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ABSTRACT

Design of lattice towers from hotrolled equal leg steel angles

Angles profiles have been used since the very beginning of steel construction due to their easy
transportation and esite erection. Hoever, they exhibit specific features that clearly
distinguish them from other types of common sections, what inevitably leads to the need for
the development of specific design provisidnsa first stepexisting European specifications
onhotrolled eqal angle sections wergitically reviewedand then, in a second stegtensive
experimental, analytical and numerical studies have been condogexposer completeand

duly validatedset of design rules covering all aspects of defgangles Thes rulesinclude

cross section classification, cross sectiesistancdor all typesof loadingas well as rules for
member design to individual and combined intenmatmal forces and moments. All the
proposedrules are written in Eurocode 3 format to allow a direct possible inclusion in
forthcoming drafts.

Furthermore, angle profiles are extensively used in lattice towers and masts for
telecommunication purposes or electric power transmission. Such typegeo$ e mainly
designedaccordingto EN 19933-1 and EN503411, based on a firgirder linear elastic
structural analysis of a truss structure. An assessment of the current design approach is
performed, where the tower has been simulated with a fullinear finite element software,
considering relevant imperfections as well as geometrical and materidihearities. The
importance of the second order effects in the analysis is underlined while the existence of an
instability mode not properly coverédtrectly by the norms, and usually therefore not checked,

is highlighted. Two analytical models for the prediction of the critical load of the new buckling
mode are proposed and validated numerically. Both proposed models are rather easy to apply
and mayfill the gap in the existing design recommendations for lattice towers.

RESUME

Conception de tours en treillis a partirde corniéresen acier asemellesgales laminés a
chaud

Les profilés de type egorniére» sont utilisés depuis le début de la construction métallique en
raison de leur facilité de transport et de montage sur site. Cependant, ils présentent des
caractéristiques spécifiques qui les distinguent clairement dessatyjpes de sections
courantes, ce qui conduit inévitablement a la nécessité de développer des regles de
dimensionnement spécifigue®ans un premier tempsles spécifications européennes
existantegour le dimensionnement de corniélasninées a chaud melleségaksont fait

|l 6obj et déune analyse cr it deyétedes ekparsnantales , dans
analytiques et numériques approfondies ont été mexfiéede proposenn ensemble complet

et diment validée régles delimensionnemenpour la vérification de corniere€es regles
comprennent la classification des sections transversaleslcul de la résistanckes sections
transversales potious types de sollicitatioainsi que les régles diémensionnement pour les
membrures sous effort axial et/ou moment de fleximutes les réglgsroposéesont écrites

au formatd e Eutoéode 3 afin de permetti® souhaitéyneinsertiondirectede cellesci dans
lesversionsa venir.




De plus lescorniéressont largement uUisées dans les tours et les mats en treillis destinés aux
télécommunications owu transportd'énergie électrique. Ces tours sont principalement
dimensionnés selon les normes EN9933-1 et EN 503411, sur la base d'une analyse
structuale élastique linéire du premier ordre d'une structure en treillis. Une évaluation de
l'approche dedimensionnemenéctuelle est effectuédalas i mul at i ormvedwmune tour
logiciel auxéléments finis non linéaires complets, en tenant compte des imperfections ainsi que
des nodinéarités géométriques et matérielles. L'importance des efieteabnd ordre dans
l'analyse est soulignée, tandis que l'existence d'un mode d'instabilité qui n'est pas couvert
directement par les normes, et qui n'est donc généralement pas, eitifinise en évidence.

Deux modeles analytiques pour la prédiction de la charge critique du nouveau mode
d 6 i n s soatlpioposés & validés numériqguement. Les deux modeles proposés sont assez
faciles a appliquer et peuvent combler une lacune dansrdesmmandations de
dimensionnemeregxistantes pour les tours en treillis.
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Design of lattice towers made @frye hotrolled high strength steel angles

