad been used incorporate concern
about material nonlinearity, geometric nonlineagtior to bucklingandpostbuckling respons

c_model.BuckleStep( maxIt erations=300, name="Buckling’, numEigen=4,
previous='Initial’, vectors=10)

The Riks method uses the load magnitude as ani@ulitunknown; it solves simultaneously
loads and displacements. Therefore, another guamtitst be used to measure the progress c
solution; ABAQUSStandard uses the “arc length,” |, along thatic equilibrium path in loe-
displacement space. This approach provides sobitiegardless of whether the response is stat
unstable.

# Create RIKS step

r_model_N.Static RiksStep(name="RIKS', previous='Initial’, nlgeom=0N,
maxNuminc=30, initialArcinc =0.2)

Two kinds of Riks analysis were employed in thisdgt axial only (N) and axial bending (N+!
analysis.

3.4.3.10.1 Imperfection

The geometrically and materially nonlinear analysishwiihperfection using Riks solr obtain the
shapeof imperfection according to the first buckling neodhape from linear perturbation analy
and its magnitude according to recommendation in3-1-5.The procedure toinclude this
imperfection is performed bgdiling keywords.The displacement data for different bucg shapes
is written to the nodéle, whichthen is used for Riks analysis the shape of imperfect. In Python
the process of writing, eeting, and modifying keywords possibly done with the built-in
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keywordBlock method. This method automates the gg®do synchronize, insert, and replace text
block.

# Define a method to get the block number of a spec ific string in
thekeywords
¢_model.keywordBlock.synchVersions()
def GetBlockPosition(buckle_model,blockPrefix):
pos =0
for block in ¢_model.keywordBlock.sieBlocks:
if
string.lower(block[0:len(blockPrefix)])==string.low er(blockPrefix):
return pos
pos=pos+1
return -1

The amplitude of imperfection taken for the anayis equal tos/200Q with s is bolt spacing.
Distance of bolt spacing was chosen instead ofatMength since it was revealed that the dominant
buckling mode occurred is sectional buckling, mat flexural one. The use of elastic buckling mode

as the shape of geometric imperfections itselftaedchosen magnitude was a conservative approach
(Moen 2008)30Q].

# Change keywords to include initial imperfections
amp_impf = s/2000

r_model_N.keywordBlock.replace(GetBlockPosition(r_m odel_N, *step)-1,
'\n** ___________________
\n** \n*+xxrrrxxGEOMETRICAL IMPERFECTIONS\n*IMPERF ECTION,FILE='

+ str(buckle_model) +',STEP=1\n1,'+ str(float(amp_i mpf))
+\n2,'+str(float(amp_impf)) +\n3,'+ str(float(amp _impf))

+\n4,'+str(float(amp_impf)) +\n**")

3.4.3.10.2 Fieldand History Output

In order to obtain intended output, in this modallerequired output data are specified. In fieldpo
request the following data was requested:

- All stress components ‘S’, mises equivalent striddses’, all strain components ‘E’,

effective plastic strain ‘PEEQ’, and all physic&@mlacement components ‘U’

while in history output request:

- Reaction force RF3 at RP-1

- Displacement U3 at load application point RP-2

- Rotation UR1 at middle connection RP-Mid

3.4.3.100b Module

Once all of the tasks involved in defining a modefihished, the Job module can be assigned to
analyze the model. The job will be created for eawtdel and then submitted to cluster which

comprise multiple processor. It will divide the neb@nalysis into multiple tasks according to number
of processor.

At the end of script, a command to create inpet\itas made. Therefore, the input file will be cedat
for each model.

# Write the input file
mdb.jobs[riks_model_NM].writelnput()

The script for Job assignment can be seen in AAdéXine 860 — 884.

Finite Element Modelling of the Proposed StructuviEmbers 91






Finite Element Modelling and Parametric Studof Semi-Closedhin-Walled
Steel Polygonal Columns

4 PARAMETRIC STUDIES OF THE PROPOSED STRUCTURAL
MEMBERS

Chapter3 detailed the development of the FE models,showedhat the input file coded in Pytht
was able to generate reliable FE modelsproposed polygonal thimsalled columns. These F
models can therefore be readily used for extengarametric studies towards design purpc A
total of more than 15C0FE elatic buckling and collapse analyses have been cdedum the
parametric studies, involving variables suchnumber of corner (n), diameter of cr-section (d),
slenderness (slend), yield strength (fy), bendidjus to thickness ratio (rcoef), numbef points
along the bend (nbend), lip length to diameteradli ratio), gusset to sector thickness ratio (tio3,
bolt spacing (b)and member leng (I). Evaluation of the results will be carried out wiactorial
Design.

4.1 Post-Processing

In this chapterresults from the analysis will be presented. Aftewnloading all result files fro the
cluster, a method was used to call the requoutputvariables and arrange thema convenient
format for the further study. This was dothrough automation usingython script dedicated
collect data from .odb files and present thera certain tabulated database.

odb —
— rootd ssembly
— parts
— sectionCategories
— steps -
’ frames Field Data
= Container _L )
= Singular object s nﬂeldoutputs ﬁ Automat'ed post-
istoryRegions
—|: historyPoints U processing
L _see RGPS History Data

Figure 75. Abaqus result in .odb file

To access the output databasihAccess module was used. This pgatecessing work will produc
an external data outsidBAQUS, with the following approach:

* Open andead data fronall .odb files
» Write the requirediata in predefined format to an output databas)
» Capture thevisualizatior from viewport module and save thencirtain format (.png

By doing so, data analysig.g. statistics and probabil of the results can be carried out m
handily.In this parametric study, the output database wal/sed bystatistical analysis, i. factorial
design which will be described in the next sect

Complete script of theutput readincautomation, including .odbata extraction and visualizati
data import from the viewpornodulecan be seen in Annex ABxample of result table extited
from .odb file using this automation is presenteénnex D
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4.2 Factorial Design

In this parametric study, results from FEA will hesessed with Factorial Experimental DesIn
statistics, a full factorial experiment is an expanial designwhose design consists of two or m
factors, each ith discrete possible values or "levels", and whegperimental units take on
possible combinations of these levels across ah $actors. A full factorial design may also belea
a fully crossed design. Such an experiment alltvesnvestigatoto study the effect of each factor
the response variable, as well as the effectstefdntions between factors on the response vai
Moreover, nultiple response variables can be studied at

For the vast majority of factorial experiments, it factor has only two levels. For example, with 1
factors each taking two levels, a factorial expentrwould have fou(2") treatment combinations
total, withk is number of factor

By applying Factorial Design in FEA analysis, tb#dwing objectves are to be achiewv

1. Screen for important factc
2. Determine factor interactio
3. Systematically study how different modelling chaiedfect the FE model respor

The example of two level full factorial design witiree factors: ® design, is shown belo

Run A B C AB AC BC ABC y (response)
1l - - - + + + - n
2 4+ — — — — + 4+ ¥
3 -+ - - 4+ =  + ¥3
4 + + - + - - - Y4
5 — — + + - = 4+ Y5
6 + — + — + - - Y6
7T -+ + - - + - %
8 + + + + + + + ¥e

Factors are A, B, and C, with interaction AB, AGC Band ABC Number of runs to be perform
grows exponentially with number of fact (2). Response variabl®r each run as a function
interaction is indicated asg.y.ys.Main and interaction effect then can be calculatedpb@is.

Amain —
Bmain —
ABint. —

ABCie =

Or can be expressed:

(v+ya+ys+y) n+ys+ys+w)

4 4

(ys+va+yr+ys) A+y2+ys+ )

4 4

ri+ys+ys+y) p+ya+ys+y)

4 4

(yo+ys+ys+ys) (a+ya+ys+yr)

4 4

Main and interaction effect = y© — y~ (bar = mean value)

Factors are cancelled out (for Factor
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y T =(A"+B +C +AB  +AC +BC" + ABC*
+AT+ BT+ C"+ABT+AC” + BC™ + ABC™
+AT+ B+ C"+AB” + ACT + BC™ + ABC™
+AT+ BT+ CT+ABT + ACT + BCT + ABC™) /4

=4AT /4 = AT
Jo=..=4A /4= A"

Computing main and interactionsects in matrix notation:

(-1 -1 -1 +1 41 +1 —1]
+1 -1 -1 —1 —1 +1 +1
~1 +1 -1 -1 +1 -1 +1
+1 +1 -1 +1 -1 -1 -1
—1 -1 +1 +1 —1 -1 +1
+1 -1 +1 -1 +1 -1 -1
1 +1 +1 =1 -1 +1 -1
+1 +1 +1 +1 +1 +1 +1

= design matrix

T
R=1[y Y2 y3 ya ¥5 ¥6 y1 ys] = response vector
E = 2 DTR: [Amain Bmain Cmain ABint. ACint. BCint. ABCint.]T

anI’lS

wheren,.s= 8 is the total number of simulations/r.

Hence,

__1 +1 -1 +1 -1 +1 -1 +1- n _Ama\‘n-
-1 -1 +1 +1 -1 -1 +1 +1 % Bma\‘n
e S NS S S A I Cinain
E — 41 -1 -1 +1 +1 -1 =1 +1| [*] = | ABw.
Nryns +1 —1 +1 -1 -1 +1 —1 +1 Y5 AGnt.
1 41 -1 -1 -1 -1 +1 +1| |*® BGi.
1 41 +1 -1 41 —1 -1 +1 jf ABG:
B - 8 - -

~ ——

DT77><8 R

The parametric study that performin this thesis is a multevel full factoria with four factors
(diameter, cross secti@benderness, meber slenderness, and bolt spacifig).evaluate the result
a factorial design, a graph that is called faatberiaction plot is a powerful tocThis can be done in
MATLAB, as carried outin this section. Complete MATLAB script for factorial desigiand
generating interaction ploan biseen in Annex A.3.

The plots show mean values. As it can be see¢Figure 76, the mean values of ultimate loads

different diameters and bolt spacing were givethaenvertical axis, while input variables of thettat

was given on the horizontal is. For example, plot line with blue color represéhne factol

interaction of model with bolt spacitb=3, for diameted=500, 700, 900Whereas, the green col

and red color plots represent models with bolt sggb=4 andb=5, respectivelr Taking one point on
the plot, e.g. bolt spacing=3 and diameted=900, it will give a mean value of ultimate load

models 1-4-3-1-3, 1-4-3-2-3,4-:3-3-3, 1-4-5-1-3, 1-4-5-2-3, and 1-4-533which is 12.6x1°N.
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Diameter

Bolt spacing

500 700 800

Figure 76. Main effects and interaction plot

This way the important factors and interaction ket factors can be identified. Main effects ma
identified directly from the response variableibtited to the factor, while the interaction exiéthe

plot lines are not parallel. A*2lesign (full factorial) will always give more infmation than or-

factor-at-atime (OFAT) method, wherinteraction can never be identified. If the OFATthoal is
used, the measured response will always confound méeeraction effects ( interaction exist),
which may lead to wrong conclusionhe results from OFAT method aoaly valid for those fixet
values of the other factors.

58 70 0.65 1 1.25 3 4 5

— T - 12

e S T~ 10 Diameter = 500
H b ~-------- Diameter = 700
Diameter T T R 8 |- Diameter = 900

T 8

Profile slenderness

Profile slendemess = 58
""""" Proflle slendemess = 70

Member slenderness

Member slenderness = 0.65
""""" Member slenderness = 1
77777 Member slenderness = 1.25

Bolt spacing = 3
""""" Bolt spacing = 4
***** Bolt spacing = 5

Bolt spacing

500 700 900 58 70 0.65 1 1.25

Figure 77. Interaction plot of factorial design for Riks-N Models

Figure 77 showshe interaction plot of fu-factorial design with four factorfor RIKS-N models.
From the plot it can be concluded that diamed-parameterhave the most significant influence
the ultimate strength, arfdllowed by member slendernesk-farameter)Profile slendernesslend
parameter) and bolt spacind-parameter)have relatively moderate influence. Ngniicant
interaction exists, however interaction diam-member slenderness and interaction mer
slendernesbolt spacing are the highest among all interacinteraction between profile slenderr
with other factors seemed very small which meartfilpr slenderness dependency is negligi
Visible effect of interaction are especially showhen the factors interact with member slender
A=1.25. It might suggest thtte range used in the facs were not large enough.
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Figure 78.Interaction plot of factorial design for Riks-NM10 Models

***** Diameter = 900

Diameter = 500
Diameter = 700

Profile slendemess = 58
Profile slendemess = 70

Member slenderness = 0.65

--o+o- Member slenderness = 1
***** Member slenderness = 1.25

***** Bolt spacing =5

Bolt spacing = 3
Bolt spacing = 4

Figure 78 shows the interaction plot for modelsjestibto combined axial compression force and
bending moment. It can be seen that the plot slibevsame trend as for models under pure axial
compression. The results may conclude that withiegtjpn of relatively small bending moment, e.g.

0.1M,, no significant change on the ultimate strengtpeeked to occur. The magnitude of applied
bending moment might be too small for a significarfiience, however ideally no bending moment
should exist in the truss member. Small bending erdmvas applied in order to take into account
moment at the joint due to unbalance force fromgaimals, which may be found in practical

condition.

58 70

1.25

Diameter

Profile slenderness

Member slenderness

Bolt spacing

700

900

0.65 1 1.25

Figure 79. Interaction plot of factorial design for Riks-NM15 Models

Diameter = 500
Diameter = 700
Diameter = 900

Profile slenderness = 58
Profile slenderness = 70

Member slenderness = 0.65
Member slenderness = 1
Member slenderness = 1.25

Bolt spacing = 3
Bolt spacing = 4
Bolt spacing = 5
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Figure 79 and 80 shows the interaction plot for el®dRIKS-NM15 and RIKS-NM-05, respectively.
No significant difference between them and the r®deh pure axial compression, i.e. RIKS-N.

58 70 0.65 1 1.25 3 4 5
T T T T 12
i - s 0 Diameter = 500
Diameter e 8 eveeeee- Digmeter = 700
e I A Diameter = 900
e — I — T 08
6
12 120
10 . 10 Profile slenderness = 58
8 Profile slenderness . T 8 | - Profile slendemess = 70
6 T 8
4 4108
12 12
10 10 Member slenderness = 0.65
8 Member slenderness I - Member slendemess = 1
6 e s L= Member =125
4 4
12
10 Bolt spacing =3
8 Boltspacing | | -+ Boltspacing = 4
[ = | Sttt | S | S Bolt spacing = 5
4

500 700 900 58 70 0.65 1 1.25

Figure 80. Interaction plot of factorial design for Riks-NM05 Models

4.3 FE Elastic Buckling and Non-linear Analysis
4.3.1 Verification of Elastic Buckling Analysis

In order to analyse the behaviour of the built-atumins the methodology as for the whole chord
column (elastic buckling and non-linear post-buaflanalysis, see chapter 2.3 and 2.7) were used.
The analysis of elastic buckling was intended asirtitial step of analysis for predicting the ultite
resistance of the proposed members. Since geoalemian-linearity, non-linear material, and
imperfection exist and play an important influercethe ultimate resistance of this type of members,
elastic buckling analysis cannot give accurate iptieth of the resistance of the member even though
it is related to the resistance. Therefore, a gé&ocaé and material non-linear analysis with
imperfection (GMNIA) was used for this purpose. Hwer, determination of an accurate elastic
buckling load and mode shape is important to thstieg design method. The correlation between the
elastic buckling and ultimate resistance of coldrfied members provides the basis for the design
strength, e.g. when using Direct Strength Methadthis study, elastic buckling analysis was used,
among others, to give imperfection mode shapeh®mbn-linear analysis and calculation of member
slenderness.

In the non-linear analysis, imperfections basedhenmode shape from the buckling analysis have
been introduced in accordance to EC 1993-16}. [For these calculations a value of s/208s(the
spacing of lip’s bolt connection) was taken for fivst four mode shapes from elastic buckling
analysis, and then was used as initial imperfectisstances was chosen since sectorial buckling was
the expected critical buckling mode in these madBistails of modelling the imperfection are
described in Chapter 3.4.
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Annex C.1lshows the first buckling mode shapes of all 54 rnwder the considered paramet
Example of buckling mode shape is shown in Fi 81.Buckling mode shape of the models with
lowest non-dimensional globalendernessl), i.e. 0.65 are aracterized by distortional bucklirof
the sector plate in between the lip’s bolt conma, whereas higher nodimensional slenderness, |
1.0 and 1.25 werdominated byflexural buckling and interaction flexurdistortional buckling. Thi:
phenomenon occurs singeorrelated with length of the member or kwave length of the bucklin
Moreover, no torsional or torsioi-flexural mode govern as the lowest critical buailinad whictk
indicate that in these column models the torsimtidiness is Imost fully develope. This semi-
closed configuration of section member pros effective way to drastically increase the torsic
rigidity, compared to the one as individual pl

U, Magnitude
+1.046e+00
+9.593e-01
+8.720e-01
+7.848e-01
+6.976e-01
+6.104e-01
+5.232e-01
+4.360e-01
+3.485e-01
+2.616e-01
+1.744e-01
+8.720e-02
+0.000e+00

.:-"‘i DB: BCKL-1-2-3-1-3.0db  Abaqus/Standard 6.14-1  Wed Dec 21 13:20:42 W. Eut

| Step: Buckling
Mode 1: EigenValue = 8.89876E+06

X Primary Var: U, Magnitude
Deformed Var: U Deformation Scale Factor: +5.000e+02

Figure 81. First buckling shape of Model 1-2-3-1-3

Results of elastic buckling analysis for all modate presented in Tab9. It can be seen from tl
table that the heoretical or Euler elastic buckling calculatiobased on EC19+1-1 have a
disagreement on the FEM analysis critical for models with distortionatentrolled bucklin. In

this casethe Euler critical loads armuch higher than results from FEM analysis since theeE
buckling formulae consider the member as a wperfect columrand for flexural case only, witho

taking into account local or distortional bucklingdaimteraction between the In other hand, FEM
analysed the member as a buiit plates connected together as selosed sectic, considering the
real geometrical conditiong herefore, the effect of n-fully rigid connected plates to the buckli

behaviour was taken into acco in FEM. With increasing bolt spacing, the critical loadsm@ase

and consequently the ratio of FI-to-Euler critical load increases.

In case of models with flexurcontrolledbuckling, results from FEM are slightly higher thae
theoretical one. This happesfice effect of gusset plates in FEM model on the end of the
member will a bit increase the inertia of the membéeanwhile for two models, i.e. -4-3-2-4 and
1-4-5-24 the critical loads are slightly lower than thedtetical one. This happens due to interac
with distortional buckling(see picture in Annex . Therefore, it is also noted that effect of
presence of another buckling type, e.g. distortion local buckling, on the interaction of depend
buckling causes the critical load to be lower tt@independent (individual) bucklin

In FEM, huckling analyses were performfor four eigenvalues and mode shapes for all modie
was shown that from the othbuckling mode shays, the deformation of the models wechanging
and unsymmetricallt proves that in some cases, choosing a suithblkling mode shape

complicated. It will influence on the cost of perfing the analysis and accuracy he results.
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Therefore, inhis study the imperfection to the first until the fourth mode shaj in order to make it
more realistic.

i U, Magnitude U, Magnitude !
U, Magnitude ! , Mag

+1.0758+00 +1.0782400 +1.0212400 s Mafflgda;oo
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raoaneht +5.,968e-01 +8.505e-01 IRy
rosaaee +8.071e-01 +7.655e-01 e EEeary
+7.164e-01 +7.175e-01 +6.804e-01 +7.8876-01
ridbdetl +6.278e-01 +5.954e-01 By
PR +5.381e-01 +5.103e-01 Teaieenl
Bty +4.484e-01 +4.253e-01 TAa30eo01
Taesiini +3.587e-01 +3.402e-01 ey
+32.686e-01 +2.690e-01 +2.552e-01 +2.958e-01
+1.791e-01 +1.794e-01 +1.7015-01 +1.972e-01
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Figure 82. First four buckling mode shape of Model 1-2-3-2-3

Table 9.7 critical load according to elastic buckling analysi

(@) d-parameter=500

Elastic theory Numerical
bolt

Dia. Thick. Slend. Lengthspacing (Eul_er Analysis BUCKiin

Model ID buckling)  (FEM) - deg
d t A I s/d Nerit Nerit

[mm] [mm] [ [mm] [ [KN] [kN]
12313 3 11095 8899 dist.
12314 0.65 18098 4 11095 6645 dist.
12315 5 11095 5357 dist.
12323 3 4972 5099 flex.
123214 9 1 27035 4 4972 5021 flex.
12325 5 4972 4889 dist.
12333 3 3254 3382 flex.
12334 1.25 33419 4 3254 3350 flex.
12335 500 5 3254 3308 flex.
12513 3 8692 5995 dist.
125114 0.65 18106 4 8692 4413 dist.
12515 5 8692 3540 dist.
12523 3 3895 4001 flex.
12524 7 1 27048 4 3895 3936 flex.
12525 5 3895 3182 dist.
12533 3 2549 2654 flex.
12534 125 33435 4 2549 2628 flex.
12535 5 2549 2594 flex.
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(b) d-parameter=700

Elastic theory Numerical
bolt

Dia. Thick. Slend. Lengthspacing (Eulgr Analysis BUCKiin
Model ID buckling) (FEM) 9
d t A | s/ Norg Nort mode
[mm] [mm] [] [mm] ] [kN] [kN]
13313 3 20741 15768 dist.
13314 0.65 25339 4 20741 11605 dist.
13315 5 20741 9277 dist.
13323 3 9295 9487 flex.
133214 12 1 37852 4 9295 9333 flex.
13325 5 9295 8383 dist.
13333 3 6083 6300 flex.
13334 1.25 46790 4 6083 6239 flex.
13335 200 5 6083 6157 flex.
13513 3 17374 11900 dist.
13514 0.65 25347 4 17374 8683 dist.
13515 5 17374 6907 dist.
13523 3 7785 7933 flex.
13524 10 1 37865 4 7785 7797 flex.
13525 5 7785 6169 dist.
13533 3 5095 5271 flex.
13534 1.25 46806 4 5095 5218 flex.
13535 5 5095 5147 flex.
(c) d-parameter=900
Elastic theory Numerical
. . bolt .
Dia. Thick. Slend. Lengthspacing (Eulgr Analysis BUCKiin
Model ID buckling) (FEM) 9
d t A | sid N, Ngrq mode
[mm] [mm]  []  [mm] ] [kN] [kN]
14313 3 33361 24696 dist.
14314 0.65 32580 4 33361 17943 dist.
14315 5 33361 14242 dist.
14323 3 14950 15182 flex.
14324 15 1 48669 4 14950 14924 flex-dist
14325 5 14950 12777 dist.
14333 3 9784 10095 flex.
14334 1.25 60161 4 9784 9992 flex.
14335 900 5 9784 9857 flex.
14513 3 29029 19850 dist.
14514 0.65 32588 4 29029 14355 dist.
14515 5 29029 13347 dist.
14523 3 13008 13193 flex.
14524 13 1 48682 4 13008 12956 flex-dist
14525 5 13008 10076 dist.
14533 3 8513 8777 flex.
145314 1.25 60177 4 8513 8685 flex.
14535 5 8513 8563 flex.
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The comparison of elastic critical load betweenrtialels with predefined parameters can be seen in
Table 9. Critical load of the models are signifidaigher for larger diameter as the inertia irages.
With the same cross sectional slenderness, thagaréncreases of critical load are 90.8% and 62.8%
for changing diameter 58@m to 700nm and diameter 700m to 900nm respectively. The
thicknesses of plates also affect the critical lowdl average increase of 17.6% for models d+9®0
with thickness from 1®mto 15nm Higher slenderness, consequently longer memizer,ldwer
critical load. An average decrease of 36.9% onicafitload was experienced for models by
changing=0.65 intoA=1.0, and 33.6% decrease of critical load was éspeed for models by
changingA=1.0 into 1=1.25. Effect of bolt spacing on the critical loddpends on the length of
member. The effect is significant for short memberthis casel=0.65, with average decrease of
26.7% and 17.9% by changing the bolt spacing f8aito 4d and4d to 5d, respectively. For member
with 1=1.0 an average decrease of 1.7% for changingdpaiting from3d to 4d, meanwhile for
member withl=1.25 an average decrease of 0.9% for changingspatting fron8d to 4d.
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Figure 83. R,;-to-Pg ratio

This analysis shows that the bolt spacin@df 5d on this type of polygonal sections gives elastic
buckling modes of distortional, flexural, and flealidistortional. With this bolt density, influencé
the stiffness of the lip connection on triggeririffedtent elastic buckling type, i.e. local bucklirgy
not sufficient since result shows that all bucklmgdes lies in range of distortional and flexuyslet

Elastic buckling prediction by current design sfieation (i.e. EC1993) for local and flexural mode
is only appropriate when the members are wholly giate and column, respectively. Moreover, for
distortional buckling prediction there is no exijiliexpression available. In this case, where the
members are semi-closed built-up column composetblded plates, there is no expressions in
Eurocode for predicting the elastic critical bunglj either for sectorial or global buckling modas.
element model and semi-empirical model for eldstickling prediction of open cross-sections was
developed by AISI (1996), Lau and Hancock (1987 &chafer (2008). Application of the latter
calculation method can be found in finite-strip hoat, e.g. CUFSM. Therefore, models and
expressions of elastic buckling for semi-closedssfeections need to be developed and evaluated to
determine whether a similar correlation to that émen cross-section also exists for semi-closed
cross-section.
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Using elastic buckling loads obtained from FE meds the basis for semi-closed polygonal columns
would be ineffective, because it would have to egeaprmous effort to create an FE model and then
inspect and choose the appropriate buckling mouteitéd number of models run in this parametric
study made it not feasible to provide equationgHerelastic buckling loads.

4.3.2 Verification of Non-linear Analysis
4.3.2.1 General

The non-linear finite element analysis using Rikéver was carried out for analyses of unstable,
materially and geometrically nonlinear with impetfens considered. The ultimate load was
evaluated and compared between the models. ABAQb&:I® uses four-node general-purpose shell
element with finite membrane strains, elastic-ptastaterial with strain hardening, and imperfection
as suggested in the modeling guidelines for cotchéal steel17] were created.

A total of 216 non-linear collapse analyses wengi@a out for all column models with predefined

parameters and under pure axial compression (N)cantbined axial-bending moment (NMO0.05,

NMO0.1, and NMO.15), of which all analyses succdssfieached the ultimate loads. Table 10shows
the ultimate load and corresponding displacemardifanodels which includes the defining variables
and types of failure. The results were obtainedPisthon automation from ABAQUS as described in
Chapter 4.1.