1. INTRODUCTION

Lattice towers are extensively built in Europe and worldwide to serve telecommunication or power

transmission purposeSuchtowers areofteninstalled in mountainous terrainvith very limited

access to heavy vehicles. Consequently, a lattice towerwstalsystem, which may be transported

and erected by light machinery and equipment, is almost the only possible solution. The in situ
modular construction of the tower is simplifiadingbolted connections and gusset plates.the

other hand, lattice towers need more ground space compared to cylindrical, octagonal or similar
shelltype systems. However, ground space is plentifully available in remote places outside the
densely populated regions for most of the European deanirherefore, lattice towers are rendered

as the main structural system for telecommunication and power transmidsiomain typologies

of the transmission towers are reported in chapter

The members of such towers are frequently composed of equal leg angle sections; their easy
production and transportation, together with an excellent connectligoernthem from other

profiles. They are available as holled or coldformed profiles, as equal or unequal sections
depending on the relative length of their legs, in steel grades up to S460, in sizes ranging from small
to large, 20 to 300 mm. They are employed either as single or asps#ictions in a badio-back

or star battened configuration. The preferred bolted connection of one leg to gusset plates leads to a
most advantageous application as truss or diaphragm members in buildings, bridges or any other
structural application and, adreadysaid, steel taers and masts. Appropriate long life corrosion
protection is additionally ensured since all angle sizes are fully amenable to hot dip galvanizing in
contrast to several other types of open or closed sections.

However, agles, and especially equal angleffles considered here, exhibit some properties that
clearlydistinguish them from other common steel profiles: (i) they are open profiles with very small
section constants in both torsion and warping, (ii) theynamaosymmetricakections, (iii) their

bending capacity and radius of gyration around the weak axis are substantiallythewvaround

strong axis, (iv) their legs are prone to local buckling as external plate elements, (v) their plastic
resistances are substantially higher than their elastie and (vi) due to the eccentric connection in

one leg, they are subjected to some bending in addition to axial force when used as single members.
The particularities of the angle sections in comparison with the doubly symmetrkneelh ones

in terms ofelastic instability are presented in chafer

These features explain that existing design rules for tthes of sectionsnostly doubly symmetric

ones, cannot afely cover angle what inevitably leads to the need for the development of specific
design provisions for angle sections. Facing the lack of unified consistent rules for angles, European
specifications have adopted a césecase approach, embedding Wwidual rules and
recommendations in various parts of Eurocode 3. More specificall{,9BBI1-1 [1] provides rules

for crosssection classification (classes 1 to 4) and general design recommendations for the
verification of the stability in compression. EI9933-1 [2] presents specific rules for the buckling
resistance of angle members used in towers, when connected eccentrically with bolts in one leg. EN
19931-8 [3] contans rules for resistance to tension for the abmesmtioned connection
configuration, while EN 1993-5 [4] gives rules for buckling resistance of cldsangle seatins

prone to local buckling. Another European specification, the CENELEC standard EN-B(R841
provides specific rules for lattice towers used in the field of fueel electrical lines, addressing
specific problems linked to such applications; but it also provides specific rules for the verification

1 Marios-Zois BEZAS



Design of lattice towers made @frye hotrolled high strength steel angles

of the lattice tower and its constituting parts. But for some aspects, the ENB0O@4ign methods

for angle sectiost may diverge from the rules provided in the Eurocoleseover,EN 503411

allows design of lattice towers by full scale testing. However, it draws design conclusions from a
single test comparing the ultimate load achieved in the test with the corrggpamd from
calculations, neglecting the fact that the results of an individual test are influenced by potential
material overstrength, strain hardening or other parameters, the values of which are associated with
statistical uncertaintieSonsequently tidoes not touch reliability issues as it is done in the structural
Eurocodes, in accordance with EN 1980]. In contrast to the European Codes, American Codes
have written down in a single document, AISC 2000all rules concerning angle design.

Extensivenumerical and experimentasearch has been carried out to study the behaviour of angle
sections. It covers hablled and coleformed profiles, equal and unequal sections, beams or columns
subjected to wdous types of loading, as well as different connection conditions. Vaya$8it give

the inelastic capacity of angle sections to combined axial forces andl harding. Trahaif9]
examines angle section beams to uniform eccentric transverse loading and gives the section capacity
to combined shear, bending and torsigehillo et al [10] examine the buckling resistance rules of
rolled angles to European standards discussed before, compare them to test results and numerical
investigations considering various types of initial imperfections. Kettler.¢LHl highlight the
importance of the end support conditions in their numerical study of rolled angles loaded in
compression through bolted connections in one leg and comparisons with experimenghanesul
provisions of European standards. Hussain.gfld] provide an interaction equation in the plastic
range for the stability design of angles subjected toptession and biaxial bendinGompression