Table 10. Ultimate loads and corresponding displaceemt from FE non-linear analysis for models RIKS-N

(@) d-parameter=500

bolt Normalized

Dia. Thick. Slend. Length Max. load Shortening

Model ID spacing resistance Failure
P, disp PPy mode
[(mm] [mm] [] [mm]  [] [kN] [mm] [-]
12313 3 56257 2913 1.00 dist.
12314 0.65 18098 4 49825  26.03 0.89 dist.
12315 5  4531.8  24.75 0.81 dist.
12323 3 48657  37.93 0.87 dist.
12324 9 1 27035 4 45550  35.44 0.82 dist.
12325 5 41262  32.17 0.74 dist.
12333 3 33357  34.09 0.60 dist-flex
12334 125 33419 4 32695  33.10 0.59 dist-flex
12335 5 31762  31.49 0.57 dist-flex
12513 3 41325  27.34 0.95 dist.
12514 0.65 18106 4 35767  24.21 0.82 dist.
12515 5  3161.9  23.20 0.72 dist.
12523 3 36652  36.35 0.84 dist.
12524 7 1 27048 4 32419  32.20 0.74 dist.
12525 5 2840.9 2859 0.65 dist.
12533 3 2606.7  33.78 0.60 dist-flex
12534 125 33435 4 24968  31.14 0.57 dist-flex
12535 5 24053  30.03 0.55 dist-flex
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(b) d-parameter=700

Dia. Thick. Slend. Length boIF Max. load ShorteningNorr.nallzed i
spacing resistance  Failure
Model ID
P, disp PPy mode

[mm] [mm] [-] [mm] [] [kN] [mm] [-]
13313 3 10583.1 41.10 1.00 dist.
13314 0.65 25339 4 9053.7 35.59 0.87 dist.
13315 5 8140.8 33.86 0.78 dist.
13323 3 8974.8 52.52 0.86 dist.
13324 12 1 37852 4 8128.1 47.34 0.78 dist.
13325 5 7400.3 43.45 0.71 dist.
13333 3 6192.9 47.06 0.59 dist-flex
13334 1.25 46790 4 6020.5 45.09 0.58 dist-flex
13335 200 5 5901.9 43.72 0.57 dist-flex
13513 3 8309.6 38.52 0.95 dist.
13514 0.65 25347 4 7358.9 34.13 0.84 dist.
13515 5 6417.5 32.86 0.74 dist.
13523 3 7105.3 49.55 0.81 dist.
13524 10 1 37865 4 6373.9 44,55 0.73 dist.
13525 5 5661.1 40.01 0.65 dist.
13533 3 5177.7 47.83 0.59 dist-flex
13534 1.25 46806 4 4985.4 44.02 0.57 dist-flex
13535 5 4683.0 40.90 0.54 dist-flex

(c) d-parameter=900
Dia. Thick. Slend. Length boIF Max. load ShorteningI\Iorr.nahzed i
spacing resistance  Failure
Model ID
P, disp PJ/Pyg mode

[mm] [mm] [] [mm] [] [kN] [mm] []
14313 3 16670.0 51.85 0.99 dist.
14314 0.65 32580 4 14571.6 45.18 0.87 dist.
14315 5 12630.0 41.79 0.75 dist.
143283 3 14330.1 66.74 0.86 dist.
14324 15 1 48669 4 13158.7 61.34 0.79 dist.
14325 5 11412.8 53.88 0.68 dist.
143383 3 9958.4 60.53 0.59 dist-flex
14334 1.25 60161 4 9777.5 58.85 0.58 dist-flex
14335 900 5 9320.6 54.80 0.56 dist-flex
14513 3 13828.6 49.28 0.95 dist.
14514 0.65 32588 4 11788.0 43.61 0.81 dist.
14515 5 10664.4 42.53 0.73 dist.
14523 3 12124.6 65.03 0.83 dist.
14524 13 1 48682 4 10701.6 57.72 0.73 dist.
14525 5 9216.9 50.32 0.63 dist.
14533 3 8656.9 61.02 0.59 dist-flex
14534 1.25 60177 4 8400.3 57.10 0.58 dist-flex
14535 5 7913.5 53.21 0.54 dist-flex
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From the above tables, it can be seen that tha¢amhode of the models are dominated by distortiona
failure with the remaining models show interactiistortional-flexural failure. Annex C.2 provides
the screenshots of the models at failure statenttken ABAQUS non-linear analysis. The difference
of this result to the elastic buckling analysis dsnclearly noticed, where there is no independent
global flexural failure mode in non-linear analysihis affirms the significant influence of matéria
and geometrical non-linearity and imperfectionglos ultimate resistance of the studied models. The
results for combined axial compression- bending e@n{RIKS-NM) models are presented in the
next section.

The results of the parametric studies of all columdels are presented in Figure 84 in the form of
normalized resistancé®(re/Pyg) based on fully effective cross-section resista(fig versus local
slendernesz?scr_FEMz(Pyg/Pcr_FEM)O'5 based orPy,and the critical buckling load by the FEM analydis.

is important to note that the failure mode of abbduls in this non-linear study is distortional type
while some of the first critical buckling loads B¥£M discussed in previous section (4.3.1) were the
flexural type. Therefore, it is needed to obtaistalitional buckling loads for those models in ortder
have proper local slenderness, according to theahfdilure mode. This is performed by looking at
other buckling modes which give distortional typebockling in ABAQUS. Then, these critical
buckling loads (Table 11) were taken for constngthe graph. Figure 84 also shows the EC1993-1-
3 [9] resistance curve for distortional buckling moded other codes for different buckling modes.

From the graph it is worth noted that there are tlwious scatters of data points when slenderness
0.9<ren<1.2. The higher scatter group corresponds to tromdemns which failed in a pure
distortional mode, while the lower scatter corregimto those columns failed in distortional-flexura
interaction. This means although the vast majaritthe failure modes from the FEM are distortional
modes, an interaction distortional-flexural failuid occur for models with high global slendernéss,

= 1.25, in which give lower strength than the distmal modes. Figure 84 shows that in case of
distortional failure, a full proportion of the nunal ultimate resistance were slightly underesteda
by the Code, which means that EC1993-1-3 corresptmdhe FEM analysis results and gives safe
but less conservative prediction. It can be saat the EC1993-1-3 curve almost forms the lower
bound of the numerical ultimate resistance for #tedied models. The detail discussion and
verification of analysis based on design code $igation (EC1993) is given in the next section.

A small scatters of data points which appearedvbéhe EC1993-1-3 strength curve in the graph are
all models with global slendernegs= 1.25, and a safe estimates of strength cannprdgéded by
EC1993-1-3 since it is an interaction modes. Vearyalie predictions were provided by the EC1993-1-
3 curve for those models. These data points felboal slenderness, i.&y.rep> 0.9 for models with
bolt spacing ratiob = 4 and larger slendernekgrev> 1.0 for models withh = 5. The flexural
slenderness which was significantly high and latban the distortional slenderness may induce the
flexural deformation interacted with the distortabnmode. It is suggested by this parametric study
that the EC1993-1-3 curve provides safe (or alnsa$t) predictions if the columns fail in a pure
distortional mode, whereas give unsafe predictiothé columns fail in interaction mode, D-F
interaction in this case.

By travelling from the highest to the lowdteeW/Pyq values, the scatter of data points correspond to
the increase of bolt spacing ratigparameter. This shows that with the increase tifdpacing, being
from b=3 to b=4 andb=5, the ultimate resistance tends to decrease.

This shows that the non-dimensional slendernes$aligpacing are the most influencing parameter
which characteristics resulted in significantly @de&d ultimate resistance. Likewise, the diameter
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parameter and thicknesgparameter give unfavourable effect on the ultimagsistance when it
increases, however this influence is not significand considerably lower than those caused by
slenderness and bolt spacing.

If Figure 84 is redrawn as Figure 85, which pl®ssew/Pyg) versusie.gev= (Pygchr_FEM)o'Sfor loading
condition of combined axial compression-bending rapt{RIKS-NM), the scatter of data points for
the numerical ultimate resistance move slightly daard, which results in unsafe predictions for
some models even though a large portion are stithe safe side. This happens as expected since the
presence of bending moment will reduce the ultinséitength of the column due to load interaction.
The axial-moment (NM) interaction of the studieducons will be discussed in detail in the next
section.

From this analysis it can be noted that for thelisti columns, distortional failures have lower post
buckling capacity than the other mode, i.e. loaatiting. Furthermore, distortional buckling may
control the failure mechanism even when the elafistortional buckling stressc) is higher than
the elastic flexural buckling stressjf

14
O b=3

X  b=4

® b=5

1.2 1 EC3-1-5 Eq (4.2)
EC3-1-5 Eq (4.3)
EC-3-1-1 Eq (6.49)
EC3-1-3 Eq (5.12)

0.8

Pu-FEM /Pyg

0.6

0.4 -

0.2 -

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

Aerrem =(Pyg/Pcr-FEM )0

Figure 84. Parametric study results of the studiedolumns (normalized resistance based on§
vs. slenderness based onfand FEM critical buckling loads): Models RIKS-N

As shown in the subchapter 4.3 Factorial desiga,ntlost significant factor interaction are member
slenderness-bolt spacing and member slendernaseidia hence plot was also made for diameter
group scatter, as shown below. As for diameter ptenomenon of interaction distortional-flexural
failure did occur for models with all diameter®,.i500, 700, and 900, when high global slenderness,

A =1.25 possessed.
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Figure 85. Parametric study results of the studiedolumns (normalized resistance based on
vs. slenderness based onfand FEM critical buckling loads): Models RIKS-N

As a sample for visualization of failure mode, Figy86 shows a typical distortional buckling mode at
the ultimate load of model RIKS-N-1-2-5-1-3. Thdawo contours represent the magnitudes of von
Misses stress. Complete screenshots of failure favd#l models are given in Annex C.2.

The failure is characterized by buckling of thesliputward, while no significant rotation along its

weak axis experienced by the entire column. Thpe tyf buckling is also known as “stiffener flexural

buckling” or “local-torsional buckling”. Lips as naection between plates in this type of sectioms ca
be considered as the stiffener. Distortional mod#! wecognized by rotation of the flange at the
flange-web junction or displacement of the interiat stiffener normal to the plane of the element.
The junction point between flange and web movesamwor outward, as exhibited in the result of
numerical analysis of this parametric study. Distoal buckling exists at intermediate longitudinal

half sine waves (half-wavelength), between sharalluckling half-wavelength and long flexural or

flexural-torsional buckling half-wavelength. In shcase, the half-wavelength is the bolt spacing
distance g).

Meanwhile, Figure 87 shows the failure mode by ragon between distortional and flexural
buckling for models withl = 1.25. The failure mode is characterized by kngkof the lips outward
and at the same time, large rotation of the entigenber.
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Figure 86. Parametric study results of the studied columnsnprmalized resistance based on,
vs. slenderness based oryq and FEM critical buckling loads): Models RIKS-NMO01
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Figure 87.Failure mode of a RIKS-N model failing by distortional mode
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Figure 88. Failure mode of a RIKS-N model failing by distortional-flexural interaction mode

Moreover, this parametric study is expected to e the limit of normalized resistance for
expected failure mode, ithis case distortional buckling, based on slendermd the membe From
graph in Figure 81it can be suggested ththe expression used in EC1993 Tor reduction facto
due to distortional bucklingEqg. 5.12) may be adopted for the s-closed polygoal type of cross-
section undergoes pure distortional buckling mosleduin this parametric stu, with provision of
global slendernesg< 1.25 The EC199-1-3 became the lower bound for the results of nurak
ultimate strength.

Xa =10 if 14<0.65; 1< 1.25
Xq = 1.47 —0.7232, if 0.65<1,<1.38; A< 1.2¢

_ 066

Xa =% if  1,>1.38 1<1.25
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Figure 89. Parametric study results of the studiedolumns (normalized resistance based on,§
vs. slenderness based on,and FEM critical buckling loads): Pure distortional mode

Meanwhile, a distortional-flexural interaction wdube found in models with global slenderngss
1.25. Therefore, by excluding the cluster data fsaf pure distortional mode, a linear regressias w
developed to get the expression of ultimate rasigta

Xa-r = 0.7576 — 0.17512,  if 0.9<1,<1.25;1 > 1.25

1.4 -

EC3-1-3 Eq (5.12)

1.2 |
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Figure 90. Parametric study results of the studiedolumns (normalized resistance based on
vs. slenderness based onfand FEM critical buckling loads): Distortional-flex ural interaction

The critical buckling mode for various eigenmodesshown in the following table.
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Table 11. Critical buckling loads for various eigenmdes
(a) d-parameter=500

bolt

Numerical Analysi

Dia. Thick. Slend. Length (FEM)

Model ID SPaCNY Elastic buckling (IY)
d t A I s/d Dist. Flex-Dist Flex.

[mm] [mm]  [[]  [mm] [ [kN] [kN] [kN]
12313 3 8899 - -
12314 0.65 18098 4 6645 - -
12315 5 5357 - -
12323 3 - - 5099
123214 9 1 27035 4 - - 5021
12325 5 4889 - -
12333 3 - - 3382
12334 1.25 33419 4 - - 3350
12335 500 5 4769 - 3308
12513 3 5995 - -
125114 0.65 18106 4 4413 - -
12515 5 3540 - -
12523 3 - - 4001
125214 7 1 27048 4 - - 3936
12525 5 3182 - -
12533 3 - - 2654
12534 1.25 33435 4 - - 2628
12535 5 - - 2594

(b) d-parameter=700
Numerical Analysi

Dia. Thick. Slend. Lengthssggng _ (FEM_)

Model ID Elastic buckling (N;.)
d t A I s/d Dist. Flex-Dist Flex.

[mm] [mm]  [[]  [mm] [ [kN] [kN] [KN]
13313 3 15768 - -
13314 0.65 25339 4 11605 - -
13315 5 9277 - -
13323 3 - - 9487
13324 12 1 37852 4 - - 9333
13325 5 8383 - -
13333 3 - - 6300
13334 1.25 46790 4 - - 6239
13335 700 5 - - 6157
13513 3 11900 - -
135114 0.65 25347 4 8683 - -
13515 5 6907 - -
13523 3 - - 7933
135214 10 1 37865 4 - - 7797
13525 5 6169 - -
13533 3 - - 5271
13534 1.25 46806 4 - - 5218
13535 5 - - 5147
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(c) d-parameter=900

Numerical Analysi

Dia. Thick. Slend. Lengthspb;gng _ (FEM_)

Model ID Elastic buckling (N,;)
d t A I s/d Dist. Flex-Dist Flex.

[mm] [mm] [] [mm] [] [kN] [kN] [KN]
14313 3 24696 - -
14314 0.65 32580 4 17943 - -
14315 5 14242 - -
14323 3 - - 15182
14324 15 1 48669 4 - 14924 -
14325 5 12777 - -
14333 3 - - 10095
14334 125 60161 4 - - 9992
14335 5 - - 9857
14513 900 3 19850 - -
14514 0.65 32588 4 14355 - -
14515 5 13347 - -
14523 3 - - 13193
14524 13 1 48682 4 - 12956 -
14525 5 10076 - -
14533 3 - - 8777
14534 1.25 60177 4 - - 8685
14535 5 - - 8563

4.3.2.2 Load-Displacement of FE Analysis

Load-displacement curves based on unstable analf/d&ks method are presented in this section.
The ultimate loads and resistance of the cold-farreections according to EC-1993-1-3 are also
determined. Note that due to space limitations réiselts of the samples are provided here, whée th
complete data can be seen in Annex. Four predefmaedmeters, i.e. diameted)( thickness tj,
length @), and bolt spacingof are compared to see the significance of thenhemltiimate resistance
of the members. Results from FEA and EC1993-148nate loads are close as already observed in
previous section (Figure 84).

43221 Diameter (d-parameter)

Figure 90 shows the influence of diametigparameter on the ultimate resistance of the mesnber
With increasing diameter, the ultimate strengthtld members is increased significantly. This
happens as expected since the area of cross sewti@ases. An average increase of 88.1% and
57.2% on the ultimate load is experienced by menfbdiameter changing from 500 to #énand

700 to 906nm respectively. Likewise, the displacement expe@snan increase with increasing
diameter which shows higher ductility.
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Load vs. Displacement
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Figure 91. Load-displacement curve of numerical angbis for different diameters

Effect of d-parameter on the normalized resistariegR,) is shown in Figure 91. Six models were
taken in comparison. The curve shows that diamgtange has little influence on the normalized
resistance. It means that by changing the diameestction factor on ultimate cross-section
resistance due to distortional buckling deviate ligddy. An average increase of 0.64% on
normalized resistance occurs when diameter chariging 500 to 706hm while average decrease of
2.1% occurs when diameter changing from 700 tar800

Load vs. Displacement
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Figure 92. Load-displacement curve with normalized esistance (diff. diameters)

In order to make a uniform comparison of the noizeal resistance between the parameters, a graph
of normalized strengthP(/P,,) versus length represented by global slenderhess(s made. Figure

92 shows that different diameters have no signifieaon normalized resistance. The effect is less in
the members in models with larger length or higilebal slenderness.
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Figure 93.Normalized resistance vs. length for modewith different diameters

4.3.2.2.2 Thickness (t-parameter)

Thickness parameter was calculated from crossesedienderness input variablslgnd in the
automation Python script. Therefore, this paramdagend on diameted/f ratio), and since two
values of cross-section slenderness were takersléed= 90 and 110, then there are two different
thicknesses for each diameter or six differentkimiss in total. Models diameter 706 with
thickness 12 and b@mwere taken for comparison.

Figure 93 shows the influence of thicknegsarameter on the ultimate resistance of the mesnber
With decreasing thickness, the ultimate strengtthefmembers is also decreased. Atilgarameter,
this happens since thickness directly related écatiea property of cross section. An average deerea
of 21.5% on the ultimate load is experienced by fmamif thickness changing from 12 torith
Likewise, the displacement experiences a decredbBelecreasing thickness.
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Figure 94. Load-displacement curve of numerical angkis for different thicknesses

Effect of t-parameter on the normalized resistarfegRy) is shown in Figure 94. Six models were
taken in comparison. The curve shows similar traadhe d-parameter, changing thicknesses have
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little influence on the normalized resistance. Bymging the thickness, reduction factor on ultimate
cross-section resistance due to distortional bogldieviate negligibly. An average decrease of 6.3%
on normalized resistance occurs when thicknessgahguirom 12 to 1hm while average decrease
of 5.5% occurs with thickness from 12 tordffor models with larger lengti£€1).
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Figure 95.Load-displacement curve with normalized rsistance (diff. thickness)

Figure 95 shows normalized strengEy/P,,) versus length represented by global slenderigd®er
models with different thicknesses. As it can bensiee thickness change has little significance on
normalized resistance. The effect is less in thenb®zs in models with larger length or higher global
slenderness.
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Figure 96. Normalized resistance vs. length for maas with different thicknesses

Parametric Studies of the Proposed Structural Mesibe 115



Finite Element Modelling and Parametric Studiesefmi-Closed Thin-Walled
Steel Polygonal Columns

43223 Length (A-parameter)

Length parameter was calculated from input variddhebda, which is the global slenderness of the
member. Three values were taken for slendernes9).65, 1.0, and 1.25, which in this comparison
corresponds to length of 18106, 27048nm and 3343Bm, respectively. Models with diameter
500mm, bolt spacing ratio @ and cross-section slenderness of 110 were used.can be seen in
graph of Figure 96, more slender member will gagslultimate resistance. It is also noted that inode
with high global slenderness, i.e. 1-2-5-3-4 hasmnalte strength much lower than the resistance
calculated by EC1993-1-3 due to interaction ofadiginal mode with flexural mode. An average
decrease of 9.4% and 22.9% on the ultimate loakperienced by member whanchanging from
0.65 to 1.0 and from 1.0 to 1.25, respectivelycdmtrary, the displacement experiences an increase
with increasing slenderness.
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Figure 97. Load-displacement curve of numerical angkis for different lambda

Figure 97 shows effect afparameter on the normalized resistarRgR,;) due to change of global
slenderness. Six models were taken in comparishe. durve shows similar trend as the other
parameters, however the difference is visible. @han length or slenderness has significant
influence on the normalized resistance. By changivgg slenderness, reduction factor on ultimate
cross-section resistance due to distortional bngktieviate considerably. An average decrease of
9.4% on normalized resistance occurs when slenseroleanging from 0.65 to 1.0, while average
decrease of 22.9% occurs with changing slenderness 1.0 into 1.25. A significant drop exists
when the slenderness is above 1.0.
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Load vs. Displacement
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Figure 98. Load-displacement curve with normalized esistance (diff. global slenderness)

Figure 98 shows normalized strengBy/P,,) versus global slendernes or models with different
lengths. As it can be seen the slenderness chaageytite significant influence on normalized
resistance, especially when the slenderness isealidy. The effect is more when the global
slenderness is higher.
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Figure 99. . Normalized resistance vs. length for adels with different lengths

4.3.2.2.4 Bolt spacing (b-parameter)

Bolt spacing parameter as th&l ratio was taken with three different values, Be4, and 5. This
parameter is expected to give significant influemee the global behaviour and strength of the
member since the stiffness of lip connection preditly these bolts determines the buckling mode of
the section. Models with diameter 900mm, crossizedlenderness of 90, and global slenderness of
0.65 were used for comparison. Figure 99 showswitatdenser bolts or closer bolt spacing, higher
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ultimate resistance will be achieved. An averageease of 12.6% and 13.3% on the ultimate load
is experienced by member for changing bolt rawonfi3 to 4 and from 4 to 5, respectively. Similarly,
the displacement experiences an increase withrdmdespacing.
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Figure 100. Load-displacement curve of numerical arlgsis for different bolt spacing

Effect of b-parameter on the normalized resistarigR,) is shown in Figure 100. Nine models were
taken in comparison. Similarly tb-parameters, the curve shows significant changeoomalized
resistance by shifting the bolt spacing. By chagdime bolt spacing, reduction factor on ultimate
cross-section resistance due to distortional bngktieviates considerably. An average decrease of
12.6% on normalized resistance occurs when bottisgaatio changing from 3 to 4, while average
decrease of 13.3% occurs with changing bolt spaging from 4 to 5. The changes are in proportion
with the ultimate load changes.
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Figure 101. Load-displacement curve with normalizedesistance (diff. bolt spacing)
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Figure 101shows normalized strengtP,/P,,) versus global slendernesy for models with differen
bolt spacing ratio. As it can be seen in the graipd,change of bolt spacing gives quite signific
influence on normalized resistance. The effect is iegshe members in models with larger lengtl
higher global slenderness.
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Figure 102 Normalized resistance vs. length for models witdifferent bolt spacings

4.3.3 Analytical analysis for the proposed columns accolidg to the standard rules EN199-1-
3 and EN1993-1-6

In this section, the results from numerical analysi the models used in parametric studies \
compared and verified to the analytical calcons according to EN1993-1&eneral rules for col
formed members and sheetiagd EN1993-1-6Strength and stability of shell structu. The
numerical results were compared to these two desigies with consideration that the expel
behaviour of theoroposed columns is in between of plates and shrelttural element. Due to lar
amount of models, calculations were performed Wigthon script automation; detail of the script
be found in the Annex A.5.

4.3.3.1 Analytical analysis according to EN199-1-3

EN1993-13 considers the studied seclosed polygonal sections as buift-member composed
plates. Each adjacent edgfethe polygonawasconsidered as simply supported conneplate.

Single supported plate

Figure 103 Simply supported platescompose the polygonal crossectior
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The procedure of calculation is described in chrapt& 7 and the complete results are presentdukin t
Annex. The determination of ultimate resistanceéhef member includes cross-section resistance and
buckling resistance. Calculation of cross-sectesistance covers the local and distortional bugklin
mode through reduction factor, nameghandy,. Reduction factor due to local buckling is applied

the plane plate according to the class of crosSesecrefer to EC1993-1-510)]. Meanwhile,
reduction factor due to distortional buckling isph@d to the stiffener element either edge or
intermediate stiffener, and taken into accountffexural buckling of the stiffener. The reduction
factor due to local and or distortional bucklingused as the reduction of the cross-section area.
Calculation of buckling resistance of cold-forme@mber includes flexural (F), torsional (T), and
flexural torsional (FT) buckling. The lowest redoct factor between these three buckling modes will
govern and used as reduction in buckling resistaatmilation.

Part 3.2 and 5.1 of the code rule out the requintnfer geometrical and material properties
verification including material increased averagddystrengthf(,) and influence of rounded corners,
respectively. These two requirements were taken Bxcount and calculated in this analysis
accordingly. Average increased average yield stremgs not applicable since the effective areas of
cross section were used in the calculation, whifleénce of rounded corners can be neglected due to
the using of plane elements along corners duriegciculation. Detail of results for this calcubati

can be seen in the Annex D.

Cross section classification was carried out agogrtb EN1993-1-1 by considering the polygonal
profiles are composed of simply supported platds.cfoss-section models fall in class 3 cross-
section. Double check was done in MATLAB by caltuig class of each plate and took the lowest
class as the cross-section class, and by calogtteneffective area of each plate then sum up tem
the cross-section effective area. Both methods layeement in the results. Complete script for
calculating the classification of cross section aeffdctive area can be seen in the MATLAB script fo
profilespolygoner.nline 81 — 133 in Annex A.2.

In the analytical calculation, lips along the plediare considered as stiffeners and refer to E€199

3 part 5.5.3 plane elements with edge or interntediiffeners. It takes into account the assumption
that stiffener behaves as a compression elemett eghtinuous partial restraint, with a spring
stiffness and the flexural stiffness of the adjaggane elements. This stiffener subjects to ditoal
buckling mode. Reduction factor due to distortiobatkling was calculated based on stiffness and
local slenderness of the stiffener. The proceduactided iterative process to obtain refined and les
conservative result by calculating the effectivedtivi with a reduced compressive streésg,eq =
xafyo/vmoWith x4 taken from previous iteration. In this study, @@on was done until the third step
where enough convergence was achieygé, xq,m-1) DUt xa < X (n-2

Since all cross section are in class 3 then ther@oi local buckling mode of failure, which
corresponds to the numerical results. Thereforéuaton of cross-section area only comes from
distortional buckling, which applies to the thickseof stiffener area plus the effective portionshef
adjacent plane element.

Table 12 shows the result of analytical calculatextording to EC1993-1-3 for cross-section
resistance and comparison between numerical angtianbresults.
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Table 12. Analytical calculation result of the crossection resistance for studied columns accordingtEN1993-1-3
and comparison of the resistance to the FE results
(&) b-parameter=3

d t A s/d Class Area Cross section resistance

Eff. area  Dist. . Eff. area FE . FE/

Model ID Local — denc DSt it Nerg analysisEC3-1-3
Ay o Aetiioc Ad Ydist Aetidis
mmlmm] [ [ [ [em] [ [cm’] [] [-] [cm’] [KN]  [kN] []

12313 500 9 157.0 1.0 157.0 0.79 0.898 141.0 50086825.7 1.12
13313 700 12 2935 1.0 293.5 0.81 0.882 258.9 91905883.1 1.15
14313 900 15 0.65 4720 1.0 472.0 0.82 0.874 412.8 146%68&70.0 1.14
12513 500 7 1230 1.0 123.0 0.85 0.853 104.9 372413325 1.11

13513 700 10
14513 900 13
12323 500 9
13323 700 12
14323 900 15
12523 500 7
13523 700 10
14523 900 13
12333 500 9
13333 700 12
14333 900 15

2458 1.0 245.8 0.86 0.851  209.2 7428309.6 1.12
410.7 1.0 410.7 0.86 0.850 349.3 12398828.6 1.12
157.0 1.0 157.0 0.81 0.884 13838 4927865.7 0.99
2935 1.0 293.5 0.83 0.868 254.6 9038%74.8 0.99
472.0 1.0 472.0 0.85 0.859 4054  14394380.1 1.00
123.0 1.0 123.0 0.88 0.836 102.8 3656865.2 1.00
2458 1.0 245.8 0.88 0.827 203.2 72131053 0.99
410.7 1.0 410.7 0.88 0.833 3422 12148124.6 1.00
157.0 1.0 157.0 1.28 0.542 85.1 3026885.7 1.10
2935 1.0 293.5 1.29 0.540 158.6 5628¥92.9 1.10
472.0 1.0 472.0 129 0539 2542 9029958.4 1.10

[EnY
w
W W W wwwiwwwwwowwwowwww

12533 500 7 125 1230 1.0 123.0 1.28 0.543 66.7 2362806.7 1.10
13533 700 10 2458 1.0 245.8 1.29 0.540 132.7 4716177.7 1.10
14533 900 13 410.7 1.0 410.7 1.29 0.538 221.0 7848656.9 1.10
(b) b-parameter=4
d t A s/d Class Area Cross section resistance

Eff. area Dist. . Eff. area FE . FE/

Model ID Local — denc  Dist dist Ness analysisEC3-1-3
Ay Aefiloc Ad Ydist Aefidis
[l mm] [ [ [ [em] [ [cm]] [-] [l [cm] [kN] _ [kN] []

12314 500 9 3 157.0 1.0 157.0 0.92 0.808 126.8 4503982.5 1.11
13314 700 12 3 2935 1.0 293.5 095 0.785 230.4 8178053.7 1.11
14314 900 15 0.65 3 472.0 1.0 472.0 0.97 0.771 364.1 12924%Y1.6 1.13
12514 500 7 3 123.0 1.0 123.0 099 0.751 92.3 3278%76.7 1.09
13514 700 10 3 245.8 1.0 245.8 1.00 0.745 183.2 650Z3b8.9 1.13
14514 900 13 3 410.7 1.0 410.7 1.01 0.741 304.5 10809/88.0 1.09
12324 500 9 3 157.0 1.0 157.0 095 0.784 123.0 4368%55.0 1.04
13324 700 12 3 2935 1.0 293.5 0.99 0.758 222.3 78981128.1 1.03
14324 900 15 1 4 3 472.0 1.0 472.0 1.01 0.742 350.1 124281%8.7 1.06
12524 500 7 3 123.0 1.0 123.0 1.04 0.720 88.5 31432419 1.03
13524 700 10 3 245.8 1.0 245.8 1.05 0.713 175.2 62263¥3.9 1.02
14524 900 13 3 4107 1.0 410.7 1.05 0.708 290.8 10320/01.6 1.04
12334 500 9 3 157.0 1.0 157.0 096 0.777 122.0 43332%9.5 0.75
13334 700 12 3 2935 1.0 293.5 1.00 0.750 220.2 7818@0.5 0.77
14334 900 15 195 3 4720 1.0 472.0 1.02 0.734 346.3 12285/27.5 0.80
12534 500 7 3 123.0 1.0 123.0 1.05 0.712 87.5 3102406.8 0.80
13534 700 10 3 2458 1.0 245.8 1.06 0.704 173.1 6146935.4 0.81
14534 900 13 3 4107 1.0 410.7 1.07 0.699 287.0 10188100.3 0.82
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(c) b-parameter=5

13535 700 10
14535 900 13

2458 1.0 245.8 121  0.597 146.7 5208683.0 0.90
410.7 1.0 410.7 122 0.586 2405 8538%BL3.5 0.93

d t A s/ld Class Area Cross section resistance

Eff. area  Dist. . Eff. area FE . FE/

Model ID Local = joca senc Dt dist Nerd analysisEC3-1-3
Ay o Aetiioc Mg Ydist Aet dis
mmlmm] 1 [ [ [em] [ [cm] [] [-] [cm’] [kN] _ [kN] [l
12315 50 9 3 157.0 1.0 157.0 1.02 0.733 115.0 4083%31.8 1.11
13315 700 12 3 2935 10 293.5 1.06 0.704 206.6 73388108 1.11
14315 900 15 0.65 3 4720 10 472.0 1.08 0.686 323.7 11492880.0 1.10
12515 500 7 3 1230 10 123.0 1.11 0.667 82.0 2913%1.9 1.09
13515 700 10 3 2458 1.0 245.8 1.12 0.657 161.6 57364175 1.12
14515 900 13 3 410.7 1.0 410.7 1.05 0.714 293.4 10416664.4 1.02
12325 500 9 3 1570 10 157.0 1.07 0.698 109.6 3898126.2 1.06
13325 700 12 3 2935 10 293.5 1.11 0.664 1949 691740.3 1.07
14325 900 15 1 s 3 4720 10 472.0 1.15 0.642 303.0 107%8412.8 1.06
12525 500 7 3 1230 10 123.0 1.17 0.623 76.6 272@3409 1.04
13525 700 10 3 2458 1.0 245.8 1.19 0.610 150.0 5323661.1 1.06
14525 900 13 3 4107 10 410.7 1.20 0.600 246.6 8759216.9 1.05
12335 500 9 3 1570 10 157.0 1.08 0.688 108.1 3836%76.2 0.83
13335 700 12 3 2935 10 293.5 1.13 0.653 1915 67989019 0.87
14335 900 15 1.95 3 4720 10 472.0 1.16 0.629 297.1 1054:20.6 0.88
12535 500 7 3 1230 10 123.0 1.19 0.610 75.1 2662405.3 0.90
3
3

The ultimate resistance of cross-section from thitef element analysis showed a good agreement
with EN-1993 part 1-3. However, some numerical n@deave a disagreement and show unsafe
predictions compared to the design standard. Glastenodels with global slenderness1,25 and
bolt spacingb=3 and 4 exhibit considerably lower resistance ttendesign standard. Examination
showed that these models are all models failednieraction mode, i.e. distortional-flexural
interaction, as shown in Figure 84. Thereforeait be concluded that the analytical calculatioredas
on EC1993-1-3 performed in this section correspdndfie numerical analysis described in chapter
4.3.2; whereas the deviations due to the intenactiode cannot be captured by EN 1993-1-3.