tests on large angle sections ranging from L125x125x8 to L200x200x14 in high strength steel S420
were conducted in Tsinghua UniversithBeijing [13]. The tests were carried out on axially loaded
pin-ended columns in order to define gloladal buckling interactions since cressctions were

class4 ones. Tests on L70x70x7 profiles were performed at NTUA in Afidiswhere the effects

of eccentric loading were studied. Compression tests on L80x80x8 and L120x120x12 profiles were
carried out at TU Grafd1] in which the boundary conditions were varying from clamped supports

to supports allowing iplane or in and outof-plane rotationTests series on L50x50x5 profiles were
carried out at the Technical University of Braunschw&l] with various specimen lengths and end
support conditions, while ghload was introduced eccentrically through one bolt M12 in one leg.

In the perspective of the thesiad in ordetto extend the knowledge for the stability behaviour of
steel columns from high strength steel (S460M) angle @®ssons subjected to congssion and
bending, twelve buckling tests on such columns have been performed at Liege Unauedsity
presented in chaptér Furthermoreexisting European specifitions on rolled equal angle sections
were reviewed, extensive experimental, analytical and numerical studies have been conducted and a
complete set of design rules covering all aspects of desgjnelea developed and duly validated.
They include cross ston classificatior{chapterd), cross section design for all ranges of response,
plastic, elastiglastic or elastic including local bucklirighapters), as well as corresponding rules
for member desigto individual and combined internal forces and mométtapter7). Details for

the geometrical properseof angles are given in chapt&? (Annex A), while the notations and
symbols thaare used in the whole document, are summarized in ctapter

Concerning the structural analysis, time abovementionednormative documents, the tower is
modelled as simple truss structure where all the steel element connections are considered as hinged.
Such models do not adequately reflect the acttracturalbehaviourof the tower, as loads and
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especially wind onesra directly imposed on the entire member length and inteoteading
moments in members. Furthermore, the design of lattice toweassiddlycarried out through a first

order linear elastic analysis, neglecting the significant second order eftaa&ping in these
structures.lt is therefore inconsistent, and sometimes not safe, to perform member design by
neglecting moments due to both local and overall loading, as well as the second order effects, as it is
usually done in practicé critical assessent of the current design approach is performed in chapter

9, where the tower is simulated witefull non-linear finite element softwargamed FINELQusing

beam &ments, considering relevant imperfections as well as geometrical and material non
linearities. In these simulations, every single member has been properly modelled, in terms of
orientation and eccentricities at its extremities. The importance of cangidee second order
effects in the analysis is underlinetihe selected software has been firstly validated through
comparisons tfull-scale testavailable in the literaturexs presented in chapte3 (Annex B).

A lot of research has been performed through yaaitsemodelling and the desigif lattice towers.
Albermani et al[16] have studied the structural behaviour of the transmission towers through full
nonlinear analysis and compared them with full scale tests. The influence of the selected element
(truss or beamin the final response of the tower have been reported also by Silvdlat]aliang

et al [18] investigated the modelling of the bolted connections and validateréisponsehrough
availabletests fronthe literature, while Kitiponchai et.dl19] examinel the effect of bolt slippage

on the ultimate behaviour of lattice structures. Finally, a collection and critical revitiV-etale

tests on lattice towers as well as practical advice for conducting future tests are reporfef20i.Re
However,the existence of an instability mode mwbperly covered by the European normative
documents is highlighteih the framework of the thesis. Tiefore two analytical models for the
prediction of the critical load of the new buckling mode are proposgitapterd0, followed by their
numerical validation through FEM simulationsr@paisonswith the existing norrative predictions
arepresentedoo.

Finally, chapted 1 presents the ger@iconclusions as well as the perspectives of the tfeedisture
research
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2. NOTATIONS, SYMBOLS AND ABBREVIATIONS

The notationssymbols and abbreviations that used hereafter in this document are defined below
they mainly followthose given in EN 1993-1. Figure 2.1 illustrates thee notatiors for the

geometrical properties, the geometrical axes as well as the principal axes.

Figure2.1: Notations for geometrical properties and axes

2.1 Conventions for member axes

For angle sections, the axes are defined as follows:

1 x-x1 axisalong the member

= =4 —a A

2.2 Symbols

y-y i geometric axis of the crosection parallel to the leg

Z-z1 geometric axis of the cros®ction parallel to the leg

u-uT major'strongprincipal axis(associated taeak axisdisplacement)
v-v i minor'weakprincipal axis(associated to strong axis displacement)

2.2.1Latin upper-case symbols

A
Aeff

Cr
CU; CV

crosssectional eea

effective area of a crosgction

normal area of a cable of a lattice tower
reference area normal to the face of a bar/beam
shear centre of the cressction

torsion constant

equivalent uniform moment factors

warping constant

Youngds modulus of elasticity
mean wind | oad in winddés directi
mean wind |l oad in winddbds direct.i

centre of gravityof the crosssectionand shear modulus
moment of inertia about-u axis and w axis, respectively

turbulence intensity at height z

on

on
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I)’1 IZ

Lcrit
Mcr
M elu, Mel,v

Mpl,u ) I\/Ipl,v

M+
|\/Iu,Ed, |\/Iv,Ed
Mult,u ) I\/Iult,v

Mu,Rd, Mv,Rd
Mu,Rk, Mv,Rk

Nbu,Rd
Nov,rd

Ncr

NerFr
Nc,Rd
Nc,Rk
I\Icr,T

Ncr,u, Ncr,v

NEed
Nt,Rrd
Nt Rk

I\lult
Vc,i
Weff,u, Weff,v

Wel,u, WeI,v
Wpl,u, Wpl,v

moment of inertia abouty geometrical axis andz geometrical axigespectively
length of the member

buckling length of the member

elastic critical bending moment based on the gross-sexgttonal properties

elastic resistance to bending of the gross esestion about w and vv axis,
respectively

plastic resistance to bending of the gross esestion about w and wv axis,
respectively

tortional moment
is the bending moment aboutand vv axisrespectively

ultimate testresistance to bending of the crasction about w and wv axis,
respectively

design value of the resistance to bending moment aboanal vv axis respectively

characteristic value of the resistance to bending moment abownd vv axis
respectively

design value of the buckling resistance of a member in compression abextu
design value of the buckling resistance of a member in compression abauisv

elastic critical axial force for theelevant buckling mode based on the gross eross
sectional properties

elastic critical axial force for flexurdabrsional buckling

design value of the resistance to uniform compression axial force of thesextiem
characteristic vale of the resistance to compression axial force

elastic critical axial force for torsional buckling

elastic critical axial force for flexural buckling aboutuuaxis and w axis,
respectively, based on the gross cresstion properties

is the axial force

design value of the resistance to uniform tension axial force of thesmossn
characteristic value of the resistance to tension axial force

design value of the plastic resistance to axial force ofjitbes crossection
ultimate test resistance to axial force of the csEsdion

self-weight of the i conductor or cable of a lattice tower

elastic section modulus of the effective area of a esestion for bending about u
u and v axis, respectively

elastic section modulus for bending about axis and w axis, respectively

plastic section modulus for bending about axis and w axis, respectively
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2.2.2Latin lower -case symbols

A appropriate width Hat is equal to h for angle sections according tdlE831-5
c outstand flange widtfc=h-t-r)

A, Ap wind force coefficient

d diameter of a cable, index for diagonal

fy yield strength

h width of the crossection

v radius of gyratiorabout v axis

K plate buckling coefficient

m, mass per unit length

N U peak wind pressure at the effective height z;
r radius of root fillet

t thickness of therosssection

o) mean wind velocity

2.2.3Greek upper-case symbols

m displacement
a valuetod et er mi ne the reduction factor c for
ULt val ue to det er mi nrdorlatdrabtorsioealbuekiing on f act or

2.2.4Greek lower-case symbols

U imperfection factor

U critical load factor/amplifier

U imperfection factor for laterabrsional buckling

Mo partial factor for resistance of cressctionghat equals 1,0 as recommended by EN
19931-1

dv1 partial factor for resistance of members to instability assessed by member checks

U material parameter depending ¢n f

] relative slenderness for flexural buckling

T relative slenderness for lateral torsional buckling

] relative slenderness for eaf-plane buckling

] relative plate slendernegs plate buckling

3 interaction factor depends on the crssstion tass

TR AN | reduction factors for plate buckling
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M air density equal to 1,25 Kgfn