Besides cross-sections resistance, design stareldd®93-1-3 requires calculation of buckling
resistance. In this case, flexural buckling waseetgd to govern between the three buckling modes,
i.e. flexural, torsional, and flex-torsional bucldi since the semi-closed connection provide high
torsional stiffness on the cross-section, as shiowiable of cross-section properties and chap&d 3.
verification of elastic buckling analysis. Calcuitdet of flexural buckling resistance was done
according to EC1993-1-1. Effective area taken franmss-section resistance calculation was used
when calculating the global slenderness. Bucklitepss b=0.34 was used, as recommended by
EC1993-1-3. The reduction factor is mainly deterdiby those two above-mentioned properties. As
for torsional buckling, the expression in EC1993-tvas used. Principally, the reduction factor for
torsional and flexural torsional buckling is cakeld by substituting elastic critical stress inthe
equations of flexural buckling with torsional antexural-torsional critical stress. The lowest
reduction factor will be the governing buckling neodnd then used in the buckling resistance
formulae.

fyb
Npra = X-Aefs =
Ym1
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Table 13. Analytical calculation result of the bucking resistance for studied columns according to ENB3-1-3 and
comparison of the resistance to the FE results

(&) b-parameter=3

d t A s/d Class Area Buckling resistance

FE FE/

Model ID Eff. Area Flex. Tor. Flex-Tor analysis EC3-1-3
Ag At XE AT XET o
mmlmm] ] [ [ [em]  [em] [0 [kN] (kNI [
12313 500 9 3 157.0 141.0 0.819 1.0 0.819 4097.5625.7 1.37
13313 700 12 3 2935 258.9 0.820 1.0 0.820 7536M4583.1 1.40
14313 900 15 0.65 3 4720 41238 0.820 1.0 0.820 120226670.0 1.39
12513 500 7 3 123.0 104.9 0.824 1.0 0.824 3069.#1325 1.35
13513 700 10 3 2458 209.2 0.824 1.0 0.824 611683096 1.36
14513 900 13 3  410.7 3493 0.824 1.0 0.824 10210.8828.6 1.35
12323 500 9 3 157.0 13838 0.611 1.0 0.611 3011.8865.7 1.62
13323 700 12 3 2935 2546 0.613 1.0 0.613 554189748 1.62
14323 900 15 1 3 3 4720 4054 0.614 1.0 0.614 8839191330.1 1.62
12523 500 7 3 123.0 1028 0.621 1.0 0.621 2268.8665.2  1.62
13523 700 10 3 2458 203.2 0.621 1.0 0.621 4476.4105.3 1.59
14523 900 13 3 4107 3422 0.620 1.0 0.620 7533121246 161
12333 500 9 3 157.0 85.1 0.466 1.0 0.466 1408.2335.7 2.37
13333 700 12 3 2935 158.6 0.468 1.0 0.468 263561929 235
14333 900 15 195 3 4720 2542 0469 1.0 0.469 42358958.4 235
12533 500 7 3 123.0 66.7 0.477 1.0 0477 1129.8606.7 231
13533 700 10 3 2458 1327 0.476 1.0 0.476 22423177.7 231
14533 900 13 3 4107 221.0 0.476 1.0 0.476 37318656.9 2.32
(b) b-parameter=4
d t A s/d Class Area Buckling resistance

FE FE/

Model ID Eff. Area Flex. Tor. Flex-Tor analysis EC3-1-3
Ag Aett XFXT XFT o
mmlmm] ] [ [ [em]  [em] (o [kN] (kN] [
12314 500 9 3 157.0 126.8 0.819 1.0 0.819 3686.4982.5 1.35
13314 700 12 3 293.5 230.4 0.820 1.0 0.820 6704.9053.7 1.35
14314 900 15 0.65 3 4720 364.1 0.820 1.0 0.820 1060445716 1.37
12514 500 7 3 123.0 92.3 0.824 1.0 0.824 2702.3576.7 1.32
13514 700 10 3 245.8 183.2 0.824 1.0 0.824 5357.0358.9 1.37
1451 4 900 13 3 4107 3045 0.824 1.0 0.824 890210788.0 1.32
12324 500 9 3 157.0 123.0 0.611 1.0 0.611 2670.8555.0 1.71
13324 700 12 3 2935 2223 0.613 1.0 0.613 48398128.1 1.68
14324 900 15 1 2 3 472.0 350.1 0.614 1.0 0.614 763218158.7 1.72
12524 500 7 3 123.0 88.5 0.621 1.0 0.621 1953.32419 1.66
13524 700 10 3 245.8 175.2 0.621 1.0 0.621 3860.6373.9 1.65
1452 4 900 13 3 4107 290.8 0.620 1.0 0.620 640019701.6 1.67
12334 500 9 3 157.0 122.0 0.466 1.0 0.466 2020.3269.5 1.62
13334 700 12 3 2935 220.2 0.468 1.0 0.468 3660£020.5 1.64
14334 90 15 1.25 3 472.0 346.3 0.469 1.0 0.469 577097775 1.69
12534 500 7 3 123.0 87.5 0.477 1.0 0.477 1481.8496.8 1.68
13534 700 10 3 245.8 173.1 0.476 1.0 0.476 29264985.4 1.70
1453 4 900 13 3 4107 287.0 0.476 1.0 0.476 48458400.3 1.73
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(c) b-parameter=5

d t A s/d Class Area Buckling resistance

FE FE/

Model ID Eff. Area Flex. Tor. Flex-Tor No s analysis EC3-1-3
Ag At XF xT XFT
mmlmm] [ [ [ [em]  [em] [l [ [kN] [kN] [

12315 500 9 3 157.0 115.0 0.819 1.0 0.819 334385318 1.36
13315 700 12 3 2935 206.6 0.820 1.0 0.820 6011.8140.8 1.35
14315 900 15 0.65 3 4720 3237 0.820 1.0 0.820 942712630.0 1.34
12515 500 7 3 123.0 82.0 0.824 1.0 0.824 2400.8161.9 1.32
13515 700 10 3 2458 161.6 0.824 1.0 0.824 472564175 1.36
14515 900 13 3 4107 2934 0.824 1.0 0.824 85771%664.4 124
12325 500 9 3 157.0 109.6 0.611 1.0 0.611 2378.4126.2 1.74
13325 700 12 3 2935 1949 0.613 1.0 0.613 4241734003 1.74
14325 900 15 1 5 3 4720 303.0 0.614 1.0 0.614 6607144128 173
12525 500 7 3 123.0 76.6 0.621 1.0 0.621 1690.83840.9 1.68
13525 700 10 3 2458 150.0 0.621 1.0 0.621 33038661.1 1.71
14525 900 13 3  410.7 246.6 0.620 1.0 0.620 542792169 170
12335 500 9 3 157.0 108.1 0.466 1.0 0.466 1789.8176.2 1.78
13335 700 12 3 2935 1915 0.468 1.0 0.468 318389019 1.85
14335 900 15 195 3 4720 2971 0.469 1.0 0.469 494993206 1.88
12535 500 7 3 123.0 75.1 0.477 1.0 0.477 1270.8405.3 1.89
13535 700 10 3 2458 146.7 0.476 1.0 0.476 24784683.0 1.89
14535 900 13 3 4107 2405 0.476 1.0 0.476 406039135 1.95

Table 13 shows the results of buckling resistanateutation according to EC1993-1-3 and
comparison with numerical results. As expected,gbeerning global buckling mode was flexural
type. No reduction on torsional buckling mode psotieat the torsional stiffness of the cross section
was fully (or almost fully) developed, and moreogiows the effectiveness of lip connection that
form semi-closed cross-section. As for comparifozen be seen that the ultimate resistance from FE
analysis were much higher than the EC-1993-1-3 Imgkresistance. The design standard
underpredicted the strengths of all models sineef#ilure modes that occurred were not global
flexural type. From these analyses it is known thi type of cross-section, with the specifiedaloc
and global slenderness, seemed much more pronforetistortional failure mode.

It is worth noting that for this type of cross-sent adopting the design standard without knowhngy t
exact failure mode can result in too conservatnegligtions. Local slenderness comes from the bolt
spacing which significantly determine the failureoda and hence the ultimate strength of the
member, is not included in the current design steshd

4.3.3.2 Analytical analysis according to EN1993-1-6

EN1993-1-6 was used to see the closeness of thes df cross-section to the behaviour of shell
structures and also the applicability of this desijandard for this type of sections. By using
EN1993-1-6, the studied columns were considerddladar cross section which means fully closed
and fully rigid connected. The studied semi-clopetygonal sections were then classified with refer
to Table 5.2 sheet 3 of EC1993-1-1. Based on #iket the limit for class 3 cross-sectionglfs<
9Q:?, with d/ £t known as cross-section slenderness. Since tweesadf cross-section slenderness,
i.e. 90 and 110 were used in this study then soussesections will be class 4.
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The procedure of calculation based on EC1993-1déssribed in chapter 2.3.8 and the workflow can
be seen in Figure 30.Ultimate resistance calculatias intended to investigate loss of stabilityemd
compressive membrane or shear membrane strestes shell wall, as expected will govern in this
studied columns. The buckling limit state (LS3) wakculated for this purpose.

Design resistances for stress components are ebtaising buckling reduction factoygaking into
account:

- Imperfections depending on the Fabrication TolesaQaality Class

- Boundary Conditions of the cylindrical shell

The partial safety factor may be defined in theidvatl Annex. The recommended valueyjs, =

1.1. The buckling reduction factors are determinedadanction of the relative slenderness of the
shell, defined for different stress components, meridional, circumferential and shear. The etasti
critical buckling stresses were obtained using ajpate expression in Annex D of EC1993-1-6. In
this study, the parametd&l,, was taken equal to 1.0 as a conservative valudoftg equivalent
cylinders, while the characteristic imperfectionpditnde Aw, was calculated based on fabrication
quality parameteQ, which is taken as Class C (normal), equal toQ#her parameters should be
taken asl,,=0.2,$=0.6, anch=1.0. Detail calculation of analytical based on BE3-1-6 can be seen
in Python script in Annex A.5. Results of the atiabl calculation are presented in Table 18. For
cross-sections with class 3, the design resistara= calculated as the full effective cross-section
resistance, as per EC1993-1-1.

Table 14. Analytical calculation result of the desig resistance for studied columns according to EN199B-6 and
comparison of the resistance to the FE results
(@) b-parameter=3

d t d/t A s/d c:;zln d Class Area re[;ies?f:ce FE . EE/

Model ID analysis ECZ1-6
Ay NRd_shell
[mm] [mm] [mm] [] [] [] [-] [1  [cm]  [kN] [kN] [-]

12313 500 9 18098 55.6 83.9 3 157.0 5573.435625.7 1.01
13313 700 12 25339 58.3 88.1 3 2935 10418.40583.1 1.02
14313 900 15 32580 60'00.65 90.6 4  472.0 13714.06670.0 1.22
12513 500 7 18106 71.4 107.9 4 123.0 3495.44132.5 1.18
13513 700 10 25347 70.0 105.7 4 245.8 7005.28309.6 1.19
14513 900 13 32588 69.2 104.6 4  410.7 11721.13828.6  1.18
12323 500 9 27035 55.6 83.9 3 157.0 5573.44865.7 0.87
13323 700 12 37852 58.3 88.1 3 2935 10418.68974.8 0.86
14323 900 15 48669 60.0 90.6 4  472.0 13714.04330.1 1.04
12523 500 7 27048 71.4 107.9 4  123.0 3495.43665.2 1.05
13523 700 10 37865 70.0 105.7 4 2458 7005.27105.3 1.01
14523 900 13 48682 69.2 104.6 4 4107 11721.121246  1.03
12333 500 9 33419 55.6 83.9 3 157.0 5573.43335.7 0.60
13333 700 12 46790 58.3 88.1 3 2935 10418.66192.9 0.59
14333 900 15 60161 60.01.25 90.6 4  472.0 13714.09958.4 0.73
12533 500 7 33435 714 107.9 4  123.0 3495.42606.7 0.75
13533 700 10 46806 70.0 105.7 4 2458 7005.25177.7 0.74
14533 900 13 60177 69.2 104.6 4  410.7 11721.78656.9 0.74
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(b) b-parameter=4

d t | d/t A s/d Real Class Area Dt_asign FE FF/
cs-slend resistance . i
Model ID analysis ECZ1-6
Ag NRd_shell
[mm] [mm] [mm] [-] [ [ [ [l [cm]  [KN] [kN] []

12314 500 9 18098 55.6 83.9 3 157.0 5573.44982.5 0.89
13314 700 12 25339 583 88.1 3 2935 10418.89053.7 0.87
14314 900 15 32580 60'00.65 90.6 4  472.0 13714.04571.6 1.06
12514 500 7 18106 714 107.9 4  123.0 3495.43576.7 1.02
13514 700 10 25347 70.0 105.7 4 2458 7005.27358.9 1.05
14514 900 13 32588 69.2 104.6 4 4107 11721.11788.0 1.01
12324 500 9 27035 55.6 83.9 3 157.0 5573.44555.0 0.82
13324 700 12 37852 583 88.1 3 2935 10418.68128.1 0.78
14324 900 15 48669 60.0 1 4 90.6 4  472.0 13714.03158.7 0.96
12524 500 7 27048 714 107.9 4  123.0 3495.43241.9 0.93
13524 700 10 37865 70.0 105.7 4 2458 7005.26373.9 0.91
14524 900 13 48682 69.2 104.6 4  410.7 11721.20701.6 0.91
12334 500 9 33419 55.6 83.9 3 157.0 5573.43269.5 0.59
13334 700 12 46790 58.3 88.1 3 2935 10418.66020.5 0.58
14334 900 15 60161 60.01-25 90.6 4  472.0 13714.09777.5 0.71
12534 500 7 33435 714 107.9 4  123.0 3495.42496.8 0.71
13534 700 10 46806 70.0 105.7 4 2458 7005.24985.4 0.71
14534 900 13 60177 69.2 104.6 4  410.7 11721.78400.3 0.72

(c) b-parameter=5

d t | dit A s/d Real Class Area Dgsign FE FF/
cs-slend resistance . ,
Model ID analysis ECZ-1-6
Ag NRd_shell
[mm] [mm] [mm] [-] [ [ [ [1  [cm] [kN] [kN] [-]

12315 500 9 18098 55.6 83.9 3 157.0 5573.44531.8 0.81
13315 700 12 25339 583 88.1 3 2935 10418.68140.8 0.78
14315 900 15 32580 60'00.65 90.6 4  472.0 13714.02630.0 0.92
12515 500 7 18106 714 107.9 4 123.0 3495.43161.9 0.90
13515 700 10 25347 70.0 105.7 4 2458 7005.26417.5 0.92
14515 900 13 32588 69.2 104.6 4  410.7 11721.10664.4 0.91
12325 500 9 27035 55.6 83.9 3 157.0 5573.44126.2 0.74
13325 700 12 37852 583 88.1 3 2935 10418.67400.3 0.71
14325 900 15 48669 60.0 1 5 90.6 4 4720 13714.014128 0.83
12525 500 7 27048 714 107.9 4 123.0 3495.42840.9 0.81
13525 700 10 37865 70.0 105.7 4 2458 7005.25661.1 0.81
14525 900 13 48682 69.2 104.6 4  410.7 11721.0216.9 0.79
12335 500 9 33419 55.6 83.9 3 157.0 5573.43176.2 0.57
13335 700 12 46790 58.3 88.1 3 2935 10418.65901.9 0.57
14335 900 15 60161 60.01.25 90.6 4  472.0 13714.00320.6 0.68
12535 500 7 33435 714 107.9 4  123.0 3495.42405.3 0.69
13535 700 10 46806 70.0 105.7 4 2458 7005.24683.0 0.67
14535 900 13 60177 69.2 104.6 4 410.7 11721.77913.5 0.68
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Table 14 shows the ultimate resistance based otetfign standard and comparison with FE analysis.
It shows the same trend as resistance calculat&Chi@93-1-3, characterized by declining resistance
with increasing member slenderness and bolt spaélogiever, more models are in unsafe region
when comparing the FE results with the analyticads This result gives an insight that EN1993-1-6
overpredicted the ultimate strength for majoritytited models.

The disagreement significantly increases when tamiber slenderness and bolt spacing increases. It
provides very unsafe predictions for members witihfslenderness and bolt spacing. Those result
suggested that analytical resistance calculationordeng to EN1993-1-6 is not applicable for thipay

of cross section with the predefined parametensgsihe expression was derived for flexural bucklin
due to bending and does not take into accountrtimb@l buckling, which exists and was dominant
mode in this case.

Taking the general overview of verification on wmiéite resistance between the FE results and
analytical calculation according to Eurocode, ih d® seen that the studied columns show an in-
between post-buckling behaviour of perfect columd ahell structures. It should be treated as built-
up member composed of plates and hence to be eesagpeordingly.

As for comparison, Table 15 shows the ratio of FE&Mmalytical calculation results.

Table 15. Comparison of ultimate resistance of thetwdied column according to FE analysis and design abdards
EC1993-1-3 and EC1993-1-6

(@) b-parameter=3

FE FE/ FE/
d t A s/d Area EC3-1-3 EC3-1-6 analysis EC3-1-3 EC3-1-6

Nerd  Nbrd  Nd shet  Nremrd

Model ID cross .
Ao S hucking section "
mm] fmm]  [] fem’] [Nl kNI [kN]  [kN] N B H

12313 500 9 157.0 5003.9 4097.5 5573.45625.7 1.12 1.37 1.01
13313 700 12 2935 91924 7536.4 1041880583.1 1.15 1.40 1.02
14313 900 15 0.65 472.0 14653.3 12022.1 1371416670.0 1.14 1.39 1.22
12513 500 7 123.0 3724.3 3069.7 3495441325 1.11 1.35 1.18
13513 700 10 2458 7425.1 6116.7 7005.28309.6 1.12 1.36 1.19
14513 900 13 410.7 12398.7 10210.9 1172118828.6 1.12 1.35 1.18
12323 500 9 157.0 4927.1 3011.8 5573.44865.7 0.99 1.62 0.87
13323 700 12 293.5 9038.6 5541.8 10418.8974.8 0.99 1.62 0.86
14323 900 15 1 3 472.0 143919 8839.9 1371414330.1 1.00 1.62 1.04
12523 500 7 123.0 3650.2 2268.5 3495.43665.2 1.00 1.62 1.05
13523 700 10 2458 7213.2 4476.4 7005.2/105.3 0.99 1.59 1.01
14523 900 13 410.7 12148.3 7533.4 11721121246 1.00 1.61 1.03
12333 500 9 157.0 3020.0 1408.2 5573.43335.7 1.10 2.37 0.60
13333 700 12 293.5 5628.8 2635.6 10418.6192.9 1.10 2.35 0.59
14333 900 15 1.95 472.0 9024.0 4235.6 13714.0958.4 1.10 2.35 0.73
12533 500 7 123.0 2369.0 1129.9 3495.42606.7 1.10 231 0.75
13533 700 10 2458 4710.1 22421 7005.5177.7 1.10 231 0.74
14533 900 13 410.7 7846.1 3731.1 11721.8656.9 1.10 2.32 0.74
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(b) b-parameter=4

FE FE/ FE/
d t A s/d Area EC3-1-3 EC3-1-6 analysis EC3-1-3 EC3-1-6

Nec,Rd Nbrd  Nd_shet  NFemRrd

Model ID cross )
Ao T bicking section "9
[mm] [mm] [1 [em? [kN]  [kN]  [kN] [kN] [] [] []
12314 500 9 157.0 4502.4 3686.9 5573.449825 1.11 1.35 0.89
13314 700 12 293.5 8178.2 6704.9 10418.6053.7 1.11 1.35 0.87
14314 900 15 0.65 472.0 12924.9 10604.0 13714134571.6 1.13 1.37 1.06
12514 500 7 123.0 3278.4 2702.2 3495.43576.7 1.09 1.32 1.02
13514 700 10 2458 6502.9 5357.0 7005.27358.9 1.13 1.37 1.05
14514 900 13 410.7 10809.4 8902.0 1172111788.0 1.09 1.32 1.01
12324 500 9 157.0 4368.0 2670.0 5573.44555.0 1.04 1.71 0.82
13324 700 12 293.5 7893.1 4839.5 10418.8128.1 1.03 1.68 0.78
14324 900 15 1 4 472.0 12426.9 7632.9 1371418B158.7 1.06 1.72 0.96
12524 500 7 123.0 3143.1 1953.3 3495.43241.9 1.03 1.66 0.93
13524 700 10 2458 6221.0 3860.7 7005.6373.9 1.02 1.65 0.91
14524 900 13 410.7 10322.0 6400.9 1172110701.6 1.04 1.67 0.91
12334 500 9 157.0 43325 2020.3 5573.43269.5 0.75 1.62 0.59
13334 700 12 293.5 7817.0 3660.2 10418.6020.5 0.77 1.64 0.58
14334 900 15 1.95 472.0 12293.2 5770.1 13714.8777.5 0.80 1.69 0.71
12534 500 7 123.0 3107.0 1481.9 3495.42496.8 0.80 1.68 0.71
13534 700 10 245.8 6146.6 2926.0 7005.24985.4 0.81 1.70 0.71
14534 900 13 410.7 10189.7 4845.6 11721.8400.3 0.82 1.73 0.72
(c) b-parameter=5
FE FE/ FE/

d t A s/d Area EC3-1-3 EC3-1-6 analysis EC3-1-3 EC3-1-6

Nc,Rd Nb,rd  Nd shel  NFem,rd

Model ID cross .
Ao S bucking section /11
mm] (mm] [ femf]  [KN] [(N] [kN]  [kN] 00 o

12315 500 9 157.0 4082.8 3343.3 5573.44531.8 1.11 1.36 0.81
13315 700 12 2935 7332.6 6011.6 10418.8140.8 1.11 1.35 0.78
14315 900 15 0.65 472.0 11491.3 9427.9 1371412630.0 1.10 1.34 0.92
12515 500 7 123.0 29125 2400.6 3495.43161.9 1.09 1.32 0.90
13515 700 10 2458 5736.4 4725.6 7005.26417.5 1.12 1.36 0.92
14515 900 13 410.7 10415.4 8577.5 1172110664.4 1.02 1.24 0.91
12325 500 9 157.0 3890.3 2378.1 5573.44126.2 1.06 1.74 0.74
13325 700 12 2935 6917.5 4241.3 10418.8400.3 1.07 1.74 0.71
14325 900 15 1 s 472.0 10758.1 6607.9 1371411412.8 1.06 1.73 0.83
12525 500 7 123.0 2720.3 1690.5 3495.42840.9 1.04 1.68 0.81
13525 700 10 2458 5323.7 3303.8 7005.%5661.1 1.06 1.71 0.81
14525 900 13 410.7 8752.7 5427.7 11721.9216.9 1.05 1.70 0.79
12335 500 9 157.0 3836.6 1789.0 5573.43176.2 0.83 1.78 0.57
13335 700 12 293.5 6798.7 3183.3 10418.6901.9 0.87 1.85 0.57
14335 900 15 195 472.0 10545.4 4949.7 13714.8320.6 0.88 1.88 0.68
12535 500 7 123.0 2664.5 1270.9 3495.42405.3 0.90 1.89 0.69
13535 700 10 2458 5206.3 2478.4 7005.24683.0 0.90 1.89 0.67
14535 900 13 410.7 8538.3 4060.3 11721.7913.5 0.93 1.95 0.68
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Based on Table 15, a relation between ultimatestaste of semi-closed polygonal profiles and the
‘equivalent’ cylindrical shell can be made. Figut63 and 104 shows the ultimate resistance
polygonal-cylinder ratio (Bhoi/Pu-csne) VErsus member global slendernes¥ ¢f all columns. As
shown in the subchapter 4.3 Factorial design, tlstrsignificant factor interaction are member
slenderness-bolt spacing and member slendernaseidia hence scatter plot was made for this two
factor interactions. It can be seen that resistaficemi-closed polygonal profiles are higher tttza
same diameter circular shell when bolt spacingrate 3 and for global slenderness of 0.65. The
higher the bolt spacing and member slendernesspdiygonal profiles tend to have declining
resistance and hence pose lower capacity tharirthdar ones.
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Figure 104. Comparison of resistance between polygal vs. cylindrical shell (scatters’ icon in variedb)

As for diameter point of view, resistance of seiosed polygonal profiles are higher than the same
diameter circular shell for diameter 900, 700 af®d,5with global slenderness of 0.65 and bolt
spacing ratio of 3. Similarly as above, the higier member slenderness, the polygonal profiles tend
to have declining resistance and hence pose loayeroity than the circular ones.
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Figure 105. Comparison of resistance between polygal vs. cylindrical shell (scatters’ icon in variedd)
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4.3.4 Axial Compression and Bending homent

Structural members subjected to axial compressionb@nding moment are known as b-column.
When a doubly symmetric cresection is subjected to axial compression and Ingnaioment abot
its minor axis, the member may fail flexurally bigher yielding or local buckling at the location
the maximum momentSince in this type of profiles the shear centencidies with the center
gravity, therefore torsiondlexural mode can be neglect For tosionally nor-susceptible shapes
with closed aicular tubes like the ones in this study, whendhd bending moment is applied,
member may fail flexurally about the-axis or y-axis.