Oy, » U end stresses in a member

Cler elastic critical plate buckling stress

GLT reduction factor for lateral torsional buckling

Gu reduction factor due to flexural buckling aboe axis

Gy reduction factor due to flexural buckling about axis

% ratio of end moments in a segment of beam, stress aaiie

Symbols thataireused only in a specific case or example,rartedefined in this chaptéut theywill
be defined individually where it is necesshpreafter
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3. ELASTIC INSTABILITY OF SINGLE ANGLE MEMBERS

Equal leg angles exhibit some properties that distinguish them from other common steel profiles.
They are open profiles with very small constants in both torsion and warping, are monosymmetric
sections, their legs are prone to local buckling as exteramlegits and finally, due to the eccentric
connection in one leg, they are also subjected to bending when used as single members. In contrast
with the weltknown doubly symmetric crossections, the critical loads of angle profile members

are affected by the@osition and the type of the loading and the buckling modes are not fully
decoupled, as explained below, in the most of the loading cases.

The analytical derivation of the critical load of an axiallgentric or eccentri¢ loaded member,

based onEul er 6s Dbuckling theory, i's presented 1in
corresponding buckling mode, which consists a specific case for angle profiles, are investigated, and
the possibility of an instability due to a tensile load is repofedthermore, the influence of the
loading type, the boundary conditions and the initial imperfections to the critical load are also
addressed. Then, the analytical evaluations of the critical loads of a column are validated by
numerical simulations perforea with the finite element software named FINELG through elastic
instability and 2 order linear elastic analyseEhis chapter consists a summary of the existing
knowledge aims to highlight the specificities of angle profiles, before going further in new
developments and analyse the classification, the -sx#on resistance as well as the stability of
members made of angle profiles.

3.1 Analytical derivation of the critical load ofacolumnby Eul er 6s t heot

The analyticaderivationof the critical loadof a single anglein-endcolumnthatis loadedby a
compression loa®, can be found in literatur1]-[22] andis presentedelow The axial load is
applied with an eccentricity at both axes, (w). The crosssection is placed in such a way that its
local axesy, v) coincide with theglobal ones (UY) of the 3D Cartesian systesind he static system
is schematized iRigure3.1. Theboundary conditions are:

T Atnodelw O 0 — T
M1 Atnode 20 0 — TT
1 The warping restratns free for both nodes.

P

V- Aa

Figure3.1: Static systenfright) and horizontal cut at the mitkight (left)for the analytical derivation of the
critical load
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The internal axial force resulting from a first order linear elastic analysis is:

0 0 (Eq.3.2)

According to the elastic buckling theory of Euler, the three equations of equilibrium for an equal
leg angle column, wher@., w, VoI 0 &), dre the following:

o0 0 ve 6 — ™ (Eq.3.2)
go 0 00 m (Eq.3.3)
@ —— OO 0 6 — 06 — g6 —
06 6 —— 0V s (Eq.3.4)
where:
0 606 0 Qb Lo mwe — h (Eq.3.5)

3.1.1Column loaded at the shear centre

It can be seen thatefull decoupling betweeftexural and torsionabuckling nodes can occuonly
in the case wherthe axial load is applied to ttehearcentre(6 6 ;0  T); then thethree
eqguations of equilibriurbecome

‘go 0 T (Eq.3.6)
0o 0 Tt (Eq.3.7)
@ —— 00 0 6 — 06 — ¢06 —— 1 (Eq.3.8)

It is assimed that the column buckles with a bsilie deformation shape. This being, the following
deformations are adopted

6w O0OE+ ;0 O0OE+ ; — 0 O0EH (Eq.3.9)

By solving theabovesystemone founds that the constaiis A> andAs are not zero for the critical
loads:

0 0 5 — (Eq.3.10)
0 0 5 — (Eq.3.11)
0 0 5 — @& — (Eq.3.12)
where
6 — 6 0 — ¢o (Eq.3.13)

The first two load indicate a flexural buckling along U and V axis respectively while the third one
indicates a pure torsional buckling mo@bviously,the critical load of the column is the smallest
one among these loads
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3.1.2Column loaded with a random eccentricity

In the g¢neral case whethe loadis applied withan eccentricity at both axege( ), but not at the
shear centrahe three equations of equilibriumansforminto the following onesby using eq (3.9):

0 — U0 O0ULL ™ (Eq.3.14)
6 — 0 600 0 T (Eq.3.15)
600 600 6 6 — @ 00 Tt (Eq.3.16)
where
0 — 0 06 — (o (Eq.3.17)

The column will buckle for the minimum lo&lthat satisfies e3.14) i (3.16) whenthe constants
A1, A; andAs are not zerpthis can be written in a matrix formas

O 5 O T 00
O U voé o m (Eq.3.18)
00 06 6 6 0 O

Therefore the critical load can bund by solvingeg. (3.19.