The resistance of a croseetionsubject to compression and bending moneamt be shown by tr
interaction curvdetween the normal forcerq and the internal bending momengqy. The interaction
curve has some sidiant points, shown in Figuil05 These points represent the stress distribu
on the cross sectioThe internal moments and axial loads belonginthése stress distributions ¢
be easily calculateelastically or plastically using equilibrium foreftlassification of cro-section.

s B
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~o /// ——
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: i
(a) Elastic and plastic limit envelopes foi (b) Plastic limit envelope with stress distribution:

a rectangular cross section
Figure 106Interaction curve for combined bending (M) and axial force (N

EC1993-13 suggests the interaction between axial forcelmrdling moment to be obtained fri
seconderder analysis of the member, based on the pregedf the effective cro-section. An
interaction formula is defined, as follo

< NEd >0.8 A < NEd >0.8 10
Nb,Rd Nb,Rd N
whereN, rqiS the design the design buckling resistance ajrapcessiormember (flexural, torsion:

or torsionalflexural buckling) anctMyrqis the design bending moment resistance Mgq includes
the effects of shift of neutral axis, if releva

In this study, 4-points MA interaction curves were created. The ultimateal resistanceP,) was
taken for the applied bending moment with a prdporto the plastic moment resistance, nan
0.05M, 0.1M,, and 0.15N,. These values of applied bending moment were takémconsideratiol
that the column members in this study are in thenfof lattice structure where ideally no bend
moment exists. However, in practical condition #atireely small bending moment meoccur,
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induced by unbalanced axial forces from diagoriBerefore a small proportion of plastic moment
capacity was taken. Total of 162 models with corabtiiaxial compression and bending moment were
created and analysed.

Axial compression load, CF3, was applied at onedrttie column while bending moment abaut
axis, CM1, applied at middle connection of the memb

Table 16.Ultimate resistance and corresponding disptement for models subject to axial compression angending
moment

(@) d-parameter=500

Dia. Thick. Slend. bOIF Max. load Shortening Max. load Shortening Max. load Shontg Max. load Shortening

spacing
Model ID d i N S/d N - N-M ©3 - N-M @0 - N-M @9 .
P, disp P, disp P, disp P, disp

(mm] [mm] [] [] [kN] [mm] [kN] [mm] [kN] [mm] [kN] [mm]
12313 3 5625.7 29.13  5605.36  29.03 5545.8 28.72  5466.43  28.29
12314 0.65 4 4982.5 26.03 5014.15 26.34 5036.6 26.45 5043.99 26.32
12315 5 4531.8 24.75 4508.34 24.49 4483.6 24.23 4465.95 24.16
12323 3 4865.7 37.93  4666.12  36.39 4520.4 35.23  4401.06  34.38
123214 9 1 4 4555.0 35.44  4690.57  36.39 47443 36.95 4601.61 35.84
12325 5 4126.2 32.17 413520 32.28 4065.0 31.80 3979.55 31.08
12333 3 3335.7 34.09 3363.15 33.56 3321.8 3391 3275.82  33.48
123314 1.25 4 3269.5 33.10 3306.80 32.62 3269.4 32,29 3219.05 32.11
12335 500 5 3176.2 3149 3231.36 31.82 3199.2 31.26  3155.90 31.12
12513 3 41325 27.34  4123.04 27.26 4092.6 27.06  4058.97  26.86
12514 0.65 4 3576.7 2421  3590.68  24.29 3596.1 24.31  3595.79  24.39
12515 5 3161.9 23.20 3151.29  23.02 3130.2 22.68 3082.00 21.02
12523 3 3665.2 36.35 3868.25 38.25 3797.8 37.65 3677.00 36.57
125214 7 1 4 32419 3220 3268.79 3245 3227.8 3215 3178.39 31.61
12525 5 2840.9 2859 2803.88  28.36 2768.9 28.05 2734.77 27.83
12533 3 2606.7 33.78 2682.04 3295 2616.0 33.37 2565.73  32.58
125314 1.25 4 2496.8 31.14  2565.54  31.90 2572.0 3191 251211  31.39
12535 5 2405.3 30.03 2473.61 30.67 2694.5 33.12 2420.80 29.99
(b) b-parameter=700

Dia. Thick. Slend.ss:clfngMax. load Shortening Max. load Shortening Max. load Shontg Max. load Shortening
Model D ; » s N N-M ©3) _ N-M @O _ N-M @9 _

P, disp P, disp P, disp P, disp

(mm] [mm] [ [] [kN] [mm] [kN] [mm] [kN] [mm] [kN] [mm]
13313 3 10583.1 41.10 10451.10 40.54 10282.8 39.92 10116.0530 39.
133114 0.65 4 9053.7 35,59 9129.54 3551 9188.0 35.69 9231.05 35.87
13315 5 8140.8 33.86 8166.73  34.09 8124.0 33.62 7977.14 31.25
13323 3 8974.8 52.52 8689.70  50.90 8469.3 49.77  8272.49  48.72
13324 12 1 4 8128.1 47.34  8263.92 48.24 8202.6 47.90 8033.41 47.04
13325 5 7400.3 43.45 7346.71 43.11 7212.7 42.33 7094.29 41.70
13333 3 6192.9 47.06 6401.78  46.04 6215.2 47.12 6088.92  45.39
13334 1.25 4 6020.5 45.09 6150.01 4543 6284.8 46.69 6052.44  45.10
13335 700 5 5901.9 43.72  6029.10 44.63 6401.1 46.10 5909.22  43.29
13513 3 8309.6 38.52 8190.04 37.96 8055.9 37.39 7938.30 36.86
135114 0.65 4 7358.9 34.13 734172  34.05 7270.4 33.72 7169.81  33.33
13515 5 6417.5 32.86 6408.45 32.98 6351.3 3244 6090.13  28.48
13523 3 7105.3 49.55 7334.15 51.22 6955.5 48.71 6813.75 47.73
13524 10 1 4 6373.9 44.55 6515.84 45.36 6567.2 45.79 6461.13 45.10
13525 5 5661.1 40.01 5593.41 39.46 5520.2 39.03 5455.60 38.78
13533 3 5177.7 47.83 5147.44 47.26 5090.7 48.07 5037.88 46.74
13534 1.25 4 4985.4 44.02 5019.61 44.96 4947.7 43.99 4872.77 43.39
13535 5 4683.0 40.90 4729.89 41.38 4746.5 41,93 4691.82 41.49
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(c) d-parameter=900

Dia. Thick. Slend.s;);gngMax. load Shortening Max. load Shortening Max. load Shontg Max. load Shortening

Model ID N N-Mm © N-m @0 N-M @)
d t A s/d - - - -
P, disp P, disp P, disp P, disp
[kN] [mm] [kN] [mm] [kN] [mm] [kN] [mm]

(mm] [mm] []

—
L

14313 3 16670.0 51.85 16582.64 51.52 16390.7 50.90 16126.150150.
14314 0.65 4 14571.6 45.18 14640.38 45.50 14498.1 4496  14491.320245.
14315 5 12630.0 41.79 12678.90 42.07 12662.3 41.89  12435.65 08 40.
14323 3 14330.1 66.74 14622.25 68.38 14090.3 65.81 13637.789163.
14324 15 1 4 13158.7 61.34 13515.38 62.97 13774.2 64.35 13247.318961.
14325 5 11412.8 53.88 11446.37 54.06 11255.5 52.95 11059.9096 51.
14333 3 9958.4 60.53 9967.40 60.51 9732.7 60.03 9732.66 60.03
14334 1.25 4 9777.5 58.85 9806.37 59.72 9638.8 57.23 9424.57 55.67
14335 900 5 9320.6 54.80 9345.13 54.63 9249.1 54.34 9135.92 53.75
14513 3 13828.6 49.28 13775.28 49.20 13673.4  48.85 13559.914748.
14514 0.65 4 11788.0 43.61 11839.70 43.74 11871.3 43.93 11869.117343.
14515 5 10664.4 42.53 10588.47 41.91 10487.2 41.25 10408.134040.
14523 3 12124.6 65.03 12608.89 67.59 12315.8 66.26 11998.24 66 64.
14524 13 1 4 10701.6 57.72 10806.27 57.96 10639.7 57.05 10480.09 24 56.
14525 5 9216.9 50.32 9074.74  49.42 8937.6 48.51 8813.19 48.05
14533 3 8656.9 61.02 8678.68 60.56 8581.1 60.92 8464.29 60.53
14534 1.25 4 8400.3 57.10 8399.80 56.50 8293.8 56.23 8188.90 55.65
14535 5 7913.5 53.21 7874.48 52.71 7773.0 52.03 7669.76 51.49

Table 16 shows the results of ultimate resistamcec@drresponding displacement for models subject
to axial compression and bending moment. As expedhe presence of bending moment slightly
lowers the ultimate strength of the columns duehw® interaction between them. In average, the
ultimate load decreased 0.52% by applying bendirmgnent. However, some models show an
anomaly where the ultimate strength went higherbasding moment was applied. A close
examination on the failure state of the membergestgd that the increase happened due to the
favourable effect of moment direction on the fleatunode of the column under axial loading. It gives
stabilizing effect to the secondary moment resglfiom the applied axial load and the deflection

of the member. Then at a point of certain increasgplied moment, the flexural mode changes
direction and the resistance decent. The applicaifdending moment will change the contribution
from other modes, i.e. flexural mode on the inteoacand hence change the failure mode.
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Figure 107.Parametric study results of the studiedolumns (normalized resistance based on,f
vs. slenderness based onfand FEM critical buckling loads): Models RIKS-NMO05
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Figure 108.Parametric study results of the studiedolumns (normalized resistance based onf
vs. slenderness based onfand FEM critical buckling loads): Models RIKS-NM10

1.4 - O b=3
X b=4
® b=5
1.2 4 EC3-1-5 Eq (4.2)
EC3-1-5 Eq (4.3)
EC-3-1-1 Eq (6.49)
1 EC3-1-3 Eq (5.12)
&> 0.8 -
>
i
a” 0.6
0.4
0.2
0 T T T T T T T T 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

herrEm :(Pyg/ Perren)®®

Figure 109.Parametric study results of the studiedolumns (normalized resistance based onf
vs. slenderness based onfand FEM critical buckling loads): Models RIKS-NM15

Figure 106 — 108 shows the normalized resistanesuseslenderness of the models subject to

combined axial compression and bending momentrithe seen that in general more scatter of data
points are in unsafe region found in the modelsd&® with low slenderness tend to be more affected
by the moment application, while some models witihtslenderness were more likely to experience

an increase of ultimate strength.
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Axial — bending moment interaction curves were tatsed to give a clearer picture of the influence
of N-M interaction on the ultimate strength of tihedels. The curve compared group of models with
the same diameter and cross-section slendernéfesedi lambda and bolt spacing.
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Figure 110. N-M interaction curve for models with lept dia. 500 and slend. 90;
varied lambda and bolt spacing
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Figure 111. N-M interaction curve for models with lept dia. 900 and slend. 110;
varied lambda and bolt spacing

The axial-bending moment interaction curve shoves the parameters did influence significantly on
the effect of bending moment to the ultimate sttengf the members. Slendernesparameter
seemed to give more considerably effect on the Nweraction, compared to other parameters. The
effect of interaction was higher with higher slemdss. More slender columns were also more likely
to have higher contribution from flexural mode lire interaction of failure. Complete N-M interaction
curve can be seen in Annex B.3.

Figure 111 shows failure mode of model 1-2-5-3-Barpure axial compression force and combined
bending with 0.05M, 0.1M, and 0,15M. By applyinghdeng moment with various magnitudes, the
failure mode shape of the member was changed angsistance changed accordingly.
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Figure 112. Failure mode of model RIKS-1-2-5-3-5

Figure 112shows the history of rotation ul for mod+-2-5-35. This affirms the change of flexui
mode shape on the model due to applied bending mic The complete data of rotation ul of
members can be seen in Anne.2.
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Figure 113. Rotation ul of model RIKS-NM-1-2-5-3-5

4.3.5 Resistance-toweight ratio

In order to assess the efficiency of a struc- normally associated with the amount of materiaby
a strength-taweight ratio was calculated. It compares weight of the structure itself to the amo
of weight it can carry/support without collapsing. very high strengt-to-weight ratio can be
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achieved either by optimizing the material or threctural system itself. As material, steel ha®ady
strength-to-weight ratio; steel construction regsiless material than the traditional construction
technologies and contributes to reducing a buildiegvironmental impact. Since one of the purposes
of developing this type of structural member iss&sictural optimization, this parameter becomes
important to be considered.

Due to large number of models, only samples wekentafor the comparison here. Complete
calculation data of s/w ratio can be seen in thaeknD. Strength-to-weight ratio was calculated for
different diameter, thickness, bolt spacing andtlen
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Figure 114.strength-to-weight ratio versus diametey

Profiles with diameter 500mgive the highest strength-to-weight ratio and vifitreasing diameter,
the ratio decreases. The Effect is less in the neesnbith high slenderness.
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Figure 115.strength-to-weight ratio versus thickneses

Influence of thickness is not significant on theesgth-to-weight ratio. Higher thickness gives kigh
s/w ratio. Meanwhile, bolt spacing ratio equal3a gives the highest s/w ratio. By increasing bolt
spacing, the ratio will decrease, however the arite is less for high slenderness.
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Figure 116.strength-to-weight ratio versus bolt speing

Figure 116 shows that the influence of member glemebs on s/w ratio was significant. The ratio
dropped considerably with increasing slendernésssiw ratio less than 1.0 was shown by members

with slenderness>1.
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Figure 117.strength-to-weight ratio versus memberlsnderness

From the comparison, it can be seen that the signif parameters on the strength-to-weight ratio
were member slenderness and diameter. The choigeoohetrical properties in the design of semi-
closed polygonal cross-section is of important espend will determine the resistance and
effectiveness of the structure.

As a more accurate and reliable method of analygesaction plot from factorial design was created
to see the significant factor and interaction betwéactors for response variable: strength-to-weigh
ratio. From Figure 117, it can be seen that thetmsamificant factor for s/w ratio is member
slenderness and then diameter. Meanwhile, the gigsificant interaction is member slenderness-
diameter and member slenderness-bolt spacing.
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Figure 118. Interaction plot for strength-to-weightratio

————— Diameter = 900

Diameter = 500
Diameter = 700

Profile slenderness = 58
Profile slendemess = 70

Member slenderness = 0.65
Member slenderness = 1
Member slendemess = 1.26

Bolt spacing =3
Balt spacing = 4
Bolt spacing =5

This far, from the analysis it is known that twcctfars in this parametric study were the most
significant factor for the resistance of the memsbeatiameter and member slenderness. As for
interaction between factors, the significant intdicn is from member slenderness-diameter and
member slenderness bolt spacing.

137




Finite Element Modelling and Parametric Studof Semi-Closedhin-Walled
Steel Polygonal Columns

5 FINITE ELEMENT MODELLING OF THE STIFFNESS ON LIPS
BOLTED CONNECTIONS

The value of connectiastiffnes onthe lips of folded plates becomes one importan&upeter in the
study. These stiffnessesl determinethe buckling behaviour of the memlasra sen-closed section
and are useful foapplication infinite strip numerical modeling, e.g. CUFSKor suchthin walled
open section, stability i.alistortional buckling, is one of the most dangerdailure cases, it leads
brittle failure. At the end, thacquirec stiffness of connection can albe used to establish effect
bolting density for this type of se-closed cross section.

5.1Modelling and Analysis Methoc

As described in thatroductior chapter that as individual plate, the sectiaavery small torsional
stiffness, which in turn inheritery low stability, so that it iunfavorable for compreion members. It
will crush at a low level of compressive loadiilOne way of improving the resistance isassemble
them and make the croseetion closed by using mechanical fasteners.calledsemi-closed cross-
section because it is not continuously and rigaignecte. Thereforethe level of connection, in th
case is its stiffness, play a vitalein the stability and resistance of the member.

Bolts were devices used to connect the folded ptatésrm the assembled closed section. The |
were placed in correspondence to the middle lineagh lip of folded plates longitudinally along
span.Spacing of the bolt was oncarameter in the parametric study with tedculationand result
already described in Chapte and Chapter 4, respectivelin the modeling process, ri¢-body
constraint whiclworking between paired holes perimeter represenbdit connectiol

In this chapteranalyses were carried  in FEM ABAQUS for certain models in order to obt¢
translational and rotationalpring stiffness of thiconnection The relationship between develoj
reaction force and relative displacement was adojtestimate thstiffness value
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Figure 119 Concept of stiffness of the connection of foldgalates assembl

In order to simulate the stiffneccalculationof bolt, unit displacement is given for eabolt set in
radial direction. This scheme was modeby applying the displacemean this RP. Reaction force
the RP of the bolt set was thereasured to get the spring stiffness in this diva (Figure 119).
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Figure 120. Schematic procedure for stiffness calculation

Steps of stiffness calculation can be summarizddlsvs:

1. Consider one of the three sectors. It is goingetothe stiffness that the other two sectors prt

2. Looking at set of bolts independently. By ‘ of bolts” it means the 2 bolts of a cr-section. So,
for one sector there are 2 bolts holding on evetied cros-section

3. Construct a local stiffness matrix for one set oftd (the 2 bolts connecting one sector to
other two)

a. When calculating atsfness matrix, one locks/fixes all the DOFs anctivaates/applie
displacement on one DOF each time, measuring Hatioas on all the DOI

b. There are a number of bolt sets on each span. Eaitiset is one DOF, namely Dt i.
Supposing that it looks f a 3x3 stiffness matrix [K]. So, if focus given oneobolt set (on
DOF), the 2 neighboring sets are the two extra DOfgthe matrix [K]. Consider &
neighboring sets only from the one side, not tworsetrical set:

c. Lock U1, U2 for all the boltconnecting the two lips of one sector, except the that is
investigated (pick the bolt set closest to the eidd the span. This is DOF1). Apply the B
on the RPs that are coupled to the shell. Leaveesteof the bolts (the ones connecting
other two sectors) free
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d. Apply displacement on the DOF1. Both bolts takeléisement on the x ancas cosine and
sine function according

e. Request output for the reaction forces on the Ridesponding to the 3 DO (in order to
request outputs for reacti forces it needs to designate setABAQUS so as to create 6 sets
for the 6 bolts of the 3 DOF

f. So, for three sequential bolt sets, DOF1 is th&,fIDOF2 and DOF3 are the two followi
bolt sets accordinglyDo the same for the next bolt set, one e next to the first set. Loc
the first set and apply the displacement on thersgcThe same goes for the tl

g. Those reaction forcesill give the diagonally symmetric 3x3 [K] matrix

4. To take into account rotational stiffne

a. Restrain the rotations ohe RPs as well. Then it will add the rotational Di@Rhe matrix
which will become 6x6

b. First lock rotations and apply the displacements thien lock the displacements and app
rotation around z. In both cases read the outpuhfaforces U1, U2 armoment UR3

Therefore, he main stiffness of each bolt is the reactionhid bolt when displacement is appli
There is some additional stiffness coming fromréw of the bolts but it will be small. These the
off-diagonal numbers on 6x&iffnes: matrix.

It can be noted that actuallydnly nees to apply the displacement on one bolt set (a pabotts)
and measure the reactions on this one and theneighboring setsThis means no repetition to
performed for the other two se¢ The reactions would be the same.

k11 k12 k13
K= k21 kzz k23
k31 k32 k33

koy = k33 = kqy

ko1 = ko3 = k3p = kq
k31 = k3

This also applies for moment rotation. The 6x6 fidtrix then can be simplified as folloy

U{@ kio  kay ke  kas o kaal

The shadedjuadrants which cor from rotational reaction due to translational diggiment an
translational reaction due to rotational displacet, respectively,can be neglected due to sn
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values of themThe main diagonzas the most significant entitiesd$ interest in this sidy, i.e.ki;
and kg, These two values are going to be used in CUFSMaasslational stiffness and rotatiol
stiffness, respectively, of thieteractior between folded plates.

In finite element strip software packaCUFSM, there is no tool for applying pc-based connection
to assemble thin-wallegrofiles since the softwe is mostly used for open cre-section.
Alternatively, stiffness per unit length can be applied betwealfilps so that the profiles will k
considered as a semiesed cros-section. ThereforedsEM modelling was carried oin order to get
proper stiffness valuds be used in CUFS. Compared to ABAQUS, CUFSHKas peculiar ability il
providing buckling stresef each buckling mog, interaction of thermmand contribution from eac
mode so that a cleaicture of buckling behaviour the thin-walled memberan be givel

Some models in the parametric studies were useccdtmulatior of lips’ connection stiffne:.
Modelling was done by modifying the thon script for intended pameters used in the calculati
Parameters such as number of corners, diameteigraatsection slenderness were modified on
loop lines. Example of script for model win=12, d=700, slend=140 (thickness=mm) is shown
below.

foriinrange(2,3,1):
for j in range(2,3,1):
for k in range(7,8,1):
for I in range(1):

As for bolt spacing, the/dratio can be changed to define the space \

# Loop through the different bolt spacings (tempora ry b to change)
b =[3, 4, 5]

Static general analysis was used in this analifsisefore the script should be modified as follc

load_step = ¢c_model.StaticStep(
name='Load',
previous='Initial’ )

Sets of points were created the reference points of rigid body constréo accommodate histo
output request. Reaction forcat corresponding RPsere then measured in sequential manne
described above.

Figure 121 Application unit of boundary condition and unit displacement
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<% Edit Boundary Condition X <5 Edit Boundary Condition X

Mame:  displ1-bolt Mame: fixed-bolt

Type:  Displacement/Rotation Type:  Displacement/Rotation

Step:  Load (Static, General) Step:  Load (Static, General)

Region: Set-211 [3 Region: Set-213 [3

CSYS: (Glabaly [p L CSYS: (Globaly [ L

Distribution: | Uniform v M) Distribution: | Uniform v fx)

Ut 0.86 U1 0

Uz 0.5 uz: 0

U3 0 U3 0

UR1: 0 radians UR1: 0 radians

UR2: 0 radians UR2: 0 radians

URZ: 0 radians UR3: 0 radians

Amplitude: | (Ramp) ~ ni Amplitude: | (Ramp) e FIU

Note: The displacement value will be Note: The displacement value will be
maintained in subsequent steps. maintained in subsequent steps.

Figure 122 Set of boundary conditions aactive DOF and locked DOI

5.2Results

The main purpose of this analysis is to get sprialgies to be fed to finite strip package CUF

which is used in another thesis (Jimmy and Hamé&/®2 The supplementarfunctionalities in

CUFSM can baised to compare and complement the results obtaintds thesi. Another purpose
is to see the influence of some parameters totiffieess value

5.2.1 Influence of diameter and plate thickness on thstiffness of lips’ connectiol

Results for translational sprirvalue due to translational (ul, u2, u3) and rotatic(url, ur2, ur3)
load are shown in Table 1lf.can be seen thiranslationaktiffness of the consecutive bohas the
most significanwalue on the first bol(ky;) where the load is applied, and reduces signifigaontl the
third bolt (,3) with negligible value. It is the reasthat in the analysis thrdmlts were taken ar
measured in sequential mann€his way, theconnection stiffiess that the other two sectors proy
can be obtained whileking into account the neighboring bc

Translational stiffnesses due to rotational loadjdated aki4, k15, andkig in the matrix, have sme
values and can be neglegted.

Results for rattional spring due to translational (ul, u2, u3j aotational (url, ur, ur3) load are
shown as well in Table 11The same principle as described above applidsetootational stiffnes:
the first bolt k44) due to rotational load has the msignificant value while the remaining reduce:
distance increases.

Likewise, rotational stiffnesses due to translaidoad, indicated akaj, K4, andk,s in the matrix,
have small values and can be negle:
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Table 17. Stiffness of lip connection for models whtdifferent diameters (d) and thicknessest]

Model ul u2 u3 ‘ url ur2 ur3
transl. spring (kN)
d t ki1 k12 k13 k14 k15 k16
300 4 58.860 28.139 2.237 1.369 0.854 0.119
300 5 84.258 38.564 3.292 1.681 1.080 0.164
300 6 114.344 | 49.901 4.490 1.913 1.276 0.204
500 5 43.513 18.722 2.029 1.506 0.831 0.119
500 6 61.585 26.500 2.931 1.913 1.276 0.204
500 8 105.791 | 44.482 5.117 2.803 1.737 0.152

500 11 193.493 76.391 9.015 3.583 2.503 0.332

700 8 68.489 27.898 3.775 2.723 1.504 0.077

700 11 129.080 | 51.878 6.505 4.243 2.581 0.140
700 15 239.306 | 91.565 11.558 5.361 3.778 0.438

900 11 94.022 36.679 5.700 4.292 2.365 0.145
900 15 173.782 | 66.888 9.192 6.194 3.847 0.185

RlRr|lR|IRPR|IRP|IRP|R|R|R|R|FR|F =
NININININININNININ|N N [

rot. spring (kNm)
ka1 k42 k43 ka4 ka5 k46

300 4 0.110 0.030 0.010 18.652 6.801 1.013
300 5 0.169 0.040 0.013 28.367 8.439 1.387
300 6 0.243 0.047 0.015 41.108 9.781 1.705
500 5 0.079 0.007 0.017 30.301 10.042 0.045
500 6 0.243 0.047 0.015 44.792 13.664 0.625
500 8 0.256 0.028 0.031 82.921 19.905 2.032

500 11 0.554 0.021 0.042 173.524 27.658 4.118

700 8 0.153 0.002 0.031 88.187 23.459 0.107
700 11 0.365 0.007 0.051 184.302 38.953 2.782

700 15 0.857 0.011 0.064 388.342 54.697 7.292
900 11 0.252 0.039 0.052 195.265 45.031 0.566
900 15 0.528 0.073 0.080 402.167 70.244 4.816

RliRR[RPR[IR[R[R[R[R|R|R |+
NINININININININ NN NN

Figure 122 shows that stiffnesses decrease witikasing diameter. This corresponds to the Hooke's
law that length of member is inversely proportiomalits stiffness. In average, with increasing
diameter by 45%, the translational stiffness wiperience decrease by 36%. However, effect of
diameter is not significant for rotational stiffiseand shows the opposite trend to the translational
stiffness. In average, with increasing diameter 45%, the rotational stiffness will experience
increase by 6%.
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transl. stiffnes with different thicknesses
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Figure 123. Stiffness with different thicknesses

diff
d t
k11 ka4

300 5
500 +66.7% 5 -48.36% +6.82%
300 6
500 +66.7% 6 -46.14% +8.96%
500 8
700 +40.0% 8 -35.26% +6.35%
500 11

700 +40.0% 11 -33.29% +6.21%
900 +28.6% 11 -27.16% +5.95%

700 15
900 +28.6% 15 -27.38% +3.56%
avg +45.08% -36.26% +6.31%

In contrary, Figure 123 shows that stiffnesses ease with increasing thickness. This also
corresponds to the Hooke’s law that area of crestian is proportional to its stiffness. In avezag

with increasing thickness by 67%, the translatiostiifness will experience increase by 67%.
Likewise, with increasing thickness by 67%, thational stiffness will experience increase by 83%.
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Figure 124. Stiffness with different diameter

d . diff
ki1 ka4
300 4
300 5 +25.0% +43.15% +52.08%
300 6 +20.0% +35.71% +44.91%
500 5
500 6 +20.0% +41.53% +47.82%
500 8 +33.3% +71.78% +85.12%
500 11 +37.5% +82.90% +109.26%
d . diff
k11 ka4
700 8
700 11 +37.5% +88.47% +108.99%
700 15 +36.4% +85.39% +110.71%
900 11
900 15 +36.4% +84.83% +105.96%
avg +66.7% +66.72% +83.11%
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5.2.2 Influence of bolt spacing on the stiffness of lipstonnection

Results of spring stiffness for different bolt sipacis presented in Table 18-19 and Figure 124. As
expected, a more densely bolt connection givesehnigliffness both translation and rotation. Three
variables were used, i.e. space-to-diameter rhjiedual to 1, 2, and 3, with two different diameter
i.e. 300 and 500mm and thicknesses, i.e. 5 and 6mm.

As can be seen in Figure 124, bolt spacing hasfisignt effect on the spring value when it changed
from 1d to 2. By changing the spacing doubly, frobd into 2d, the translational stiffness value
reduces about 60%, and reduces about 40% with cigargppacing from2d into 3d. Effect of
changing diameter and thickness is the same asilole$dn the previous section. As for rotational
stiffness, no significant effects from differenadieters.

Table 18. Stiffness of lip connection for models d€®mm with different bolt spacing () and thicknessest]

Model

ul

u2

u3

url

ur2

ur3

transl. spring (kN)

1 1 300 5 215.403 97.923 9.334 4,812 2.561 0.134
1 2 300 5 84.258 38.564 3.292 1.681 1.080 0.164
1 3 300 5 48.250 19.213 1.518 0.657 0.454 0.080
1 1 300 6 283.797 | 128.262 11.052 5.867 3.231 0.118
1 2 300 6 114.344 49.901 4.490 1.913 1.276 0.204
1 3 300 6 68.495 25.379 1.819 0.726 0.524 0.092
rot. spring (kNm)
k41 k42 k43 ka4 k45 k46
1 1 300 5 0.169 0.002 0.038 53.239 20.607 0.824
1 2 300 5 0.169 0.040 0.013 28.367 8.439 1.387
1 3 300 5 0.126 0.032 0.006 20.444 3.453 0.698
1 1 300 6 0.239 0.004 0.044 72.039 25.769 0.334
1 2 300 6 0.243 0.047 0.015 41.108 9.781 1.705
1 3 300 6 0.189 0.028 0.013 33.213 7.447 1.133
Table 19. Stiffness of lip connection for models d#®mm with different bolt spacing ©) and thicknessest]
Model ul u2 u3 . url ur2 ur3
transl. spring (kN)
n b d t kil k12 k13 k14 k15 k16
1 1 500 5 101.174 43.251 4.652 2.643 1.057 0.340
1 2 500 5 43.513 18.722 2.029 1.506 0.831 0.119
1 3 500 5 26.889 11.240 1.266 0.815 0.495 0.055
1 1 500 6 139.461 59.101 7.292 3.769 1.608 0.432
1 2 500 6 61.585 26.500 2.931 1.913 1.276 0.204
1 3 500 6 38.054 15.516 1.743 1.010 0.636 0.085
rot. spring (kNm)
k41 k42 k43 ka4 k45 k46
1 1 500 5 0.054 0.018 0.009 44.350 13.275 4.002
1 2 500 5 0.079 0.007 0.017 30.301 10.042 0.045
1 3 500 5 0.075 0.019 0.010 22.022 5.907 0.747
1 1 500 6 0.090 0.025 0.016 66.461 20.009 4.967
1 2 500 6 0.243 0.047 0.015 44.792 13.664 0.625
1 3 500 6 0.114 0.028 0.013 33.213 7.447 1.133
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diff diff
d t s/d ' d t s/d :
k11 ka4 k11 ka4
300 5 1 500 5 1
300 5 2 -60.88% -46.72% 500 5 2 -56.99% -31.68%
300 5 3 -42.74% -27.93% 500 5 3 -38.21% -27.32%
300 6 1 500 6 1
300 6 2 -59.71% -42.94% 500 6 2 -55.84% -32.60%
300 6 3 -40.10% -19.20% 500 6 3 -38.21% -25.85%
avg -50.86% -34.20% avg -47.31% -29.36%
transl. stiffnes with different bolt spacing
300
250 \\
200 N
z \\ 4300
= 150 x— d300; t5
= 100 :\\\< —x— d300; t6
\X_\ % — = d500;t5
>0 —— —=—d500; t6
0 T T T 1
0 1 2 3 4
s/d ratio
rot. stiffnes with different bolt spacing
80
70 - \
60 N
T 20 y\\\
Z 40 =~ —x— d300; t5
= 30 - \E‘. —x— d300; t6
20 ey —=—d500; t5
10 —u=—d500; t6
0 T T T 1
0 1 2 3 4
s/d ratio

Figure 125. Stiffness with different bolt spacing

5.2.3 Influence of number of corners on the stiffness dfps’ connection

Table 20 and Figure 125 show that different nuntdeorners does not have significant effect on the
spring values. Smaller number of corners gives drghtiffness since smaller angleof bend
provideshigher stiffness to the member.Effect dational stiffnes is not significant compared te th
translational one.
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Table 20. Stiffness of lip connection for models whtdifferent number of corners (n) and diameter ()

ul u2 u3 url ur2 ur3
Model -
transl. spring (kN)
n b d t k11 k12 k13 k14 k15 k16
6 2 500 8 105.791 | 44.482 5.117 2.803 1.737 0.152
9 2 500 8 78.296 30.749 4.439 2.561 1.605 0.145
12 2 500 8 72.540 28.038 4.308 2.451 1.551 0.147
6 2 700 8 68.489 27.898 3.775 2.723 1.504 0.077
9 2 700 8 50.357 19.603 2.833 2.527 1.418 0.047
12 2 700 8 46.172 17.758 2.612 2.438 1.384 0.036
rot. spring (kNm)
k41 k42 k43 k44 k45 k46
6 2 500 8 0.256 0.028 0.031 82.921 19.905 2.032
9 2 500 8 0.216 0.008 0.022 83.259 18.795 2.016
12 2 500 8 0.201 0.001 0.019 82.278 17.628 1.934
6 2 700 8 0.153 0.002 0.031 88.187 23.459 0.107
9 2 700 8 0.132 0.007 0.021 87.795 22.324 0.216
12 2 700 8 0.121 0.011 0.018 86.456 21.075 0.309
diff
0 d ' 4 k11 ka4
2 500 8 6
2 500 8 9 -25.99% 0.41%
2 500 8 12 -7.35% -1.18%
2 700 8 6
2 700 8 9 -26.47% -0.44%
2 700 8 12 -8.31% -1.53%
avg -17.03% -0.68%
transl. stiffnes with different number of corners
120 +
100 SN
80 - \\X
;Z: 60 20
< \"\x —x— d500
40 —x—d700
20
0 T T T T )
0 3 6 9 12 15
n
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rot. stiffnes with different number of corners
89
88 - S
o \
—g 86
£ 8 —x— d500
£ 84 .
y —x—d700
83 x:
82 %
81 T T T T 1
0 3 6 9 12 15
n

Figure 126. Stiffness with different number of corners

Von misses stresses and deformed shape at then regioad application cabe seen in Figure 6
below. It is shown that as expected, the rnse is still in elastic range.

dard 6.14-1 Fri Dec 23 16:55:33 W, Europe

Figure 127. Von misses stress at location of load application

From the analysis above it can be conluded thatnpeter of diamer, thickness, and bolt spaci
give significant influence on the spring stiffnesfsthe lip connectionThis method of determinir
connection stiffness is convenient and applicabtettie need of spring values in finite strip met
CUFSM, as an altertige besides experimental te
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6 CONCLUSIONS AND FURTHER WORKS

Behavior and design of thin-walled steel columrgunes consideration of failure modes from local,
distortional and Euler (i.e. flexural or flexurarsional) buckling. A parametric study on the ulie
strengths of semi-closed thin-walled polygonal omts was presented in order to have those
understandings on this specific type of cross-sactrinite element models were first developed in
ABAQUS by using Python automation for the predalinparameters, i.e. diameter, profile
slenderness, member slenderness, and bolt spdssugs such as application of initial geometric
imperfections, material modelling, and loading dtinds were addressed. Total 216 FE models were
created and analysed in this parametric study. rEBalts from FE analysis were then compared
against analytical solutions carried out accordmthe design standard EC1993-1-3 and EC1993-1-6.

Elastic buckling analysis of FE models shows that $tudied models have predominant distortional
buckling as the first buckling mode. Meanwhile, somodels buckled in flexural and flexural-
distortional buckling mode. For this type semi-eldsbuilt-up column composed of folded plates,
there is no expression in the Eurocode for predidine elastic critical buckling, either for secbor
global buckling modes. FE analyses need to be peéf to obtain accurate elastic buckling critical
load and mode shape.

From non-linear post-buckling analysis consideringterial, geometrical non-linearity and initial
imperfections, it can be concluded that FE modelhé range of the predefined parameters failed in
predominant distortional mode. Models with high kglb slendernessA=1.25, experienced
distortional-flexural interaction with significagtllower resistance than the one failed in pure
distortional mode. From this analysis it is suggdsthat for the models in this parametric study,
distortional failures have lower post-buckling ceipa than other failure modes, and distortional
buckling may control the failure mechanism even mvttee elastic distortional buckling stresgy[fis
higher than the elastic flexural buckling stregg) (Moreover, it was noticed that members with high
distortional and global slenderness have highearpater sensitivity on the ultimate strength and
failure mode interaction.

It is concluded that for this type of semi-closegkdgonal cross-section, bolt spacing-to-diameter
ratio (s/d) of 3, 4, and 5 gives a dominated di&inal post-buckling failure mode. This phenomenon
occurs for member slendernes} fange of 0.65 to 1.25.

Evaluation of ultimate resistance according to ED8:9-3 shows that for members witk0.65 and
A=1.0 a good agreement was obtained, while for \&ender columnsi=1.25 a large scatter
numerical results were in found in unsafe regianisTcorresponds to the FE results which exhibit a
distortional-flexural interaction mode in those ratsd Interaction failure mode causes the resistance
to drop. Therefore, it can be suggested that tipeession used in EC1993-1-3 for reduction factor
due to distortional buckling (Eq. 5.12) may be addgpfor the semi-closed polygonal type of cross-
section undergoes pure distortional buckling moseduin this parametric study, with provision of
global slendernesgd< 1.25. The EC1993-1-3 became the lower boundHerresults of numerical
ultimate strength. It is important to note that tbis type of cross-section, a careful applicatdén
design standard shall be done since current desa&ghods ignore buckling interaction and do not
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explicitly consider sectional buckling. Knowing thgact failure mode is necessary, in order to avoid
too conservative predictions.

Design according to EN1993-1-6 has disagreement thié FE results with the analytical ones,
especially for models with high slenderness. Thesult gives an insight that EN1993%1-
overpredicted the ultimate strength for majoritytted models. It is suggested that analytical restst
calculation according to EN1993-1-6 is not applieafor this type of cross section under the
predefined parameters. By using this calculationclmmparing the studied semi-closed polygonal
profiles versus ‘equivalent’ cylindrical profiles, was revealed that polygonal profiles with bolt
spacing ratiop=3 and global slenderne$s0.65 have higher ultimate resistances than thiadrtal
ones. The higher the bolt spacing and member slieedg the polygonal profiles tend to have
declining resistance and hence pose lower capéatythe circular profiles.

Analyses of members subject to combined axial cesgoon force and bending moment were carried
out to see the effect of bending moment on ultimmesestance and influence of parameters on the N-
M interaction. Three magnitude of moment, i.e. 80Q50.1M, and 0.15N was applied. Axial-
bending moment interaction curve shows that thetemce of bending moment tends to decrease the
ultimate strength of the member and may changédaihee mode shape, however the effect was not
significant.

Full factorial design with four parameters was igatout in this study in order to determine themmai
and interaction effects in the models. From therauttion plot it can be concluded that diameter (
parameter) have the most significant influence lon tltimate strength, and followed by member
slenderness\{parameter). Profile slendernestedparameter) and bolt spacing-farameter) have
relatively moderate influence. Interaction diametember slenderness and interaction member
slenderness-bolt spacing are the most significanbng all interactions. Profile slenderness
dependency is negligible since interaction betwemfile slenderness with other factors were very
small. Visible effect of interaction are especiafifown when the factors interact with member
slendernesa=1.25.

In terms of strength-to-weight ratio, member slendss and diameter are most the significant
parameters on it. The choice of proper geometgoaperties in the design of semi-closed polygonal
cross-section is of important aspect and will daetee the resistance and effectiveness of the
structure.

Calculations of the stiffness of lips’ bolted cootien were done. The results show that this spring
stiffness value was mostly influenced by diameted shickness of the profiles. The method of
calculation can be applied for the purpose of neglispring values for finite strip package, e.g.
CUFSM. The spring values are to be fed into theasoe with not a straightforward way though.

To extend the work in this thesis, the followingaemmendations can be considered regarding further
research of the semi-closed thin-walled polygomafiles for truss columns:

1. A more extensive parametric study with larger raofgparameters should be done, especially
for the significant parameters. Boundary conditjgperameter of bolt spacing and member
length shall be arranged to set the member foeaifsp failure mode, and therefore cover all
possible failure modes and interaction between them

2. Study of the effect of lips’ connection stiffnedstiae joint area on the behaviour and design
of the member.

3. Validation of the numerical analysis with experirts@nests.
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ANNEX A.1 MATLAB SCRIPT FOR [X, Y] DATABASE OF POLYGONALS’ PROFILES

>> pcoords.m

1

function [x_out, y out, t, tg, | _lip] = pcoords(n, d, slend, fy, rcoef, nbend, ¢

| ratio, t_ratio)

2

© oo~NO O~ W

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

% Return x, y coords of points of a 1/3 of folded pol ygonal cross section.
% i nput args: nunmber of corners, CS dianeter, slenderness, yield strength,
% bending arc radius r/t, no. of points along the bending arcs,lip |length
%to diameter ratio, gusset plate thickness to sector thickness ratio.

% output: [x, y], sector thickness, gussetplate thickness

%% | nput (reconended val ues)

% % Nunber of corners (entire polygon, only 3*m
%n =9,

%

% % Pol ygon di anet er

%d = 500;

%

% % Yield strength

% fy = 355;

%

% % Bendi ng radius to thickness ratio
% % (r/t = rcoef)

% rcoef = 6;

%

% % Nunber of points along the bend

% nbend = 6;

%

% % extension length to dianeter ratio
%1 _ratio = 0.1;

%

% % Thi ckness of the gusset plate to sector thickness ratio
%t _ratio = 1.20;

%

% % Sl ender ness

% sl end = 90;

% Cal cul ated characteristics
R = d/2;

epsilon = sqgrt(fy/235);

t = (epsilon®*2 * d / slend);
tg = (t_ratio*t);

I lip =1_ratio*d,;

%% Pol ygon sect or
% Angl e corresponding to one edge of the polygon
theta = 2*pi/n;

% Angl es of radii (nmeasured from x-axis)
phi =5*pi / 6: -t het a: pi / 6;

% xy coords of the polygon's corners

X = R*cos(phi);
y = R*sin(phi);

ANNEX A.1
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

%% Bends
% Bendi ng radi us
rbend = rcoef*t;

% Di stance between bending centre and corner
I ¢ = rbend/cos(thetal2);

% Centers of bending arcs
Xxc = (x(2:end-1) - lc*cos(phi(2:end-1)));
yc = (y(2:end-1) - lc*sin(phi(2:end-1)));

% Bendi ng arc angl e
theta_ b = pi - theta;

% Angl es of the edges' mdlines (nmeasured from x-axis)

phi _mds = phi(1l:end-1) - thetal/?2 ;

% xy coords of the arc's points
for i = 1:n/3 -1,
for j = 1:nbend+1;

xarc(i, j) = xc(i) + rbend*cos(phi _mds(i)-(j-1)*(thetal/nbend));
yarc(i, j) = yc(i) + rbend*sin(phi _mds(i)-(j-1)*(thetal/nbend));

end;
end;

%0 St art-end extensions
% Bendi ng radi us
rs = rbend/5;

% Fi rst bend

vl = phi_mds(1)-pi/Z2;

v2 = (phi(21)+phi _nmids(1l)-pi/2)/2;

11 = (t+tg)/(2*cos(phi (1)-phi_mds(1)));
12 = rs/sin(v2-phi_mds(1)+pi/2);

x1 = x(1)+l 1*cos(vl);

yl = y(1)+l 1*sin(vl);

% First bend centre coords

xcs(1l) = x1+l 2*cos(v2);

ycs(1l) = yl+l 2*sin(v2);

% Last bend

vl = phi _m ds(end) +pi/ 2;

v2 = (vi1+phi (end))/2;

11 = (t+tg)/(2*cos(vl-phi(end)-pi/2));
|12 = rs/sin(v2-phi(end));

x1 = x(end)+l 1*cos(vl);

yl = y(end)+l 1*sin(vl);

% Last bend centre coords

xcs(2) = x1+l 2*cos(v2);
ycs(2) = yl+l 2*sin(v2);
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106

% First and | ast bend arc points coords

107 for j = 1:nbend+1;

108 xsarc(l, j) = xcs(1) + rs*cos(4*pi/3+(j-1)*((phi_mds(1)-pi/3)/nbend));
109 ysarc(1l, j) = ycs(1l) + rs*sin(4*pi/3+(j-1)*((phi_mds(1)-pi/3)/nbend));
110 xsarc(2, j) = xcs(2) + rs*cos(phi_m ds(end)+pi +(j-1)*((phi(end)+pi/2-phi_mds¥
(end))/ nbend));

111 ysarc(2, j) = ycs(2) + rs*sin(phi_mnids(end)+pi+(j-1)*((phi(end)+pi/2-phi_nids¢
(end))/ nbend));

112 end;

113

114 %o Points of the Iips

115 % First lip

116 xstart = [xsarc(l, 1) + | _lip*cos(phi(1)), xsarc(l, 1) + | _lip*cos(phi(1))/2];
117 ystart = [ysarc(l, 1) + | _lip*sin(phi(1)), ysarc(l, 1) + | _lip*sin(phi(1))/2];
118

119

120 % Last poi nt

121 xend = [xsarc(2, end) + | _lip*cos(phi(end))/2, xsarc(2, end) + | _lip*cos(phi ¢
(end))];

122 yend = [ysarc(2, end) + | _lip*sin(phi(end))/2, ysarc(2, end) + | _|ip*sin(phi ¢
(end))];

123

124 %0 Coll ect the x, y values in a sorted 2xn array

125 xarc = xarc';

126 yarc = yarc';

127

128 x_out = [xstart, xsarc(1, :), xarc(:)', xsarc(2, :), xend];

129 y out = [ystart, ysarc(1, :), yarc(:)', ysarc(2, :), yend];

130

131 % Pl ot result

132
133

% pl ot (x_out, y_out);
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ANNEX A.2 MATLAB SCRIPT FOR PROFILES DATABASE AND META DATABASE

>> polygoner.m

1 function [profiles, meta] = pol ygoner(nrange, drange, slendrange, fy, rcoef, ¢
nbend, | _ratio, t_ratio, |anbda);

2 %Return a cell array with the points of all the profiles within a range of

3 % val ues.

4 % input args: nunbers of corners, CS dianeters, slenderness', yield strength,

5 % bending arc radius r/t, no. of points along the bending arcs, end

6 % extensions |ength, gusset plate thickness.

7 %profiles output : [x; y], [diameter; plate thicness; gusset plate thickness; ¢
fyl

8 % neta out pur cody t; tg; fy;, A Ixx; lzz; Ixz

9

10 % Exanpl e i nput

11 % nrange = [6, 9, 12];

12 % drange = [300: 200: 900] ;

13 % sl endrange = |inspace(80, 180, 10);
14 % | anbda = [0.65, 1, 1.25];
15 %

16 % fy = 355;

17 % rcoef = 6;

18 % nbend = 4;

19 %Il _ratio = 0.1;
20 %t _ratio = 1. 2;
21

22 E = 210000;

23

24 %lnitialise a cell array to host the profiles' xy val ues

25 profiles = cell (length(nrange), |ength(drange), |ength(slendrange));

26

27 %lnitialise a cell array to host the profile netadata

28 meta = cell (I ength(nrange), |ength(drange), |ength(slendrange), |ength(lanbda));
29

30 % Loop through the values within the given ranges

31 for i = 1:1ength(nrange);

32 for j = 1:1ength(drange);

33 for k = 1:1ength(sl endrange);

34

35 % Cal |l pcoords to get data for a profile

36 [x, y, t, tg] = pcoords(nrange(i), drange(j), slendrange(k), fy, ¥
rcoef, nbend, | _ratio, t_ratio);

37

38 % Col | ect the xy values in a database

39 profiles{i, j, k} =1[x; vy];

40

41 % Met adata of the profiles

42 % Crate node and elemarrays for the profile appropriate for
43 % i nput to cutwp_prop2 function which returns cs properties
44

45 % Current profile xy

46 c_profl = profiles{i, j, k}';

47

48 % Nunber of vertices on the current profile

49 | _prof = length(c_profl);

50
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51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
1);
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

% Construct the 2 extra parts by rotating the inported one

R2 = [cos(-2*pi/3), -sin(-2*pi/3); sin(-2*pi/3), cos(-2*pi/3)];

R3 = [cos(2*pi/3), -sin(2*pi/3); sin(2*pi/3), cos(2*pi/3)];

for a = 1.1 _prof;
c_prof2(a, :)
c_prof3(a, :)

end;

(R2*c_prof 1(a,
(R3*c_prof1(a,

)
)

% A col um of ones
coll = ones(Il _prof', 1);

% Construct the 'node' array

node = [c_profl(:, 1), c_profl(:, 2);
c_prof2(:, 1), c_prof2(:, 2);
c_prof3(:, 1), c_prof3(:, 2)];

% Construct the 'elem array
elem=[(1:1 _prof-1)", (2:1 _prof)"', t*ones(l _prof-1', 1);
| _prof, | _prof+1, 0.1,
| _prof+(1:1 _prof-1)", | _prof+(2:1 _prof)', t*ones(l _prof-1', 1);
2*| _prof, 2*| _prof+l, 0.1;
2% _prof+(1:1 _prof-1)', 2*| prof+(2:1 _prof)', t*ones(l _prof-1', ¢

3*l _prof, 1, 0.1];

% Return cs properties using cutwp
[A ~ ~, lyy, 1zz] = cutwp_prop2(node, elemn;

% Current profile area and nonent of inertia
I = mn(lyy, lzz);

% find the el enent properties on the current profile
nele = size(elem1l);
for v = 1:nele;
sn = elem(v,1); fn = elemyv,2);
% t hi ckness of the el enent
tk(v,1) =t;
% conmput e the coordinate of the md point of the el ement
xm(v) = nmean(node([sn fn],1));
ym(v) = nmean(node([sn fn], 2));
% conmput e the di nensi on of the el ement
xd(v) = diff(node([sn fn],1));
yd(v) = diff(node([sn fn], 2));
% conmpute the length of the el enent
L(v,1) = norn([xd(v) yd(v)]);
Ao(v,1) = L(v)*tk(v);
end

% Cal cul ati ng cross-sectional class and effective area if needed:
epsi | on=sqrt (235/fy); Ep2=zeros(nele,2); |anbdap=zeros(nele,1); ¢

ro=zeros(nele,1);

100
101

for v = 1:nel €;
Ep = [A0o L tKk];
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102

103 if Ep(v,1) == eps

104 Ep2(v,:)=[0 123];

105 el se

106 %EC3-1-5 Part 4.4

107 I anbdap(v) =(Ep(v, 2)/Ep(v, 3))/(28. 4*epsil on*2);
108 ro(v)=(l anbdap(v)-0.055*4) /1 anbdap(v)*2;
109 if ro(v)>1

110 ro(v)=1;

111 end

112 %EC3-1-1 Table 5.2

113 if Ep(v,2)/Ep(v,3) <= 42*epsilon

114 Ep2(v, 1) =Ep(v, 1);

115 Ep2(v, 2) =3;

116 el se

117 Ep2(v, 1) =Ep(v, 1) *ro(v);

118 Ep2(v, 2) =4;

119 end

120 end

121 end

122 % conmpute the effective cross section area

123 Aeff = sum(Ep2(:,1))-3*(tg+t)*t;

124 G ass = max(Ep2(:, 2));

125

126

127 % Cl assification according to EC3 1-1

128 max_side = max(sqrt(diff(node(:, 2))."2+diff(node(:, 1))."2))
129 if max_side/t <= 42*epsilon

130 Class = 3;

131 el se

132 Class = 4,

133 end

134

135 % Loop through the different nenber sl endernesses. The 'neta
136 % array has one nore dinmension (4D)

137 for I = 1:1ength(lanbda);

138

139 % Current profile length

140 len = | ambda*pi *sqrt (E*I/ (A*fy));

141

142 % Store the netadata in a cell array

143 metaf{i, j, k, 1} =[drange(j); t; tg; fy; A lyy; lzz; len(l); ¥
Aeff; C ass];

144 end

145 end

146 end

147 end

148

149

150 % Pl ot result

151 % plot(x, y);

152

153 % Save the profile database and netadata to the current directory as . nat
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154 save('profiles.mat', '"profiles');
155 save('nmeta.mat', 'nmeta');
156
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ANNEX A.3 MATLAB SCRIPT FOR FACTORIAL DESIGN IN FE PARAMETRIC STUDIES

O ~NO O WNPE

A D WWWWWWPTWWWWNNDNNNNNMNNNNRERPRPPRPEPRPPRPEPRPRERREPR
PO OWXO~NOUOPrDY WNPOOONOODUARWNRPOOONOOUOP»wWNE OO

% Full factorial design, 4 factors

paranmeters = {
% " Nunmber of corners'
' Di aneter'
"Profile slenderness'
' Menmber sl ender ness'
'Bolt spacing'
s
% Create generators, design space and confoundi ng
dff = fullfact([3 2 3 3]);

% Create the generators with the real values of the factors
dff2 = zeros(54, 4);

dff2(dff(:, 1)==1, 1) = 500;
dff2(dff(:, 1)==2, 1) = 700;
dff2(dff(:, 1)==3, 1) = 900;
dff2(dff(:, 2)==1, 2) = 58;
dff2(dff(:, 2)==2, 2) = 70;
dff2(dff(:, 3)==1, 3) = 0.65;
dff2(dff(:, 3)==2, 3) = 1;
dff2(dff(:, 3)==3, 3) = 1.25;
dff2(dff(:, 4)==1, 4) = 3;
dff2(dff(:, 4)==2, 4) = 4;
df f2(dff(:, 4)==3, 4) = 5;
% | nport max |oad results

filenane = ' C \ Users\bona\ paranetric\ maxforcedi spl data-N. t xt";
delimter = "\t";
format Spec = ' WSWSWsWsYW WsWsHY \n\r]";

filelD = fopen(filenane,'r');

dataArray = textscan(filel D, formatSpec, 'Delinmter', delinmter, 'ReturnOnError', ¢

se);

fclose(filelD);

max| oad = [dat aArray{1l:end-1}];

clearvars filenanme delimter formatSpec fil el D dataArray;

% Pl ot the interactions

figure;
i nteractionplot(maxload', dff2, 'varnames', paraneters);
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Finite Element Modelling and Parametric Studies of Semi-Closed Thin-Walled Columns

©CoO~NOULAWNE

PRRRRRPRRPRRR
ONOURAWNRO

19

20
21
22
23
24

25
26
27
28
29

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

i mport nunpy as np

i mport string

i mport sys
i mport os

from part inport

frommateria

fromstep inport

*

i mport *
fromsection inport *
from assenbly inmport *

*

frominteraction inmport *

fromload inport
from mesh inport

*

*

fromoptinization inport *
fromjob inport
from sketch inmport *
#from vi sual i zation inport *
from connect or Behavi or inport *

sessi on. journal Options. set Val ues(r epl ayGeonet r y=COORDI NATE

*

recover Geonet r y=COORDI NATE)

# Inport profiles database and profil e netadata

# Inport pickle to |oad the .pk

i mport pickle

# Define a nmethod to get the block nunber of a specific string in the

keywor ds

def GetBl ockPosition(nodel, bl ockPrefix):

pos = 0

for block in nodel.keywordBl ock. si eBl ocks:

i f

string. | ower (bl ock[O: | en(bl ockPrefix)])==string.!|ower (bl ockPrefix):

return pos
pos=pos+1

return -1

# Open and read the database

profiles_file

open("./profiles.pkl",'rb")

profiles = pickle.load(profiles_file)
cl ose()

profiles_file.

profiles_file
profiles_meta
profiles_file.

open("./meta.pkl",'rb")

pi ckl e.l oad(profiles_file)

cl ose()

# nunber of corners

#i = int(sys.argv[-5])

i =0

# dianeter of the profile
#] = int(sys.argv[-4])

j =0

# Profil e sl enderness
#k = int(sys.argv[-3])

k =0

#l
I =0

# Menmber sl ender ness
= int(sys.argv[-2])

dat abase
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59
60
61
62
63
64
65
66
67
68
69
70