6 05 00 00f 0 006 00 0 0f 006 0 1
(Eq.3.19
It should be noted that the value N r should be calculated according to the eccentricity of the
appliedload by using e3.12) and replacing. with Ar.

To simplify the solution of eq. (3.)9two fundamentatases may be distinguishadterms of the
position of theappliedload

1. the load is appliednthe axis of symmetryu{ up I 0, w = 0);
2. the load is not applied dhe axis of symmetryu¢, U, Vp | 0);

To find theroots of eq(3.19 is equivalento the determination ahe intersection pointsetween
theabscissd and the curvefi(P); thiswrites as followdor case 1 and case 2, respectively:

Q0 O 0! 05 00 0 006 0 (Eq.3.20)
MO 6 0 0OO0F 0O0OfF O 0O f 0V
0 05 0 0 O Tt (Eq.3.21)
For the valuesuchthato 6 7Y 11, the form of the curv&(P) and therefore the position

of its roots, can be estimatby calculatinghesignof the curve fothe value®, Ny, Nerv, Ner,rand
D. The roots of the curve can be notedPas Nc1, P.= Ner2andPs= Neswhereb 0 j

0 p8By theacceptancghatld ; 0 f, the twofundamentalcases considereabovecan be
additionallydivided into three sugroups:

a) 0 p i ﬁ
b) 0 ﬁ ﬁ
c) O j ﬁ ﬁ
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Figure 3.2, Figure 3.3 and Figure 3.4 illustrate the curvedi(P) andtheir rootsi as they are also
reported in Ref[22] i for the two fundamental casésr all the different sulgroups mationed
above. It should be ned that these figuremeall illustrative and do ngbresent explicitesuls of a

calculation. It can be seen that the critical IdacE N 1, iS:
- the flexural buckling loadP. ,for thecase 1, subgroups a and c

- theflexuralktorsioral bucklingload in allthe other cases with a vallewer thanP¢,andPe .

fi(P) f2(P)

P, P/\Ps P Py P

P, P
Nch&r.lv N cr,IT \ Wcr.lv Ncr,IT \
Figure3.2: Schematized form of the curve@) when. 1 . . §
f(P) f2(P)

\F>1 p}/\Ps P P, Py N\ Ps P
f t Y f t
Ncr,IT Neru Ncr,lv \ W Nery '\
- h - h

Figure3.3: Schematized form of the curve@) when.

f,(P) f2(P)

R>0

P; P P, P/\P3 P

Py P.
Mclr,'r NC"YIV \ WN cr,l'r Ncr,lv \

f2(P)
R<0
R=(Py 1 - Pery)Ve~ + (P 1 - Peru)(Uc-Up)’
\g P P, P
N\ t Ni ‘;/N\i“’\‘?)
Figure3.4: Schemasedform of the curvesi(P) when. y . 5 . §
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3.1.3Summary

Thereare three wayg which an angle membaran bucklejf local platebuckling doesnot occur:
flexural buckling, torsional bucklingnd flexurattorsional buckling.

Flexural buckling (FB) can occur in any compression member that experiences a deflection caused
by bending without any torsion or the cross section along the member. Flexural buckling occurs
about the axis with the largeslenderness ratio and the smallest radius of gyration. Theliefe,

occur in direction of u or v axis as it shown if thigure 3.5(a)-(b), but for pinended memberis
happens along weak axis u, as it has been also shown through the analytical calculation.

Torsional buckling (TB), that it is caused byo#gationabout he longitudinal axis (seeigure3.5(c)),
occurs almost never in hot rolled angle cresstions, except the case where the section is loaded at
the diear centre (se88for more details). In all the other case$lexurattorsional buckling occurs.

Flexurattorsional buckling (FTB) is the simalheous bending and twisting of a member &gare
3.5(d)) and it is a very common buckling mode for angle sections. If this type of buckling occurs,
two possible buckling modes can appear: one in which the flexural deflectprad@minated,
accompaniecby a small torsion of the crosection and another one in which the torsion is
predominant is accompaniég a small deflection, depending on the nbemlength.