71
72
73
74

75
76
77
78
79
80
81
82
83

84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

# bolt spacing to dianeter ratio (s/d)
#b = int(sys.argv[-1])
b =26

# Variables holding information of the current profile

buckl e_npdel = 'BCKL-'+str(i+1)+" -"+str(j+1)+ -"+str(k+1)+" -"+str(l+1)
current _d float (profiles_meta[i][j]l 1101[0])

current _t float (profiles_metali]
current _tg float (profiles_metali

[0
1001
1]
[

KI[I
KITT]
= [KIL!
= [KIT!
KITT]

i ]
current _fy float (profiles_metali 110]
current | = float(profiles_meta[i] [0])
current _Ilip =

sqrt((profiles[i][j]
[1][O]-profiles[i][]
area = profiles_neta
current _ly = float(p

[ O] -profiles[i][j][k][0][2])**2+(profiles[i][j][k]
] [2])**2)

[i KI[1]1[4][0]

r _metali][j]1[kI[I][5][0])

# Buckl i ng nodel

++++++++++++
+++++++++++

nmdb. Model ( nodel Type=STANDARD EXPLI CI T, nane=buckl e_nodel )
c_nodel = ndb. nodel s[ buckl e_nodel ]

# Delete initial npdel
del mdb. nodel s[' Model -1']

# Create Parts

# Sect or

# -Profile sketch for sector
sector _sketch = c_nvodel . Constrai nedSket ch(name='sector', sheetSi ze=1200. 0)

# -Sketch sector |ines
for nin range(profiles[i][j][K].shape[1l]-1):
sect or _sket ch. Li ne(
poi nt 1=(profiles[i][jl[K]I[O][n], profiles[i
poi nt2=(profiles[i][j][k][O][n+1l], profiles
)

# -Extrude sector part
| tot = 2*current | + 3*current _d
sector_part = c_nodel . Part (
di mensi onal i t y=THREE_D
name='sector',
t ype=DEFORVABLE_BODY

107]
(i1l

——

j
]

)
sector _part. BaseShel | Ext rude(
dept h=I _tot,
sket ch=sect or _sketch
)

# Cal cul ate bolt positions

# -Distance on the width
bolts_w = current _|lip/2

# -Distances on the length
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115
116
117
118
119
120

121

122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143

144

145

146
147
148
149
150
151
152
153
154

155

156

157
158
159
160
161
162

current_ b = b
s = current _b*current _d
(n0, s0) = divnod(current_I, s)

sl = (s0 + s)/2

bolts_z1 = np.concatenate([[bolts_w], bolts w + ((current_d -
current _Ilip)/5) * np.linspace(l, 4, 4), [current_d - bolts_w
bolts_z2 = np.concatenate([[current_d + s1], sl1 + current_d +
np.linspace(1l, n0-1, n0-1))])

bolts_z3 = bolts_z1 + (current_| + current_d)

bolts_z4 = bolts_z2 + (current_| + current_d)

bolts_z5 = bolts_z3 + (current_| + current_d)

1)
(s *

bolts_z = np.concatenate([bolts_z1, bolts_z2, bolts_z3, bolts_z4, bolts_z5])

# Washer di aneter
d washer = 30

# Initiate list to store datum pl anes
dat um p=[]

# Make hol es
for o in range(int(bolts_z.shape[0])):

sector_part. Hol eBl i ndFr onEdges(
dept h=1. 0,
di anet er =d_washer,
di st ancel=bol ts_z[ 0],
di stance2=bol ts_w,

edgel=sector_part. edges. get Cl osest (coordi nates=((profiles[i][j][k][O

101], profiles[i][j][kI[1][1], 0),))[0][0],

edge2=sector_part. edges. get Cl osest (coordi nates=((profiles[i][j][k][O
1[00], profiles[i][j][k][1][0], 1),))[0][0O],

pl ane=sector_part.faces. get G osest (coordi nates=((profiles[i][j][Kk][O

1[0], profiles[i][j][k]I[1][0], 0),))[0][O],
pl aneSi de=SI DE1

)

sector_part. Hol eBl i ndFr onEdges(
dept h=1. 0,
di anet er =d_washer,
di stancel=bolts_z[ 0],
di st ance2=bol ts_w,

edgel=sector_part. edges. get C osest (coordi nates=((profiles[i][j][K][O
10-2], profiles[i][j][klI[1][-2], 0),))[0][O],

edge2=sector _part. edges. get O osest (coordi nates=((profiles[i][j][K][O
10-1], profiles[i][j][klI[1][-1], 1),))[0][O],

pl ane=sector_part.faces. get G osest (coordi nates=((profiles[i][j][Kk][O

1[-1], profiles[i][j][k]I[1][-1], 0),))[0][O],
pl aneSi de=SI DE1

)

# Create datum planes to be used for partitioning the sector

dat unil=sect or _part. Dat unPl aneByPri nci pal Pl ane(
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163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

191
192
193
194
195
196
197
198
199
200

201

202
203

204

205
206

207
208
209
210

211
212
213
214
215
216
217

of fset=bolts_z[o]-bolts_w,
princi pal Pl ane=XYPLANE

)

dat unR=sect or _part. Dat unPl aneByPri nci pal Pl ane(
of f set =bol t s_z[ o] +bol ts_w,
princi pal Pl ane=XYPLANE

)
dat um p. append( dat uml)
dat um p. append( dat un®)

# Partition the sector

# - Nunmber of datum pl anes
n_dat = int(len(sector_part. datuns))

# cut all the faces using the datum pl anes

for o in range((n_dat-2)):

#for o in range(2):

sector_part.PartitionFaceByDat unPl ane(

dat unPl ane=sector_part.datums.itens()[o+1][1],
faces=sector_part.faces[:]

)

# Qusset

# -Profile sketch for gusset

gusset _sket ch=c_nodel . Const r ai nedSket ch(name="_profile__ ",

sheet Si ze=1200. 0)

# -Sketch gusset |

# First point of th
x0 = profiles[i][j]
y0 = profiles[i][j]

n
e
[
[

es

rst sector

f
k][0][0]
kI[1][0]

# Angle of the first gusset fin

phi = pi*5/6

# Cal culate the end point of the gusset's first fin as an orthogona

projection of the sector's first

point on the Iline of the gusset plate

gpl = np.array([ (x0*cos(phi)+y0*sin(phi))*cos(phi),
(x0*cos(phi)+y0*si n(phi))*sin(phi)])

# Rotation matrix to nmultiply the previous point in order to get the
points of the other 2 gusset fins

Rmat = np.array([[cos(-2*pi/3),

cos(-2*pi/3)]1])

# Cal culate the end points of the other 2 gusset fins by multiplying with

the 120 degrees rotation matrix

gpl. dot ( Rmat)
gp2. dot ( Rmat)

gp2
gp3

# Draw lines for the sketch of the gusset

cal cul ated points gpl, gp2, gp3

gusset _sket ch. Li ne(

poi nt 1=(0. 0, 0.0),

poi nt 2=(gp1[ 0],
)

gusset _sket ch. Li ne(

gpl[1])

poi nt 1=(0. 0, 0.0),

poi nt 2=(gp2[ 0] ,

gp2[ 1])

-sin(-2*pi/3)], [sin(-2*pi/3),

pl ate between 0, 0 and the

ANNEX A .4

166



Finite Element Modelling and Parametric Studies of Semi-Closed Thin-Walled Columns

218 )

219 gusset _sket ch. Li ne(

220 poi nt 1=(0.0, 0.0),

221 poi nt 2=(gp3[ 0], gp3[1])
222 )

223

224  # -Extrude gusset part
225 gusset _part =c_nodel . Part (

226 di mensi onal i t y=THREE_D
227 name=' gusset ',

228 t ype=DEFORVABLE_BODY

229 )

230 gusset _part. BaseShel | Ext r ude(
231 dept h=current _d,

232 sket ch=gusset _sket ch

233 )

234

235 # - Hol es
236 for o in range(int(bolts_z1.shape[0])):

237 gusset _part. Hol eBl i ndFr onEdges(

238 dept h=1. 0,

239 di anmet er =d_washer

240 di st ancel=bol ts_z1[ o],

241 di stance2=bolts_w,

242 edgel=gusset _part. edges. get Cl osest (coordi nates=((gpl[0]/2
gpl[1]/2, 0),))[0][0],

243 edge2=gusset _part. edges. get Cl osest (coordi nates=((gpl[0], gpl[1],
1).))[0][0a],

244 pl ane=gusset _part.faces. get O osest (coordi nates=((gpl[0], gpl[1],
0),))[0][0],

245 pl aneSi de=SI DE1

246 )

247

248 gusset _part. Hol eBl i ndFr onEdges(

249 dept h=1. 0,

250 di anmet er =d_washer,

251 di st ancel=bol ts_z1[ o],

252 di stance2=bol ts_w,

253 edgel=gusset _part. edges. get C osest (coordi nat es=((gp2[0]/2
gp2[1]/2, 0),))[0][0],

254 edge2=gusset _part. edges. get Cl osest (coordi nates=((gp2[ 0], gp2[1],
1).))[0o][0a],

255 pl ane=gusset _part.faces. get G osest (coordi nates=((gp2[ 0], gp2[1],
0),))[0][0],

256 pl aneSi de=SI DE1

257 )

258

259 gusset _part. Hol eBl i ndFr omEdges(

260 dept h=1. 0,

261 di anet er =d_washer,

262 di stancel=bolts_z1[ 0],

263 di stance2=bol ts_w,

264 edgel=gusset _part. edges. get C osest (coordi nat es=((gp3[0]/2
gp3[1]/2, 0),))[0][0],

265 edge2=gusset _part. edges. get Cl osest (coordi nates=((gp3[0], gp3[1],
1).))[0][0a],

266 pl ane=gusset _part.faces. get O osest (coordi nates=((gp3[0], gp3[1],
0),))[0][0],

267 pl aneSi de=SI DE1

268 )

269

270 # Partition gusset
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271
272

273

274
275
276

277
278
279
280
281

282

283
284
285

286
287
288
289
290

291

292
293
294

295
296
297
298
299

300
301
302
303
304

305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

gusset _part. Dat unmPoi nt ByCoor di nat e((gpl[ O] -current | 1ip*cos(5*pi/6),
gpl[ 1] -current _Ilip*sin(5*pi/6), 0),)
gusset _part. Dat unmPoi nt ByCoor di nat e( (gpl[ O] -current | lip*cos(5*pi/6),

gpl[ 1] -current _Ilip*sin(5*pi/6), current_d),)

gusset _part. Partiti onFaceByShort est Pat h(
faces=gusset part.faces. get Cl osest(coordinates=((gpl[0], gpl[1],

0),))[01[0],

poi nt 1=gusset _part.datumitens()[0][1],

poi nt 2=gusset _part.datumitens()[1][1],

)
gusset _part. Dat umPoi nt ByCoor di nat e( (gp2[ 0] -current _|1ip*cos(-pi/2),
gp2[ 1] -current _Ilip*sin(-pi/2), 0),)
gusset _part. Dat umPoi nt ByCoor di nat e( (gp2[ 0] -current _|lip*cos(-pi/2),
gp2[ 1] -current _Ilip*sin(-pi/2), current_d),)

gusset _part. Partiti onFaceByShort est Pat h(
faces=gusset part.faces. get Cl osest(coordinates=((gp2[0], gp2[1],

0),))[01[0],

poi nt 1=gusset _part.datumitens()[2][1],

poi nt 2=gusset _part.datumitens()[3][1],

)
gusset _part . Dat unPPoi nt ByCoor di nat e( (gp3[ 0] -current _I | i p*cos(pi/®6),
gp3[ 1] -current_Ilip*sin(pi/6), 0),)
gusset _part . Dat unPPoi nt ByCoor di nat e( (gp3[ 0] -current _I | i p*cos(pi/®6),
gp3[ 1] -current_Ilip*sin(pi/6), current_d),)

gusset _part. Partiti onFaceByShort est Pat h(
faces=gusset part.faces. get Cl osest(coordinates=((gp3[0], gp3[1],

0),))[01[0],

poi nt 1=gusset _part.datumitens()[4][1],
poi nt 2=gusset _part.datumitens()[5][1],
)

# Materi al

c_nodel . Mat eri al (name=" opti nB55")
c_nodel . materi al s[' opti nB55']. El astic(tabl e=((210000.0, 0.3), ))

# Create sections

# -for sector

c_nodel . HonbgeneousShel | Sect i on(
i deal i zati on=NO_| DEALI ZATI ON
i ntegrati onRul e=SI MPSON
mat eri al =" opti 855",
name='sector',
numl nt Pt s=5,
poi ssonDefi ni ti on=DEFAULT,
pr el nt egr at e=0OFF,
t enper at ur e=GRADI ENT,
t hi ckness=current t,
t hi cknessFi el d=""
t hi cknessModul us=None,
t hi cknessType=UNI FORM
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useDensi t y=0OFF
)

# -for gusset

c_nodel . HonbgeneousShel | Sect i on(
i deal i zati on=NO_| DEALI ZATI ON,
i nt egrati onRul e=SI MPSON,
mat eri al =" opti 855",
name=' gusset ',
num nt Pt s=5,
poi ssonDefi ni ti on=DEFAULT,
pr el nt egr at e=0OFF,
t enper at ur e=GRADI ENT,
t hi ckness=current _tg,
t hi cknessFiel d="",
t hi cknessMbdul us=None,
t hi cknessType=UN FORM
useDensi t y=OFF

)

# Assign sections

# -for sector

sector_part. Set (
faces=sector_part.faces[:],
name=" Al | Sect or Faces'
)

sector_part. Secti onAssi gnnent (
of f set =0. 0,
of fsetField="",
of f set Type=M DDLE_SURFACE,
regi on=sector_part.sets[' Al |l SectorFaces'],
secti onName=' sector',
t hi cknessAssi gnment =FROM_SECTI ON

)

# -for gusset
gusset _part. Set (
faces=gusset _part.faces[:],
name=" Al | Gusset Faces')
gusset _part. Secti onAssi gnment (
of f set =0. 0,
of fsetField="",
of f set Type=M DDLE_SURFACE,
regi on=gusset _part.sets[' Al |l Gusset Faces'],
secti onName=' gusset ',
t hi cknessAssi gnment =FROM_SECTI ON

# d obal seeding in mMm
seedsize = 30

# - Sector

sector_part.set MeshContr ol s(
al gori t hmeMEDI AL_AXI S,
el enmShape=QUAD,
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regi ons=sector_part.faces[:]
)
sector_part.seedPart (
devi ati onFact or =0. 1,
m nSi zeFact or =0. 1,
si ze=seedsi ze

)

sector_part. generateMesh()

# - CGusset
gusset _part.set MeshContr ol s(
al gori t hmeMEDI AL_AXI S,
el emShape=QUAD
regi ons=gusset part.faces[:]
)
gusset _part.seedPart (
devi ati onFact or=0. 1,
m nSi zeFact or =0. 1,
si ze=seedsi ze

)

gusset _part. generat eMesh()

# Create assenbly

c_assenbl y=c_nodel . r oot Assenbl y
c_assenbl y. Dat unCsysByDef aul t ( CARTESI AN)

# -Sectors
sl1_instance=c_assenbly. | nstance(
dependent =ON
name='sector-1',
part=sector_part
)
c_assenbl y. Dat umAxi sByPri nci pal Axi s(
princi pal Axi s=ZAXI S
)

s3_i nstance=c_assenbl y. Radi al | nst ancePat t er n(

axi s=(0.0, 0.0, 1.0),

i nstancelLi st=("'sector-1', ),
nunber =3, point=(0.0, 0.0, 0.0),
t ot al Angl e=240.0

)

s2_i nstance=s3_i nst ance[ 0]
s3_instance=s3_i nstance[ 1]

s_instance = (sl_instance,s2_instance ,s3_instance)

# -Cusset plate

# --Create the instances
gl_instance=c_assenbl y. | nstance(
dependent =ON
name=' gusset-1',
part=gusset _part
)
g2_i nstance=c_assenbl y. | nst ance(
dependent =ON
name=' gusset - 2’
part=gusset _part
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)

g3_i nstance=c_assenbl y. | nst ance(
dependent =ON
name=' gusset - 3'
part =gusset _part

)

# --Translate themto the right position
g2_instance.transl at e(

vector=(0.0, 0.0, (current_| + current_d))

)
g3_i nstance. transl at e(

vector=(0.0, 0.0, 2*(current_| + current_d))

)

# I nteractions

# Create sets node regions to be used for the tie and coupling constraints
# initiate variables to store points for findAt

hol es11=()
hol es12=()
hol es21=()
hol es22=()
hol es31=()
hol es32=()
ghol es1=()
ghol es2=()
ghol es3=()

# Position of the holes on the cross-section
shll = np.array([profiles[i][j]1[k][O][1], profiles|[

= NERA!
sh12 = np.array([profiles[i][j][k][O][-2], profiles[i][j]

ghl = (gpl[0]-bolts_wcos(5*pi/6), gpl[l]-bolts_wsin(5*pi/6))
gh2 = (gp2[0]-bolts_wrcos(-pi/2), gp2[l]-bolts_wsin(-pi/2))
gh3 = (gp3[0]-bolts_wcos(pi/6), gp3[1l]-bolts_wsin(pi/6))

gh=(ghl, gh2, gh3)

# Rotation matrix to nultiply the previous point in order to get the
poi nts of the other 2 gusset fins

Rmat = np.array([[cos(-2*pi/3), -sin(-2*pi/3)], [sin(-2*pi/3),
cos(-2*pi/3)]11])

# Calculate the end points of the other 2 gusset fins by multiplying with
the 120 degrees rotation matrix

sh21 = shl11. dot (Rmat)
sh22 = sh12. dot (Rmat)
sh31 = sh21. dot (Rmat)
sh32 = sh22. dot (Rmat)

sh = ((shl11, sh12), (sh21, sh22), (sh31, sh32))
# Create reference points for the bolt ridig body couplings
# Create the necessary sets and the tie constraints for all the bolts

# End 1 connection
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for oo in (range(3)):
ii=1
for oin tuple(bolts_z1):

c_assenbl y. Ref erencePoi nt ((gh[00-3][0], gh[oo-3][1], float(0)))

c_assenbl y. Set (
edges=s_i nst ance[ oo- 3] . edges. fi ndAt (((sh[oo-3][0][0],
sh{oo-3][0][1], float(o)-d_washer/2), ), )+
s_instance[ 0o-2] . edges. findAt(((sh[oo-2][1][0],
sh{oo-2][1][1], float(o)-d_washer/2), ), )+
gl_instance. edges. fi ndAt (((gh[oo-3][0], gh[oo-3][1],
float(o) d_washer/2), ), ),
nanme='b' +str(ii)+str(o0)+ setl

)

c_nodel . Ri gi dBody(
name='bl' +str(ii)+str(oo)+ jointl",

r ef Poi nt Regi on=Regi on(r ef er encePoi nt s=(c_assenbl y. r ef er encePoi nt
s.findAt ((gh[oo-3][0], gh[oo-3][1], float(0))), )),
ti eRegi on=c_assenbly.sets['b' +str(ii)+str(o00)+ setl']

)
ii+=1
# Span 1

for oo in (range(3)):
ii=1
for o in tuple(bolts_z2):

c_assenbl y. Ref erencePoi nt ((gh[00-3][0], gh[oo-3][1], float(0)))

c_assenbly. Set (
edges=s_i nst ance[ 00- 3] . edges. fi ndAt (((sh[o0-3][0][ 0],
sh[o00-3][0][1], float(o)-d_washer/2), ), )+
s_instance[ 00-2] . edges. findAt (((sh[o0-2][1][0],
sh[oo 2][11[1], float(o)-d_washer/2), ), ),
nanme='b' +str(ii)+str(o0)+' -set?2'

)

c_nodel . Ri gi dBody(
nane='bl' +str(ii)+str(o0)+ spanl',

r ef Poi nt Regi on=Regi on(r ef er encePoi nt s=(c_assenbl y. r ef er encePoi nt
s.findAt ((gh[oo-3][0], gh[oo-3][1], float(0))), )),
ti eRegi on=c_assenbly.sets['b"' +str(ii)+str(00)+ -set2']

)
ii+=1
# m ddl e connection
for oo in (range(3)):
ii=1
for oin tuple(bolts_z3):

c_assenbl y. Ref erencePoi nt ((gh[00-3][0], gh[oo-3][1], float(0)))

c_assenbly. Set (
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548 edges=s_i nstance[ oo- 3] . edges. fi ndAt (((sh[oo-3][0][0],
sh{oo-3][0][1], float(o)-d_washer/2), ), )+

549 s_instance[ 0o-2] . edges. findAt(((sh[oo-2][1][0],
sh{oo-2][1][1], float(o)-d_washer/2), ), )+

550 g2_i nstance. edges. fi ndAt (((gh[oo0-3][0], gh[oo-3][1],
float (0)-d_washer/2), ), ),

551 nanme='b' +str(ii)+str(o0)+ set3'

552 )

553

554 c_nodel . Ri gi dBody(

555 nanme='bl' +str(ii)+str(o0)+joint2",

556

r ef Poi nt Regi on=Regi on(r ef er encePoi nt s=(c_assenbl y. r ef er encePoi nt
s.findAt ((gh[oo-3][0], gh[oo-3][1], float(0))), )),

557 ti eRegi on=c_assenbly.sets['b' +str(ii)+str(00)+' set3']

558 )

559

560 ii+=1

561

562 # Span 2

563

564 for oo in (range(3)):

565 ii=1

566 for oin tuple(bolts_z4):

567

568 c_assenbl y. Ref erencePoi nt ((gh[00-3][0], gh[oo-3][1], float(0)))

569

570 c_assenbly. Set (

571 edges=s_i nstance[ oo- 3] . edges. fi ndAt (((sh[oo0-3][0][0],
sh[00-3][0][1], float(o)-d_washer/2), ), )+

572 s_instance[ 00-2] . edges. findAt (((sh[o0-2][1][0],
sh[oo 2][11[1], float(o)-d_washer/2), ), ),

573 name="'Db' +str(ii)+str(o0)+' -set4

574 )

575

576 c_nodel . Ri gi dBody(

577 name='bl' +str(ii)+str(o0)+ span2',

578

r ef Poi nt Regi on=Regi on(r ef er encePoi nt s=(c_assenbl y. r ef er encePoi nt
s.findAt ((gh[oo-3][0], gh[oo-3][1], float(0))), )),

579 ti eRegi on=c_assenbly.sets['b"' +str(ii)+str(00)+' -set4d']
580 )

581

582 ii+=1

583

584 # End 2 connection
585 for oo in (range(3)):

586 ii=1

587 for oin tuple(bolts_z5):

588

589 c_assenbl y. Ref erencePoi nt ((gh[00-3][0], gh[oo-3][1], float(0)))

590

591 c_assenbly. Set (

592 edges=s_i nstance[ 0o- 3] . edges. fi ndAt (((sh[o0-3][0][0],
sh{oo-3][0][1], float(o)-d _washer/2), ), )+

593 s_instance[ 0o-2] . edges. findAt(((sh[oo-2][1][0],
sh{oo-2][1][1], float(o)-d_washer/2), ), )+

594 g3_i nstance. edges. fi ndAt (((gh[o00-3][0], gh[oo-3][1],
fl oat(o) d_washer/2), ), ),

595 nanme='b' +str(ii)+str(o0)+' seth’

596 )

597
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c_nodel . Ri gi dBody(

name='bl' +str(ii)+str(oo)+joint3",

r ef Poi nt Regi on=Regi on(r ef er encePoi nt s=(c_assenbl y. r ef er encePoi nt
s.findAt ((gh[oo-3][0], gh[oo-3][1], float(0))), )),
ti eRegi on=c_assenbly.sets['b' +str(ii)+str(00)+ set5']

)

ii+=1

# Create reference points for BCs/| oads.

# -RPs for

the faces at the two ends of the colums

c_assenbl y. Ref erencePoint ((0.0, 0.0, 0.0))
c_assenmbl y. Ref erencePoint ((0.0, 0.0, (2*current_| + 3*current_d)))

# - RP at the middle
c_assenbl y. Ref erencePoint ((0.0, 0.0, (current_| + 1.5*current_d)))

# - End face couplings to reference points

# End 1

c_assenbly. Set (
name=' RP-1-set',
ref erencePoi nt s=(c_assenbl y. ref erencePoi nts. findAt((0, 0, 0)), )

)

c_assenbly. Set (

edges=gl_i nst ance. edges. get ByBoundi ngBox(-current_d, -current _d, O, current
_d,current _d, 0) +\

s_instance[ 0] . edges. get ByBoundi ngBox(-current_d, -current _d, 0, current _d, c
urrent_d, 0) +\

s_instance[ 1] . edges. get ByBoundi ngBox(-current_d, -current _d, 0, current _d, c
urrent _d, 0) +\

s_instance[ 2] . edges. get ByBoundi ngBox(-current_d, -current _d, 0, current _d, c
urrent _d, 0),
name=' endl-f ace',

)

c_nodel . Coupl i ng(
control Poi nt=c_assenbly.sets[' RP-1-set'],
coupl i ngType=KI NEMATI C,
i nfl uenceRadi us=WHOLE SURFACE,
| ocal Csys=None,
nanme=' end1-coupling',
surface=c_assenbl y. sets[' endl-face'],

ul=0N,
)

# End 2

u2=0N, u3=0N, url=0N, ur2=0N, ur3=0ON

c_assenbly. Set (
name=' RP- 2-set',
ref erencePoi nt s=(c_assenbl y. ref erencePoi nts. fi ndAt ((0, O,
2*(current | +1.5*current_d))), )

)
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c_assenbly. Set (

edges=g3_i nst ance. edges. get ByBoundi ngBox(-current _d,-current _d, 2*(curren
t I +1.5*current _d), current_d, current _d, 2*(current _| +1. 5*current _d) ) +\

s_instance[ 0] . edges. get ByBoundi ngBox(-current _d, -current _d, 2*(current _| +
1.5*current _d), current_d, current _d, 2*(current _| +1. 5*current _d) ) +\

s_instance[ 1] . edges. get ByBoundi ngBox(-current _d, -current _d, 2*(current _| +
1.5*current _d), current_d, current _d, 2*(current _| +1. 5*current _d) ) +\

s_instance[ 2] . edges. get ByBoundi ngBox(-current _d, -current _d, 2*(current _| +
1.5*current _d), current _d, current _d, 2*(current | +1. 5*current _d)),
nane=' end2-f ace'

)

c_nodel . Coupl i ng(
control Poi nt=c_assenbly.sets[' RP-2-set'],
coupl i ngType=KI NEMATI C, i nfl uenceRadi us=WHOLE SURFACE,
| ocal Csys=None,
nanme=' end2-coupl i ng',
surface=c_assenbl y. sets[' end2-face'],
ul=0N, u2=0N, u3=O0N, url=0N, ur2=0N, ur3=0N
)

# Mddle

c_assenbl y. Set (
name=' RP- M d-set ',
ref erencePoi nt s=(c_assenbl y. ref erencePoi nts. fi ndAt ((0.0, 0.0,
(current | + 1.5*current_d))), )

)

c_assenbly. Set (
edges=g2_i nst ance. edges. findAt(((0, 0, (current_| + 1.5*current_d)),

) 1 ) 1
nane=' gusset-fin-interface'
)

c_nodel . Coupl i ng(
control Poi nt =c_assenbly.sets[' RP-M d-set'],
coupl i ngType=KI NEMATI C
i nfl uenceRadi us=WHOLE SURFACE,
| ocal Csys=None,
nanme='M d- coupl i ng',
surface=c_assenbl y. sets[' gusset-fin-interface'],
ul=0N, u2=0N, u3=O0N, url=0N, ur2=0N, ur3=0N

c_nodel . Buckl eSt ep(
max| t erati ons=300,
nanme=' Buckl i ng' ,
nunti gen=4,
previous='Initial"',
vect ors=10

)

# Boundary Conditions
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# BCs

end1l_BC=c_nodel . Di spl acement BC(
anpl i t ude=UNSET,
createStepNane='lnitial",
di stributi onType=UNI FORM
fiel dName="",
| ocal Csys=None,
name='fi x-endl',

regi on=Regi on(r ef erencePoi nt s=(c_assenbl y.referencePoi nts. findAt ((0,

0, 0)), )),
ul=SET, u2=SET, u3=SET, ur1=UNSET, ur2=UNSET, ur3=SET

)

end2_BC=c_nodel . Di spl acement BC(
anpl i t ude=UNSET,
createStepNane='lnitial",
di stributi onType=UNI FORM
fiel dName="",
| ocal Csys=None,
name='fi x-end2',

regi on=Regi on(r ef erencePoi nts=(c_assenbl y. ref erencePoi nts. fi ndAt ((0,

0, 2*(current_| +1.5*current_d))), )),
Ul=SET, u2=SET, u3=UNSET, ur1=UNSET, ur2=UNSET, ur3=SET
)

m ddl e_BC=c_nodel . Di spl acement BC(
anpl i t ude=UNSET,
createStepName='lnitial",

di stributionType=UNI FORM
fiel dName="",

| ocal Csys=None,

name='fi x-m ddl e',

regi on=Regi on(r ef erencePoi nt s=(c_assenbl y. ref erencePoi nts. fi ndAt ((0,

0, current_I+1.5*current_d)), )),
Ul=SET, u2=SET, u3=UNSET, ur1=UNSET, ur2=UNSET, ur 3=UNSET

c_nodel . Concentr at edFor ce(
cf3=-1.0,
creat eSt epNane=' Buckl i ng',
di stributi onType=UNI FORM
field="",
| ocal Csys=None,
nanme=' conpressi on',
regi on=c_assenbl y. set s[' RP-2-set ']

)

# Create the job

c_j ob=mdb. Job(
at Ti mre=None,
cont act Pri nt =CFF,
description="",
echoPri nt =OFF,
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explicitPrecision=SI NGLE
get Menor yFr omAnal ysi s=Tr ue,
hi st oryPri nt =OFF,

menor y=90,

menor yUni t S=PERCENTAGE
nodel =buckl e_nodel ,
nodel Pri nt =OFF,

mul ti processi nghvbde=DEFAULT,
nanme=buckl e_nodel ,

nodal Qut put Preci si on=SI NGLE
nunmCpus=1,

nunmGPUs =0,

gueue=None,
resul t sFor mat =0DB
scratch="",

t ype=ANALYSI S

user Subrouti ne="",

wai t Hour s=0,

wai t M nut es=0

)

# Edit the keywords to output translations on the output file
c_nodel . keywor dBl ock. synchVer si ons( st or eNodesAndEl enent s=Fal se)
c_nodel . keywor dBl ock. i nsert (Get Bl ockPosi ti on(c_nodel,' *End Step')-1,

" *NODE FI LE\ nU)

# Wite the input file
mdb. j obs[ buckl e_nodel ] . writel nput ()

# RIKS nodel, Only axia

L L o e T L I e S R Y

L o L O S

riks_model _N = 'RIKS-N-"'+str(i+1)+" -"+str(j+1)+ -'+str(k+1)+

# Copy nodel from buckling analysis
r _nodel _N=ndb. Model (

nanme=ri ks_nodel _N,

obj ect ToCopy=c_nvodel

)

# Del ete buckling step
del r_nodel _N. steps[' Buckling']

# Create RIKS step
r_nodel _N. Stati cRi ksSt ep(
name="' Rl KS',
previous='Initial"',
nl geonm=CON,
maxNum nc=30,
initial Arclnc=0.2

)

# Change to plastic material, optinB55

r_nodel _N. nmaterial s['optinm55'].Plastic(table=((381.1, 0.0),
391.2, 0.0053), (404.8, 0.0197), (418.0, 0.0228),

(499. 8,

0.0503), (539.1, 0.0764), (562.1, 0.1009),

0.1394)))

# Apply concentrated force
N pl _rd = 510*area

-t 4str(l+1)

(

(444.2, 0.0310),

(584.6, 0.1221),
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r _nodel _N. Concent r at edFor ce(
cf3=-N_pl _rd,
creat eSt epNanme="' Rl KS'
di stributi onType=UNI FORM
field="",
| ocal Csys=None,
nanme=' conpressi on',
regi on=r _nodel _N. root Assenbl y. sets[' RP-2-set"']
)

# Field and History output requests

r _nodel _N. hi st or yQut put Request s. changeKey(
fromNane="H Qut put - 1",
t oNanme='1 oad'

)

r _nodel _N. hi st oryQut put Request s[' | oad']. set Val ues(
r ebar =EXCLUDE,
regi on=r _nodel _N. root Assenbly.sets[' RP-1-set'],
sect i onPoi nt s=DEFAULT, vari abl es=(' RF3', )
)

r _nodel _N. Hi st or yQut put Request (
creat eSt epNane="' Rl KS',
name="di sp',
r ebar =EXCLUDE,
regi on=r _nodel _N. root Assenbl y. sets[' RP- 2-set '],
sect i onPoi nt s=DEFAULT,
variabl es=(" U3', )

)

r _nodel _N. Hi st or yQut put Request (
creat eSt epNanme="' Rl KS'
name=' noment ',
r ebar =EXCLUDE,
regi on=r _nodel _N. root Assenbl y. sets[' RP-M d-set"'],
sect i onPoi nt s=DEFAULT,
variabl es=("' URL', )
)

r_nodel _N. fi el dQut put Request s. changeKey(
fromNane='F- Qut put-1',
t oNanme='fi el ds'

)

r_nodel _N. fi el dCut put Requests['fields'].setVal ues(
variables=('S', "MSES', 'E, '"PEEQ, 'U)
)

# Del ete keyword nodefile

r _nodel _N. keywor dBl ock. synchVer si ons( st or eNodesAndEl enent s=Fal se)

r _nodel _N. keywor dBl ock. repl ace( Get Bl ockPosi tion(r_mnodel _N,'*End Step')-1,
) \ r]l )

# Change keywords to include initial inperfections file (filenane was
given wong initially and corrected | ater)

anp_i mpf = s/ 2000

#r_nodel _N. keywor dBI ock. synchVer si ons( st or eNodesAndEl enent s=Fal se)

r _nodel _N. keywor dBl ock. repl ace( Get Bl ockPosi ti on(r_nodel _N, '*step')-1,

' \n** ________________________________________________________________ \n**
\ pr***kxxxxxx GEOVETRI CAL | MPERFECTI ONS\ n* | MPERFECTI ON, FI LE='
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871

872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903

904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928

+ str(buckl e_nmodel) +',STEP=1\nl,'+ str(float(anmp_inpf)) +'\n2,"'+
+ str(float(anmp_inpf)) +'\n4,"'+
str(float(anp_inmpf)) + \n**")

str(float(anp_inmpf)) +' \n3,

# Create Job

mdb. Job(
at Ti mre=None,
cont act Pri nt =CFF,
description="",
echoPri nt =OFF,

explicitPrecision=SI NGLE,

get Menor yFr omAnal ysi s=Tr ue,

hi st oryPri nt =OFF,

menor y=90,

menor yUni t sS=PERCENTAGE,
nodel =' RIKS-N-1-1-1-1",
nodel Pri nt =CFF,

mul ti processi nghvbde=DEFAULT,

name=' RI KS-N-1-1-1-1",

nodal Qut put Preci si on=SI NGLE,

nunmCpus=1,
numGPUs =0,
gueue=None,

resul t sFor mat =0ODB,
scratch="",

t ype=ANALYSI S,
user Subrouti ne="",
wai t Hour s=0,

wai t M nut es=0

)

# Wite the input file

mdb. j obs[ri ks_nodel _N] . wri tel nput ()

# RIKS nodel, Axial snd bending

L I L T L o O S o S o o

L o o O e o o S

ri ks_nmodel _NM = ' RIKS-NM" +str (i +1) +'

# Copy nodel from buckling analysis

r _nodel _NM=Enmdb. Model (
nanme=ri ks_nodel _NM
obj ect ToCopy=r _nodel _N
)

# Apply bendi ng nonent at the mid-connection
# Cal cul ate the nagni tude of noment as 10% of nonent

W= current_Ily/(current_d/2)
Mresist = Wcurrent_fy
M= 0. 1*M resi st

r _nodel _NM Monent (
cml=-M
creat eSt epNanme="' Rl KS'

di stributi onType=UNI FORM

field="",
| ocal Csys=None,
name=' noment ',

regi on=c_assenbl y. sets[' RP-M d-set ']

)

-tastr(j+1)+ -t #str(k+1) + - +str (] +1)

resi stance

ANNEX A .4

179



Finite Element Modelling and Parametric Studies of Semi-Closed Thin-Walled Columns

929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960

961

962
963

# Create Job

mdb. Job(
at Ti mre=None,
cont act Pri nt =OFF,
description="",
echoPri nt =OFF,
explicitPrecision=SI NGLE,
get Menor yFr omAnal ysi s=Tr ue,
hi st oryPri nt =OFF,
menor y=90,
menor yUni t sS=PERCENTAGE,
nodel =" RI KS-NM 1-1-1-1",
nodel Pri nt =OFF,
mul ti processi nghvbde=DEFAULT,
name=" Rl KS-NM 1- 1-1-1",
nodal Qut put Preci si on=SI NGLE,
nunmCpus=1,
nunmGPUs =0,
gueue=None,
resul t sFor mat =CDB,
scratch="",
t ype=ANALYSI S,
user Subrouti ne="",
wai t Hour s=0,
wai t M nut es=0

)

# Wite the input file
mdb. j obs[ri ks_nodel _NM . writel nput ()

# Save the npdel

mdb. saveAs( pat hNanme=o0s. getcwd() +' \\ " +str (i +1)+" -"+str(j+1)+ -" +str(k+1)+" -'+
str(l+1)+' .cae")
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©CoO~NOULAWNE

WRNNNNNNNNNNRRRRRERPRR R
OO NOURWNROOW®OMNOUAWNRO

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

i mport nunpy as np
i mport os

i mport string

i mport sys

i mport odbAccess

from odbAccess inmport *

from abaqusConstants inport *

# Inport pickle to | oad the .pkl database
i mport pickle

# Open and read the database

profiles file = open("profiles.pkl","'rb")
profiles = pickle.load(profiles _file)
profiles _file.close()

profiles file open("metal3. pkl","'rb")
profiles_neta pi ckl e.l oad(profiles_file)
profiles _file.close()

NanmeOf Fi | e=' maxf or cedi spl dat a- N. t xt
out = open(NameO'File,'w)

for bin (3, 4, 5):
for I in (1, 2, 3):
for kin (3, 5):
for j in (2, 3, 4):
for i in range (1,2,1):

# Variabl es hol ding information of the current

name=" RIKS-N-1-"+str(j)+ -"+str(k)+ -"+str(l)+" -

+' . odb’
current _d =

float(profiles meta[i-1][j-1][k-1][1-1][0][0])

current t =

float(profiles meta[i-1][j-1][k-1][1-1]1[1][0])

current | =

float(profiles meta[i-1][j-1][k-11[1-1][71[0])

current _fy =

float(profiles meta[i-1][j-1][k-1][1-2]1[3][0])

current _area =

float(profiles_metal[i-1][j-1][k-1][I-1][4][0])

current _ly =

float(profiles meta[i-1][j-1][k-1][1-1][5][0])

current _effareal ocal =

float(profiles meta[i-1][j-1][k-1][1-1][8][0])

current _class =

float(profiles meta[i-1][j-1][k-1][1-1][9][0])

current It =

float(profiles meta[i-1][j-1][k-1]1[1-1][10][0])

current _|w =

float(profiles meta[i-1][j-1][k-1]1[1-1][11][0])

current _corneroundl =

float(profiles meta[i-1][j-1][k-1]1[1-1][12][0])

current _corneround2 =

float(profiles meta[i-1][j-1][k-1]1[1-1][13][0])

current_bp =

float(profiles meta[i-1][j-1][k-1]1[1-1][14][0])

current _Ilip =

float(profiles meta[i-1][j-1][k-1]1[1-1][15][0])

E=210000
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46 G=81000

47 epsilon=(sqrt(235/current_fy))*(sqrt(235/current_fy))

48 current _| anbda =
current _I/(pi*sqrt(E*current _ly/(current_area*current_fy
)))

49

50 nanmeCf St ep="' Rl KS'

51 myQdb = odbAccess. openQdb( pat h=narne)

52 Rl KS=
nmyQdb. st eps[ namef St ep]

53 rplkey = RIKS. hi storyRegi ons. keys()[1]

54 holkey =
Rl KS. hi st or yRegi ons[ rplkey]. hi st oryQut puts. keys()[ 0]

55 rp2key = RIKS. hi st oryRegi ons. keys()[ 2]

56 ho2key =
Rl KS. hi st or yRegi ons[ rp2key] . hi st oryQut put s. keys() [ 0]

57 | oad_hist =
Rl KS. hi st or yRegi ons[ r plkey] . hi st or yQut put s[ holkey] . dat a

58 di sp_hist =
Rl KS. hi st or yRegi ons[ r p2key] . hi st or yQut put s[ ho2key] . dat a

59 maxpos = | oad_hi st.i ndex(max(| oad_hi st, key=l anbda
x:x[1]))

60 | oad = | oad_hi st [ maxpos] [ 1]

61 di sp = -disp_hist[maxpos][1]

62

63 ## Cal cul ation of elastic buckling based on EC

64 current _Pb =
pi *pi *E*current _ly/ ((current_| +1. 5*current_d)*(current_|
+1.5*current _d))

65

66 ## Cal cul ati on of average yield strength, according to
EC-3-1-3

67 current _fya =
current _fy+(520-current _fy)*7*6*current _t*current_t/curr
ent _area

68 limt_fya = (520+current_fy)/2

69 if current_fya >=linmt_fya

70 current _fya =1linmt_fya

71

72 ## Cal cul ation of reduction factor due to distortiona

73 # Stiffness of stiffener

74 current _delta =
((1*current _bp*current_bp*current _bp*current _bp)/(3*(cur
rent _bp+current_bp)))*((12*(1-0.3*0.3))/(E*current_t*cur
rent _t*current _t))

75 u=1

76 current _K = u/current_delta

77 # area of stiffener

78 current _As =
(current _Ili p*2+current _bp+current _bp)*current _t

79 # monent of inertia stiffener

80 current _z
=((current _bp*2*current _t*current _t/2+current_I|1ip*2*cur
rent _t*current _|lip))/current_As

81 current _I|Is =
(1/12)*current _t*current _t*current _t*2*current_bp+2*curr
ent _bp*current _t*(current_z-current_t/2)*(current_z-curr
ent _t/2)+(1/12)*2*current _|lip*2*current _|1ip*2*current _
[lip*current_t+2*current Ilip*current_t*(current _I|lip-cu
rrent _z)*(current _|1ip-current_z)

82
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83 #critical buckling stress of stiffener
84 current _sigmacrs =
2*sqgrt(current _K*E*current _Is)/current_As
85 #1 anbdabar di stortiona
86 current | anbdabard = sqrt(current _fy/current_sigmacrs)
87 #reduction factor distotiona
88 if current | anbdabard <= 0. 65:
89 current_Chid = 1
90 el se:
91 current _Chid = 1.47-0.723*current | anbdabard
92
93 # Iteration of reduction factor for |ess conservative
result
94 #lteration 1
95 gamma_n0 = 1.0
96 current _sigmaconEd_1 = current_Chid*current _fy/gamra_n0
97 current _lanbdap_Ilip =
(current _Ilip*2/current_t)/(28.4*epsil on*2)
98 current | anbdap_1 =
sqgrt(current _Chid)*current | ambdap |lip
99 current _rop_1 =
(current_| anbdap_1-0.188)/(current_| anbdap_21*current _| am
bdap_1)
100 if current_rop_1 > 1:
101 current _rop_1 =1
102 current _Ilip_1 = current_rop_1*current _Ilip
103
104 current _| anbdap_bp =
(current _bp/current_t)/(28. 4*epsil on*2)
105 current _| anbdapbp_1 =
sqrt (current_Chi d)*current_| anbdap_bp
106 current _ropbp_1 =

(current_| anbdapbp_1-0. 055*4)/ (current _| anbdapbp_1*curre
nt _| anbdapbp_1)

107 if current_ropbp_1 > 1

108 current _ropbp_1 =1

109 current_bp_1 =
current _ropbp_21*current_bp

110 current_As 1 =
(current _Ilip_1*2+current_bp_l+current_bp_1)*current _t

111 current_z 1
=((current_bp_1*2*current _t*current _t/2+current _|lip_1*2
*current _t*current _|lip_1))/current_As_1

112 current _Is 1=

(1/12)*current _t*current _t*current _t*2*current_bp_1+2*cu
rrent _bp_1*current _t*(current_z-current _t/2)*(current_z_

l-current _t/2)+(1/12)*2*current_Ilip_1*2*current_I1ip_1*
2*current _Ilip_1*current _t+2*current _Ilip_l*current_t*(c
urrent _|lip_1-current_z 1)*(current _|lip_1-current_z 1)
113 current _sigmacrs_1 =
2*sqgrt(current _K*E*current _Is_1)/current_As 1
114 current | anbdabard_ 1 =
sqgrt(current _fy/current_signmacrs_1)
115 if current | anbdabard 1 <= 0. 65:
116 current_Chid 1 =1
117 el se:
118 current_Chid 1 =
1.47-0.723*current | anbdabard_1
119
120 #lteration 2
121 current _sigmaconkEd 2 =

current _Chid_1*current _fy/gamra_nD
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122 current | anbdap_2 =
sqgrt(current _Chid_1)*current _lanbdap_Ilip
123 current _rop_2 =
(current | anmbdap_2-0.188)/ (current | anbdap_2*current _| am
bdap_2)
124 if current_rop_2 > 1:
125 current _rop_2 =1
126 current _Ilip_2 =
current _rop_2*current Ilip
127 current _| anbdapbp_2 =
sqgrt(current _Chid_1)*current _| anbdap_bp
128 current _ropbp_2 =

(current _| anbdapbp_2-0. 055*4)/ (current _| anbdapbp_2*curre
nt _| anbdapbp_2)

129 if current_ropbp_ 2 > 1

130 current _ropbp_ 2 =1

131 current_bp_2 =
current _ropbp_2*current _bp

132 current _As 2 =
(current _Ilip_2*2+current_bp_2+current_bp_2)*current _t

133 current _z 2
=((current_bp_2*2*current _t*current _t/2+current _|lip_2*2
*current _t*current _|lip_2))/current_As 2

134 current _|Is_ 2=

(1/12)*current _t*current _t*current _t*2*current_bp_2+2*cu
rrent _bp_2*current _t*(current_z 2-current_t/2)*(current _

z_2-current _t/2)+(1/12)*2*current _|lip_2*2*current _|lip_
2*2*current _|1ip_2*current _t+2*current _|lip_2*current _t*
(current _Ilip_2-current_z 2)*(current _Ilip_2-current_z 2
)

135 current _sigmacrs_2 =
2*sqgrt(current _K*E*current _|Is_2)/current_As 2

136 current | anbdabard 2 =
sqrt(current_fy/current_sigmacrs_2)

137 if current | anbdabard 2 <= 0. 65:

138 current_Chid 2 =1

139 el se:

140 current_Chid 2 = 1.47-0.723*current | anbdabard_2

141

142 ## Effective area due to distortiona

143 current _effareadi stort =
current _effareal ocal - ((1-current_Chid_2)*current_t*6*(cu
rrent _|lip+current_bp))

144

145 # Cal cul ation of resistance according to EC3-1-3 Part 6

146 # Cross section resistance pure axial conpression

147 gamma_n0 = 1.0

148 current _Ncrd_l ocal = current_area*current _fy/gamra_nD

149 current _Ncrd_l ocal _fya =
current _area*current _fya/ gama_nD

150 current_Ncrd =
current _effareadi stort*current _fy/gamrma_nD

151 current _Ncrd_fya =
current _effareadi stort*current_fya/ gama_nD

152

153 # Cross section resistance pure bendi ng nonent

154 current_W= current _ly/(current_d/?2)

155 current _Mcrd = current_Wocurrent _fy/gamra_nD

156

157 #Buckl i ng resi stance

158 #Fl exur al buckl i ng

159 al pha=0. 34 #buckling coefficient
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160 current _lcr = current |

161 current i = sgrt(current_ly/current_area) #radi us of
gyration

162 current _sigmacrit =
((pi*pi)*E)/((current _lcr/current_i)*(current_lcr/curren
t_i))

163 current | anmbdabar =

sgrt((current_fy*current_effareadistort)/(current_signmac
rit*current_area))

164 current _Phi = 0.5*(1+al pha*(current_| anbdabar -
0. 2) +(current _| anmbdabar *current _| anbdabar))
165 current _Chi =

1/ (current _Phi +sqgrt ((current_Phi*current_Phi)-(current _|
anmbdabar *current _| anbdabar)))

166 i f current_Chi>1:
167 current_Chi =1
168 current Nbf =
current _Chi *current _effareadistort*current _fy
169
170 #Tor si onal buckling
171 current _io =
sgrt((current _i*current _i)+(current_i*current_i))
172 current_sigmacritT =

(1/(current_area*(current _io*current_io)))*(Gcurrent_It
+((pi *pi *E*current _Iw)/(current _lcr*current_lcr)))

173 current | anbdabarT =
sqrt((current _fy*current_effareadistort)/(current_signac
ritT*current_area))

174 current _Phi T = 0.5*(1+al pha*(current _| anbdabarT -
0. 2) +(current _| anbdabar T*current _| anbdabar T))
175 current _ChiT =

1/ (current _Phi T+sqgrt ((current _Phi T*current _Phi T)-(curren
t | anbdabar T*current _| anbdabarT)))

176 if current Chi T>1:
177 current_ ChiT =1
178 current NbT =
current _Chi T*current _effareadi stort*current _fy
179
180 #Fl exur al - Tor si onal buckl i ng
181 beta = 1.0
182 current _sigmacritFT =

(current_sigmacrit/(2*beta))*(1+(current_sigmacritT/curr
ent_sigmacrit)-(sqrt((1-(current_sigmacritT/ current_sigm
acrit))*(1-(current_sigmacritT/current_sigmacrit)))+(4*0
*current_sigmacritT/current_sigmacrit)))

183 current | ambdabar FT =
sqrt((current _fy*current_effareadistort)/(current_signac
ritFT*current _area))

184 current _Phi FT = 0. 5*(1+al pha*(current _| anbdabar FT -
0. 2) +(current _| anbdabar FT*cur rent _| anbdabar FT))
185 current _Chi FT =

1/ (current _Phi FT+sqrt ((current _Phi FT*current _Phi FT) - (cur
rent | anbdabar FT*current _| anbdabar FT)))

186 i f current_Chi FT>1:
187 current _ChiFT = 1
188 current NbFT =
current _Chi FT*current _effareadi stort*current _fy
189
190 #Fi nal buckl i ng
191 current _Nbrd =
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192

193
194
195
196
197
198
199
200
201
202
203

204
205
206

207

208
209
210

211

212
213
214
215
216

217
218

219

220
221

out. cl ose()

current _effareadi stort*current_fy*m n(current_Chi,
current _Chi T, current_ChiFT)

current _Nbrd_fya =

current _effareadi stort*current_fya*m n(current_Chi,
current _Chi T, current_ChiFT)

## Cal cul ati on of resistance according to EC3-1-6 Shel
Cxb = 1 #pinned-pi nned BC
Q=16 #fabrication class C
| anbdaxo = 0.2
betax = 0.6
gammanl = 1.1
current_w = current _|/sqrt((current_d/2)/current _t)
[imt = 0.5*(current_d/2)/current _t
if current_wlimt:

current _Cx =

1+((0.2/Cxb)*(1-2*current _wrcurrent_t/(current_d/2))

i f current_Cx<0. 6:

current _Cx=0.6
current _sigmaxRecr =
0. 605*E*current _Cx*current _t/(current_d/2)
#critical meridional buckling stress
current _al phax =
0.62/ (1+(21.91*((1/Q*sqrt(current_d/2)/current _t)*1.
44))
current _| anbdabar p=sqrt (current _al phax/ (1-betax))
current | anbdax = sqrt(current_fy/current_si gmaxRcr)
current_Chix =
1- bet ax*((current _| anbdax- | anbdaxo)/ (current | anbdab
ar p- | ambdaxo))
current _sigmaRd =

current _Chi x*current _fy/ ganmanil #desi gn
resi stance
current _Ncrdshell = current_sigmaRd*current _area

## Cal cul ati on of weight of the menber

gammua_steel = 7850

current _wei ght =

current _area*(current _| *2+current _d*3) *ganma_st eel *0. 000
000001

out.write(str(i)+ \t"+str(j)+ \t"+str(j)+" \t'+str(k)+"\t
"tstr(l)+ \t"+str(b)+' \t'+str(current_d)+'\t' +str(curren
t_t)+' \t'+str(current_I*2+current_d*3)+' \t' +str(round(cu
rrent _d/current_t,2))+' \t' +str(current_| anbda)+' \t' +str(
b) +'\t' +str(load)+" \t'+

str(disp)+ \t'+str(current_d/(current_t*epsilon))+ \t'+s
tr(current_area)+' \t'+str(current_effareal ocal )+ \t'+str
(current _effareadistort)+'\t'+str(current_class)+'\t' +st
r(current_Ncrd_local )+ \t'+str(current_Ncrd)+' \t' +str(cu
rrent _Ncrd_l ocal _fya)+' \t'+str(current_Ncrd_fya)+'\t' +st
r(current_Chi)+'\t'+str(round(current_ChiT,0))+ \t' +str(
current _Chi FT)+' \t' +str(current_Nbrd)+'\t'+str(current_N
brd _fya)+' \t'+str(current_Ncrdshel )+ \t' +str(current _fy
a)+'\t'+str(current_Chid_2)+ \t'+str(current_Pb)+ \t' +st
r(current_weight)+ \t'+str((load/1000)/current_weight)+

\n')

nmyQdb. cl ose()
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ANNEX B.1. LOAD-DISPLACEMENT CURVES — RIKS N

Load vs. Displacement
6000
g RIKS-N- 1-2-3-1-3
5000
e R|KS-N- 1-2-3-1-4
4000 e RIKS-N- 1-2-3-1-5
el R|KS-N- 1-2-3-2-3
Load 3000
[kN] e RIKS-N- 1-2-3-2-4
2000 e RIKS-N- 1-2-3-2-5
e RIKS-N- 1-2-3-3-3
1000 e RIKS-N- 1-2-3-3-4
sy RIKS-N- 1-2-3-3-5
0
0 10 20 30 40
Displacement [mm]
Figure B.1 Load-displacement curve for models with kept d=500, slend=90;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3,4, &5
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Figure B.2 Load-displacement curve for models with kept d=500, slend=110;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, & 5
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Figure B.3 Load-displacement curve for models with kept d=700, slend=90;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, & 5
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Figure B.5 Load-displacement curve for models with kept d=900, slend=90;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, & 5
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Figure B.6 Load-displacement curve for models with kept d=900, slend=110;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, &5
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ANNEX B.2. LOAD-ROTATION CURVES — RIKS NM
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Figure B.1 Load-rotation curve for models with kept d=500, slend=90;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, &5
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Figure B.2 Load-rotation curve for models with kept d=500, slend=110;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, & 5
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Figure B.3 Load-rotation curve for models with kept d=700, slend=90;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, & 5
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varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, & 5
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varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, & 5
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Figure B.6 Load-rotation curve for models with kept d=900, slend=110;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, &5
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ANNEX B.3. AXIAL -BENDING MOMENT N-M INTERACTION
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Figure B.1 N-M interaction curve for models with kept d=500, slend=90;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, &5
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Figure B.2 N-M interaction curve for models with kept d=500, slend=110;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, &5
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Figure B.3 N-M interaction curve for models with kept d=700, slend=90;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, &5
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Figure B.6 N-M interaction curve for models with kept d=900, slend=110;
varied lambda A=0.65, 1.0 & 1.25, bolt ratio b=3, 4, &5
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Primory var U, Bogtude Primory Vo U, Bogrtude

N  Oetormed Var! U " Beformation Scsle Factors +5.0006.+02 N  Oetormad Var! U Beformation Scale Factor

BCKL- 1-4-3-1-5 BCKL- 1-4-3-2-3
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U, Magnitud

o%0est0

00B: BCKL1 4324100 Abaqus/Standard 6.14-1 SatDec 24 00:57:23 W. Europe Sta

Step: Bucking.
Hade *** egenvatoe
Pramary var U, agrtude
2  Detarmad Var! U "Befermation Scse Factr: +5.0008.402