Figure3.5: (a),b) Deflections due to flexural buckling along u,v axis, (c) deflections due to torsional
buckling, (d) deflections due to flakaktorsionalbuckling

3.2 Higher buckling modes

In the case where the critical load of a higher buckling mode needs to be calcula{8R03pr
(3.21) may be accordingly used, where the following parameters are applied:

0 pp €& — (Eq.3.22
0 pp €& — (Eq.3.23
0 sp — @ ¢ (Eq.3.29)

where n=2,3,4,...,n, for treecond, third, fourth, ..rbuckling mode.

It should be also noticed that as the shear centre is located at the intersection of the two legs, there is
practically no warping rigidity and the warping const@nican be assumed to be zero. Therefore, it
may be assumed that the torsional buckling medet affected by the member length.

3.3 Instability due to tensile load

Depending on therosssection geometry and thead eccentricityinstability may beoccurredeven
for a tensildoad as reported if22]. Indeed Vlassov[23] shows that @arosssection can be unstable
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under a tensile for¢d this one is applied outsidgf a circle defined by the coordinates ofdentre
(us, vs) and by its radiuR (seeFigure3.6), that for an equal leg angle profdee

o  —Fm (Eq.3.25)

Y — 0o (Eq.3.26)

Figure3.6: Schematized illustration of the circle according to Vlassov

Obviously if the load is applied inside the circle defined above, then it should be a compression one
to causdnstability. For the specific case where the load is applied at the boundary of the circle,
independently if it is a compression or a tensi

Therefore, a pure torsional mode can be obtained whenabdd applied at the shear cer@ras it

has been shown i83.1, but depending on the cressection geometry, this load could be either a
compression or a tensile®. The flexuratorsional buckling mode where the torsion is predominated
(usuallyNc,3) is accordingly affected. In the latter mode, the critical load should be calculated for a
compression loa®. that is applied inside the abewgentioned circle or #ension onePr that is
outside of the circle. If the load is applied at the boundary, then the critical load become significantly
high.

3.4 Influence of the boundary conditions

Equation given in 8.1 have been developed and therefore can be applied only femgdad
columns. Inevitably, some end resttaiare usuallypresentvhen an angle member is connedied
other members in a structurss theconnection is oftemchieved orone leg only, the naelling of
the endrestraint effect become complicated. A few analytical solutions are availahileoses
proposed byrahair et al[24]. An acceptale designsolutionis to use effectivdength factor,
(seeFigure3.7) so that eq(3.20) or (3.21) may bapplied by usinghe followingparameters:

6 5 — (Eq.3.27)
O 5 — (Eq.3.29)
b6 p — @ — —@ (Eq.3.29)

In fact, an effective length defines the portion of the deflected shape between points of zero curvature.
In other wordsKiL is the length of an equivalent pamded column buckling which would exhibit
the same elastic buckling load than the-ezstrained column.

13 Marios-Zois BEZAS



Design of lattice towers made @frye hotrolled high strength steel angles

TheK; factors reported ifrigure3.7 could be used to evaluatg andK, factors so as to estimate the
flexural critical loadsbut not to evaluate th€r one. Nevertheless, as explained before, the warping
constantC, of angle sectionsan be assumedas zero and the, the torsional critical load can be
estimated only by the first term of the. €8.29) without determiing the Ky factor.

Buckled shape
of column
shown by

dashed line

Theoretical K

0.5 0.7 1.0 1.0 2.0 2.0
value

Recommended

A 0.65 | 0.80 1.2 1.0 210 2.0
design value K

Rotation fixed and translation fixed

o
End condition T Rotation free and translation fixed

key Rotation fixed and translation free

Rotation free and translation free

Figure3.7:Effective-length factorK,, Ky for axially loaded columns with various end conditj@t]

When there is a need to take into account the positive effect of the restraimesdesignthen the
formulas proposed i&EN 19933-1 [2] where an angle is connected throwlitierent numbers of

bolts at its extremitiesmay beapplied.In those formulas, a modified slenderness is proposed per
axis (uu, v-v, z-z) depending on the boundary conditions (i.e. single/ doubled bolted at both ends
member, etc)ln the presenthesis,this aspect is not addressed amdly pin-ended angles arso
consdered

3.5Influence of the loadng type

In contrast with other common profiles, the critical load of an angle section is affected from the
position of the axidbad. The analytical solution for a centrallyemcentricallyaxial loaded member

is given in83.1 If the member is loaded with atcentricaxial force (ex) and a bending moment,

this can be translated to an axial force with a fictitious eccent(egityen+M/N), and therefore same
eguations may be useat least as long &4 andN vary proportionally.