BCKL- 1-4-3-2-4

1as2uses0r

00B: BCKL14-3:3-000b  Absqus/Standard 6.14-1  SatDec 24 G:55:59 W. Ewropa Standard Time 2016

eucking.
dode ™ Tegunvale -
Brimary Vo U, Bage
2  Ootormad Var! U " Beformation Scale Factr: +5.0000402

BCKL- 1-4-3-3-3

100984407

Tine 2016

Supoucing
U, S

 Detormed Var! U " Beformation Scse Factr: +5.000¢ 402

BCKL- 1-4-3-2-5

00B: BCKL14-3:340db  Absqus/Standard 6.14-1  SatDec 24 07127104 . Ewropa Standard Time 2016

stap: Bucking.
dode ™ Tegunvate
primary Var U, Bagot
 Ootormod Var! U " Beformation Scale Factr: +5.0000402

BCKL- 1-4-3-3-4

- 99m0ses0s

ooe: 103156 W. Europe Standard Tine 2016

s.as675€406
ctors +5.0000402

BCKL- 1-4-3-3-5

ooe: W, Europe Standa

Tine 2086

stap: Bucking.
Bk e - 1 90me0r

Brimary Vo U, g
 Ootormad Var! U " Beformation Scsle Factr: +5.0006.+02

BCKL- 1-4-5-1-3

ooe: 1 W. Evrope Standard Time 2016
stap: Bucking.
ode ***Peigenvaue = 1435548407
Primory var U, Bogtude

N  Oetormed Var! U Beformation Scsle Factrs +5.0006.+02

BCKL- 1-4-5-1-4

W. Evrope Standard Time 2016

Walue = 11347E407

Primory Vo U, Bogrtude
 Oetormad Var! U Beformation Scsle Factor:

BCKL- 1-4-5-1-5
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u, Magnitude

00B: BOKL1 452300 Abaqus/Standard 6.14-1 SatDec 24 17:06:38 W. Eurcpe Sta

Step: Bucking.
Hode *** Pegenvatoe
Pramary var U, agrtude
2  Detarmad Var! U "Befermation Scse Factr: +5.0008.402

BCKL- 1-4-5-2-3

Lar926e407

155 W. Europe Standard Time 2016

10076407

ctors +5.0000402

BCKL- 1-4-5-2-5

27 W. Europe Standard Tume 2016

BCKL- 1-4-5-3-4

Tine 2016

Primary var U, Bagri

 Detormed var 0

U, Magnud

00B: BCKL14-5:3:3

vsks = 1295616407
st
Bk

on Scale Factor: +5.0008302

BCKL- 1-4-5-2-4

o Abaque/Standard 6.14-1 Sun Dec 25 13:22:27 W, Europe Standard Tine 2016

- o776s5€406

ey

Primory var U,
x Ootormed Var! U Beformaton Seale

ctor: +5.0000402

BCKL- 1-4-5-3-3

Sun Dec 25 17:11:49 W. Europe Standard Time 2016

i

primory var G,y
 Oetormod Var! U ek

frmation Scale Facto: +5.0008402

BCKL- 1-4-5-3-5
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ANNEX C.2. FAILURE MODES FROM RIKS ANALYSIS — RIKS N

(46142 Wed Dec 21 13:26:53 W, Europe Standard Time 2016

it 30: e Langth = 1880
Brimary Var: 3, s
- x ermed oS “Beformation Sl Factor: 450000400

RIKS-N- 1-2-3-1-3

et

00B: RIKSH-A.2:3:1:S.086  Abaque/Standard 6.14-1  Wed Dec 21 14:40:07 W, Europe Standard Tine 2016

stap: ks
incroment.  30: rcLongth = 1563
Srimary Vor: 3, M

-  Ootormed Var! U ‘Oaformaton Seae Factr: +5.0000400

RIKS-N- 1-2-3-1-5

Wed Dec 21 16:00:5 Time 2016

B Mg w0
B R e et 500050

RIKS-N- 1-2-3-1-4

S

00B: RIKSH-1.2:3:2:3.085  Abagus/Standard 6.14-1  Wed Dec 21 15:2

W. Europe Standard Time 2016

step: ik

RIKS-N- 1-2-3-2-3

5, tses
SHEG, (racton = -1.0)
(avo: 75%)

00B: RIKSH-1:2:3:2-4.085  Abacus/Standard 6.14-1  Wed Dec 21 16:14140 W, Europe Standard Tine 2016

1577

RIKS-N- 1-2-3-2-4

00B: RIKS-H-1.2:3:3-0.085  Abacue/Standard 6.14-1  Wed Dec 21 18:02:29 W, Europe Standard Tine 2016

RIKS-N- 1-2-3-3-3

5, tses
Siee, (racton = 1.0)
(avo: 75%)

ekl

i A 20
2  Ootormad Var! U ‘Geformaton Scae Factr: +5.000¢+00

RIKS-N- 1-2-3-2-5

00B: RIKSH-1:2:3-3-4.086  Abacus/Standard 6.14-1  Wed Dec 23 19:07:57 W. Europe Standord Time 2016

RIKS-N- 1-2-3-3-4
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e

" W. Europe Standard Time 2016

fenens o protang = 2118
s e i
2  ermed oS “Beformation Sl Factor: 450000400

RIKS-N- 1-2-3-3-5

e

00B: RIKS H-A.2:5-1-4.008  Absaue/Standard .

Wed Do 21 21:47:58 W. Ewrope Standard Time 2016

Step: ks,

iRt 0 prctanah 172
Srimary Vor: 3, M
80" Gatormation Scale Factor: 450008400

RIKS-N- 1-2-5-1-4

5, tses
SHEG, (racton = -1.0)
(avo: 75%)

pricie]

00B: RIKS H-1.2:5:2-2.088  Absaui/Standard .

Wed Dec 21 23:05:45 W. Evrope Standard Time 2016

primury Vor, 3, Mises
2  Ootormed Var! U Geformaton Scse Factr: +5.0006+00

RIKS-N- 1-2-5-2-3

ooe: . Europe Standard Time 2016

RIKS-N- 1-2-5-2-5

B Mg L8
oL S —

RIKS-N- 1-2-5-1-3

 Ootormad Var! U Gaformaton Seale

00B: RIKSN-1.2:5-1'S.085  Abagus/Standard 6.14-1  Wed Dec 21 22:2

W. Europe Standard Time 2016

step: ik
incroment.  30: Arcongth = 1349
Srimary Vor: 3, M,

ctor: +5.0000400

RIKS-N- 1-2-5-1-5

oo: . Europe Standard Time 2016

2am
formation Scele Facto: +5.0008400

RIKS-N- 1-2-5-2-4

ooe: . Europe Standard Time 2016
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W. Europe Standard Time 2016

v
- -
ot PIRES = 154

E W e . RIS B casrus somncsse

RIKS-N- 1-2-5-3-4 RIKS-N- 1-2-5-3-5

peiiit]

ooe: 128 W. Europe Standard Tine 2016
Step: ks, step: ik
Increment. 30; ArcLongth = 2096 incroment.  30: ArcLongth = 1301
Srimary Vor: 3, M Frimary Vor 5, Mises

- by 8ar: 0" Gatormation Scale Factor: 450008400 .  Ootormod Var! U ‘Geformation Seae Factr: +5.0000400

RIKS-N- 1-3-3-1-3 RIKS-N- 1-3-3-1-4

5, tses 5, tses
SHEG, (racton = -1.0) SHEG, (raction = -1.0)
(hvo 75%) (avo: 75%)

bRy

ooe: 121 W. Europe Standard Tine 2016 ooe: 146 W. Europe Standard Tine 2016

Lass
formation Scele Facto: +5.0008+00

primury Vor, 3, Mises
2  Ootormed Var! U Geformaton Scse Factr: +5.0006400 2

RIKS-N- 1-3-3-1-5 RIKS-N- 1-3-3-2-3

TESH-1-3-3-2-4.08  Abaau/Standard 6141 Tho Dec 22 2119116 W. Evrope Standard Time 2016 ooe: 153 W. Europe Standard Tine 2016

20 arc Langth = 2912
Evmary ar: 3, g
N  Ootormed Var! U ‘Oeformaton Scae Factr: +5.0006.400 N

RIKS-N- 1-3-3-2-4
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Europe Standard Time 2016

et 30 e v = 2322
Brimary Var: 3, s
2  ermed oS “Seformaton Sl Factor: 450000400

RIKS-N- 1-3-3-3-3

ooe: Europe Standard Time 2016
v
Step: ks,
iRt a0 prctaogh 2220
Srimary Vor: 3, M
2 x 8ar: 0" Gatormation Scale Factor: 450008400

RIKS-N- 1-3-3-3-5

Europe Standard Time 2016

B Mg 19
oL S —

RIKS-N- 1-3-3-3-4

ooe: Europe Standard Time 2016
step: ik

Incrament. 30; ArcLongth = 134

Srimary Vor: 3, M,

 Ootormed Var! U ‘Geformation Seae Factr: +5.0000400

RIKS-N- 1-3-5-1-3

peiizie]

primury Vor, 3, Mises
2  Ootormed Var! U ‘Geformaton Scae Factr: +5.0006.+00

RIKS-N- 1-3-5-1-4

20 arc Langth = 1478
Evmary ar: 3, g
N  Oetormed Var! U ‘Oeformaton Scae Factr: +5.0006.+00

RIKS-N- 1-3-5-2-3

(avor

5, tses
Siee, (racton = 1.0)

138
formation Scale Facto: +5.0008+00
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Europe Standard Time 2016

enens o protangt= 1575
s e s
2  ermed o} Beformaton Sl Factor: 450000400

RIKS-N- 1-3-5-2-5

i)

ooe: Europe Standard Time 2016
Step: ks,
Rt a0 araoah - 1057
Srimary Vor: 3, M
8ar:'0" Gatormation Scale Factor: 450008400

RIKS-N- 1-3-5-3-4

5, tses
SHEG, (racton = -1.0)
(hvo 75%)

i o 1oy
2  Ootormed Var! U ‘Geformaton Scae Factr: +5.0006.+00

RIKS-N- 1-4-3-1-3

i)

20: Arc Langth = 08672
Evmary ar: 3, g
2  Oetormed Var! U ‘Oeformaton Sese Factr: +5.0006.400

RIKS-N- 1-4-3-1-5

peEy

Europe Standard Time 2016

B Mg 1
R e e rctr 500000

RIKS-N- 1-3-5-3-3

-  Ootormad Var! U Gaformaton Seale

ooe: Europe Standard Time 2016

step: ik
incroment. 30: A Longth = 1684
Srimary Vor: 3, M,

ctor: +5.0000400

RIKS-N- 1-3-5-3-5

5, tses
SHEG, (raction =
(avo: 75%)

i)

10)

00B: RIKSM-1.4-3-1-4.080  Abacus/Standard 6141 Sun Jon 01 2

7:18 W. Europe Standord Tene 2017

1419
formation Scale Facto: +5.0008400

RIKS-N- 1-4-3-1-4

RIKS-N- 1-4-3-2-3
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W. Europe Standard Time 2016

et 30 e Longn = 2006
Brimary Var: 3, s
- x ermed o} “Seformation Sl Factor: 450000400

RIKS-N- 1-4-3-2-4

ooe: W. Europe Standard Time 2016
v
Step: ks,
IRt a0 prctaogh 2210
Srimary Vor: 3, M
2 x \8ar: 0" Gatormation Scale Factor: 450008400

RIKS-N-

5, tses
SHEG, (racton = -1.0)
(avo: 75%)

peres

00B: RIS H-1.4-3:3:5.088  Absaui/Standard .

58t Dee 24 10:31:47 . Europe Standard Time 2016

primury Vor, 3, Mises
2  Ootormed Var! U ‘Geformaton Sese Factr: +5.0006.+00

RIKS-N- 1-4-3-3-5

peiiiie]

00B: RIKS-H-1-4-5-1-4.086  Abacus/Standard 6141 5ot Dec 24 1

19:45 W. Europe Standard Time 2016

20: ArcLangth = 09406
Evmary ar: 3, g
N  Ovtormed Var! U ‘Oeformaton Sese Factr: +5.0006.400

RIKS-N- 1-4-5-1-4

e

ine 2036

e Mg un
R e et 500000

RIKS-N- 1-4-3-2-5

-  Ootormed Var! U Gaformaton Seale

ooe: Europe Standard Time 2016

step: ik
incroment.  30: rcLongth = 2027
Srimary Vor: 3, M,

ctor: +5.0000400

RIKS-N-

1
3l

00B: RIKSH-1.4-5-1-3.080  Abacus/Standard 6141 Set Dec 24

2143 W. Europe Standord Tene 2016

1502
formation Scale Facto: +5.0008400

RIKS-N- 1-4-5-1-3

00B: RIKSH-1.4-5-1-5.085  Abacus/Standard 6141 Sot Dec 24

5:06 W. Europe Standord Tene 2016

RIKS-N- 1-4-5-1-5
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W. Europe Standard Time 2016

S e 100
B me
g WL

RIKS-N- 1-4-5-2-3

SatDec 24 19:50:00 ine 2036

B Migma- L28
B R e et 500050

RIKS-N- 1-4-5-2-4

et

ooe: 155:26 W. Europe Standard Tine 2016

stap: ks
incroment.  30: rcLongth = 1279
Srimary Vor: 3, M

-  Ootormed Var! U ‘Oaformaton Seae Factr: +5.0000+00

RIKS-N- 1-4-5-2-5

perie]

At7e 0

ooe: Europe Standard Time 2016

step: ik

RIKS-N-

5, tses
SHEG, (racton = -1.0)
(avo: 75%)

ooe: Europe Standurd Time 2016

RIKS-N- 1-4-5-3-4

5, tses
Siee, (racton = 1.0)
(hvo: 75%)

2  Ootormad Var! U ‘Geformation Scse Factr: +5.0006+00

RIKS-N-
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ANNEX D. Resultsfrom ODBRead.py for RIKS-N Modél

Model d i | it lambda 5d Ultimate Real Area Class Eff. area Eff.area Class

D load Displ. cs-slend Ec15 loca X digort ECLG Nerd oca  Nerd ds  XF XT  XFT Nbrd Nerd st fya  Mass Ngg/mass

(o] [ [mm] [ (]
500 9 18098 55.6 0.65
700 12 25339 583 0.65
900 15 32580 60.0 0.65
500 7 18106 714 0.65
700 10 25347 70.0 0.65
900 13 32588 69.2 0.65
500 9 27035 55.6 1
700 12 37852 58.3
900 15 48669 60.0
500 7 27048 714
700 10 37865 70.0
900 13 48682 69.2 1
500 9 33419 556 1.25
700 12 46790 58.3 1.25
900 15 60161 60.0 1.25
500 7 33435 714 1.25
700 10 46806 70.0 1.25
900 13 60177 69.2 1.25
500 9 18098 55.6 0.65
700 12 25339 583 0.65
900 15 32580 60.0 0.65
500 7 18106 714 0.65
700 10 25347 70.0 0.65
900 13 32588 69.2 0.65
500 9 27035 55.6 1
700 12 37852 58.3 1
900 15 48669 60.0 1

N [ [] [mm?]
5625706 29.13 839 15700
10583087 41.10 88.1 29348
16670033 51.85 90.6 47204
4132538 27.34 1079 12298
8309604 38.52 105.7 24582
13828574 49.28 104.6 41073
4865735 37.93 839 15700
8974794 5252 881 29348
14330121 66.74 90.6 47204
3665155 36.35 107.9 12298
7105255 49.55 105.7 24582
12124579 65.03 104.6 41073
3335747 34.09 839 15700
6192939 47.06 88.1 29348
9958434 60.53 90.6 47204
2606744 33.78 1079 12298
5177700 47.83 105.7 24582
8656932 61.02 104.6 41073
4982469 26.03 839 15700
9053748 3559 881 29348
14571561 45.18 90.6 47204
3576703 24.21 107.9 12298
7358898 34.13 105.7 24582
11788016 43.61 104.6 41073
4554955 3544 839 15700
8128143 47.34 881 29348
13158688 61.34 90.6 47204

[N] [N] (11 [ [N] [N]  [MPa] [kg] [kN/kg]
3 5573434 5003923 0.82 1.0 0.82 4070662 5573434 390.8 2230 252
3 10418590 9192417 0.82 1.0 0.82 7575642 10418590 389.0 5838 1.81
4 16757418 14653327 0.82 1.0 0.82 12152574 16757418 388.0 12072 1.38
4 4365948 3724270 0.82 1.0 0.82 3111015 4365948 382.6 1748 236
4 8726522 7425069 0.82 1.0 0.82 6231490 8726522 383.2 4891 1.70
4 14580769 12398696 0.82 1.0 0.82 10423917 14580769 383.5 10507 1.32
3 5573434 4927056 0.61 1.0 0.61 2945890 5573434 390.8 3332 146
3 10418590 9038614 0.61 1.0 0.61 5491181 10418590 389.0 8720 1.03
4 16757418 14391859 0.61 1.0 0.61 8817113 16757418 388.0 18034 0.79
4 4365948 3650204 0.62 1.0 0.62 2271261 4365948 382.6 2611 1.40
4 8726522 7213206 0.62 1.0 0.62 4546017 8726522 383.2 7307 097
41073 0.83 34221 4 14580769 12148284 0.62 1.0 0.62 7601410 14580769 383.5 15696 0.77
15700 0.54 8507 3 5573434 3019951 047 1.0 047 2255339 5573434 390.8 4119 0.81
29348 0.54 15856 3 10418590 5628825 0.47 1.0 0.47 4207730 10418590 389.0 10780 0.57

4
4
4
4
3
3
4
4
4
4
3
3
4

[mm?] [ [mm?*]
15700 0.90 14096
29348 0.88 25894
47204 0.87 41277
12298 0.85 10491
24582 0.85 20916
41073 0.85 34926
15700 0.88 13879
29348 0.87 25461
47204 0.86 40540
12298 0.84 10282
24582 0.83 20319

[ S

47204 0.54 25420 16757418 9023969 0.47 1.0 0.47 6759878 16757418 388.0 22293 0.45
12298 0.54 6673 4365948 2368985 0.48 1.0 0.48 1747482 4365948 382.6 3228 0.81
24582 0.54 13268 8726522 4710080 0.48 1.0 0.48 3496152 8726522 383.2 9032 0.57
41073 0.54 22102 14580769 7846074 0.48 1.0 0.48 5844575 14580769 383.5 19402 0.45
15700 0.81 12683 5573434 4502428 0.82 1.0 0.82 4070662 5573434 390.8 2230 2.23
29348 0.78 23037 10418590 8178229 0.82 1.0 0.82 7575642 10418590 389.0 5838 1.55
47204 0.77 36408 16757418 12924900 0.82 1.0 0.82 12152574 16757418 388.0 12072 1.21
12208 0.75 9235 4365948 3278378 0.82 1.0 0.82 3111015 4365948 382.6 1748 205
24582 0.75 18318 8726522 6502901 0.82 1.0 0.82 6231490 8726522 383.2 4891 150
41073 0.74 30449 14580769 10809407 0.82 1.0 0.82 10423917 14580769 383.5 10507 1.12
15700 0.78 12304 5573434 4367961 0.61 1.0 0.61 2945890 5573434 390.8 3332 1.37
29348 0.76 22234 10418590 7893145 0.61 1.0 0.61 5491181 10418590 389.0 8720 0.93
47204 0.74 35005 16757418 12426866 0.61 1.0 0.61 8817113 16757418 388.0 18034 0.73

P R R R R R R RPRRPRRRPRRRRRRRPRRRERREREREREIRLEPRELPRPR|S
AW N DAWNDAWWDNMDWNDDMWNDWNDOWNMDDWNNDIWNDN|a
W W W oo oOoWwWw W W o OooWwWw W W oo oW W w o oo W Ww W
N NN RFP P P PP P WOWWWWWWDNDNDMDNMNDNDNDNDNNEREREPRPPRPRPPRPRPPRPRPRP
A A DM DN DN DNDND DN W WWWWWOWWOoWoWOoWowWowWwowowowowow|o
A DA DA DA DM DA DD D OOOOWOWOWOWLWWWWWWWWWwwWwwow
W W W W wWwwWwwowowowowowowowowowowowowowowowowowoww w
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P R R R R RPRRRRRRPRRRRRRERBPREREPRIERERIEREIRIEREIPRPR|S

Model Ultimate _. Real Class Eff. area Eff.area Class
D d t | dt  lambda sd load Displ. cs-slend Area Ec15 local X digort  ECLG Nerd oca Nerd ds  XF XT  XFT Nbrd Nerd sl fya  Mass Ngg/mass
I [ [mm] [mm]  [] [] [] [N] [ [[] [mm®] [ [om®] [ [mm®] [ [N] [N] 1 [ [ [N] [N]  [MPa] [kg] [kN/kg]
500 7 27048 714 1 3241900 3220 1079 12298 12298 0.72 8854 4365948 3143084 0.62 1.0 0.62 2271261 4365948 382.6 2611 1.24
700 10 37865 70.0 1 6373937 4455 1057 24582 24582 0.71 17524 8726522 6220994 0.62 1.0 0.62 4546017 8726522 383.2 7307 0.87

900 13 48682 69.2 1

500 9 33419 556 1.25
700 12 46790 58.3 1.25
900 15 60161 60.0 1.25
500 7 33435 714 1.25
700 10 46806 70.0 1.25
900 13 60177 69.2 1.25
500 9 18098 55.6 0.65
700 12 25339 583 0.65
900 15 32580 60.0 0.65
500 7 18106 714 0.65
700 10 25347 70.0 0.65
900 13 32588 69.2 0.65
500 9 27035 55.6 1

700 12 37852 583
900 15 48669 60.0
500 7 27048 714
700 10 37865 70.0
900 13 48682 69.2 1

500 9 33419 556 1.25
700 12 46790 58.3 1.25
900 15 60161 60.0 1.25
500 7 33435 714 1.25
700 10 46806 70.0 1.25
900 13 60177 69.2 1.25

10701573 57.72 104.6 41073
3269501 33.10 839 15700
6020515 45.09 881 29348
9777493 58.85 90.6 47204
2496823 31.14 1079 12298
4985356 44.02 105.7 24582
8400347 57.10 1046 41073
4531789 2475 839 15700
8140806 33.86 88.1 29348
12630036 41.79 90.6 47204
3161856 23.20 107.9 12298
6417546 32.86 1057 24582
10664361 4253 104.6 41073
4126212 3217 839 15700
7400332 4345 881 29348
11412761 53.88 90.6 47204
2840900 2859 1079 12298
5661079 40.01 1057 24582
9216875 50.32 104.6 41073
3176238 3149 839 15700
5901916 43.72 881 29348
9320637 54.80 90.6 47204
2405325 30.03 107.9 12298
4682954 40.90 105.7 24582
7913537 53.21 1046 41073

41073 0.71 29076
15700 0.78 12204
29348 0.75 22020
47204 0.73 34629
12298 0.71 8752
24582 0.70 17314
41073 0.70 28703
15700 0.73 11501
29348 0.70 20655

4
4

4 14580769 10322023 0.62 1.0 0.62 7601410 14580769 383.5 15696 0.68
3 5573434 4332464 047 1.0 047 2255339 5573434 390.8 4119 0.79
3 10418590 7817013 0.47 1.0 0.47 4207730 10418590 389.0 10780 0.56
4 16757418 12293238 0.47 1.0 0.47 6759878 16757418 388.0 22293 0.44
4 4365948 3107017 048 1.0 048 1747482 4365948 382.6 3228 0.77
4 8726522 6146646 0.48 1.0 0.48 3496152 8726522 383.2 9032 0.55
4 14580769 10189730 0.48 1.0 0.48 5844575 14580769 383.5 19402 043
3 5573434 4082844 0.82 1.0 0.82 4070662 5573434 390.8 2230 2.03
3 10418590 7332567 0.82 1.0 0.82 7575642 10418590 389.0 5838 1.39
47204 0.69 32370 4 16757418 11491298 0.82 1.0 0.82 12152574 16757418 388.0 12072 1.05
12298 0.67 8204 4 4365948 2912516 0.82 1.0 0.82 3111015 4365948 382.6 1748 181
24582 0.66 16159 4 8726522 5736437 0.82 1.0 0.82 6231490 8726522 383.2 4891 131
41073 0.71 29339 4 14580769 10415366 0.82 1.0 0.82 10423917 14580769 383.5 10507 1.01
15700 0.70 10959 3 5573434 3890319 0.61 1.0 0.61 2945890 5573434 390.8 3332 124
29348 0.66 19486 3 10418590 6917544 0.61 1.0 0.61 5491181 10418590 389.0 8720 0.85
47204 0.64 30305 4 16757418 10758139 0.61 1.0 0.61 8817113 16757418 388.0 18034 0.63
12298 0.62 7663 4 4365948 2720258 0.62 1.0 0.62 2271261 4365948 382.6 2611 1.09
24582 0.61 14996 4 8726522 5323710 0.62 1.0 0.62 4546017 8726522 383.2 7307 0.77
41073 0.60 24655 4 14580769 8752650 0.62 1.0 0.62 7601410 14580769 383.5 15696 0.59
15700 0.69 10807 3 5573434 3836554 047 1.0 047 2255339 5573434 390.8 4119 0.77
29348 0.65 19151 3 10418590 6798664 0.47 1.0 0.47 4207730 10418590 389.0 10780 0.55
47204 0.63 29705 4 16757418 10545433 0.47 1.0 0.47 6759878 16757418 388.0 22293 042
12298 0.61 7506 4 4365948 2664540 048 1.0 048 1747482 4365948 382.6 3228 0.75
24582 0.60 14666 4 8726522 5206291 048 1.0 048 3496152 8726522 383.2 9032 0.52
41073 0.59 24052 4 14580769 8538333 0.48 1.0 048 5844575 14580769 383.5 19402 041
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Finite Element Modelling and Parametric Sudies of Semi-Closed Thin-Walled Steel Polygonal Columns

ANNEX E. List of Available Profiles

vt | o | Thcoes | Logn | Al | Mampe | Momeud et | St | ok | g
i j k | b D T L A M lyx lyy iy l¢ lw
(1 00 [mm] [mm] [mm] [mn] [kg/m] [mm] [mm] [mm] [mm] [mm’]

x10° x10° x10° x10° x10™

1 2 3 1 3 500 9 18098 157.00 123.24 438.34 438.34 170.92 138.36 71.72
1 3 3 1 3 700 12 25339 293.48 230.38 1606.29 1606.29 240.01 419.90 515.53
1 4 3 1 3 900 15 32580 472.04 370.55 4271.20 4271.20 309.15 951.58 2267.05
1 2 5 1 3 500 7 18106 122.98 96.54 343.73 343.73 173.83 151.87 56.42
1 3 5 1 3 700 10 25347 245.82 192.97 1346.41 1346.41 243.00 459.43 433.13
1 4 5 1 3 900 13 32588 410.73 322.42 3718.53 3718.53 312.18 1033.09 1977.27
1 2 3 2 3 500 9 27035 157.00 123.24 438.34 438.34 170.92 138.36 71.72
1 3 3 2 3 700 12 37852 293.48 230.38 1606.29 1606.29 240.01 419.90 515.53
1 4 3 2 3 900 15 48669 472.04 370.55 4271.20 4271.20 309.15 951.58 2267.05
1 2 5 2 3 500 7 27048 122.98 96.54 343.73 343.73 173.83 151.87 56.42
1 3 5 2 3 700 10 37865 245.82 192.97 1346.41 1346.41 243.00 459.43 433.13
1 4 5 2 3 900 13 48682 410.73 322.42 3718.53 3718.53 312.18 1033.09 1977.27
1 2 3 3 3 500 9 33419 157.00 123.24 438.34 438.34 170.92 138.36 71.72
1 3 3 3 3 700 12 46790 293.48 230.38 1606.29 1606.29 240.01 419.90 515.53
1 4 3 3 3 900 15 60161 472.04 370.55 4271.20 4271.20 309.15 951.58 2267.05
1 2 5 3 3 500 7 33435 122.98 96.54 343.73 343.73 173.83 151.87 56.42
1 3 5 3 3 700 10 46806 245.82 192.97 1346.41 1346.41 243.00 459.43 433.13
1 4 5 3 3 900 13 60177 410.73 322.42 3718.53 3718.53 312.18 1033.09 1977.27
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