But angles that are used in pylons, towens anasts aralsosubjected to lateral loads (wind forces)
additionally tother axial force A few numerical simulations on single angle axially loagkednbers
subjected tdateral load have been performed, and it is clear that the critical éddlde column is
affected especiallywhenthe lateral load increaseldowever, it can be seen (s§8.2.2 thatthe

wind forceacting on a bais rather small compared with the axtale Thereforeijt will be assumed

in the thesis that lateral loads remain quite modest and that M and N forces in the angle members
vary proportionally

3.6 Second order elastic hckling analyses

Besidedhe first order linear elastic thedttyat ispresented i183.1, the critical loacbf a membecan

be also evaluated kgysecond order elastic analysg@ng a nodinear softwareas reported through
an examplein section83.7. In this case, if the column erfectly straighaind the load is applied at
the centre of gravitythe straight position becomes unstableen the load exceeds the critical value
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and a slighincrease of the load leads to large displacements of the member and, finally, to the
collapsedue tobuckling. The critical point, after which the deflections of the member become very

| ar ge, i s defi ned Na syafithh systdinthis if illustratadtinFigure3.8pfari nt o

Us = 0. On the contrary, ithe column is not initially straighit as it happensftenin practisei or it

is eccentricallyloaded, deflection starts from the beginning of the loadingtlagick is no sudden

buckling by bifurcation{Figure3.8). If the bowimperfections or the eccentrigsremain low, then

the critical load tends to rela the critical onend a small plateau appears in the curve corresponding

to the critical load multiplierHowever, if the loading eccentricity is high, there is a continuous
increase of the displacements sikea effects become significant. The initial imperfections cannot
becomeratherhigkpas o af fect the member s responi@ae becal
standardsThi s phenomenon is called fAdivergence of t
strict stability limit. For those case(dotted line inFigure 3.8), the critical load factorcan be
determinedy the point where theurvaturechangs. The intersection points of the small horizontal

red lines and the"2 order displacement curveshownin Figure 3.8, indicate the critical load

multipliers for the two main caselescribed above

A
N/Ncr,ﬂ 8 =[0

1.5]

.,

Figure3.8: Load-displacement® order elasticurves ofacompressed columiin the case of a bow
imperfection)[21]

3.7 Numerical and analytical studies

A pin-endedperfectly straightolumn with 2,0m length isassumedlts crosssectionconsists ofin

angle profileL70x70x7 made of S23a nd t he Youngo6 8100600 The e qu al
geometry properties of theofile are reported iTable3.1. For the studied sectiorhe& parameters

of theV | a s <iwlg described i83.3are also calculatedh¢ coordinates of its centre are (22,87 ;

0) and its radius iR=37,67 mm

Table3.1: Geometry properties of the cressctionL70x70x7

h t A iu iv |T
[mm] [mm] [mm?3 [mm] [mm] [mm?

Uc V¢

[mm] [mm] lur2 [mm5]

lw [Mm®]

70 7 939,691 26,665 13,605 14601,1 5603850,0 -22,842 0 7956200,0

The column is loaded with an eccentric axial load of 100kNko main cases awmistinguished and
studied in terms of the load eccentricity

(a) the load is applied on theajoraxis U (i, | 0, w= 0);
(b) the load is applied on theinoraxisV (u,= 0, % | 0);

15 Marios-Zois BEZAS



Design of lattice towers made @frye hotrolled high strength steel angles

Table3.2: Analytical and numerical load factors for eccentrically loads on U axis

up [m] Chra [] Chr2 [] Chra [] Chr,anal [-] Ckr.eineLs [-] UhL-el [-]
-0,2 0,901 1,52 -0,556 -0,556 -0,5561 -
-0,15 0,901 1,85 -0,773 -0,773 -0,7738 -
-0,1 0,901 2,36 -1,26 0,901 0,9015 0,7621
-0,07 0,901 2,79 -2,03 0,901 0,9015 0,7722
-0,05 0,901 3,13 -3,35 0,901 0,9015 0,7992
-0,04 0,901 3,30 -4,89 0,901 0,9015 0,8051
-0,03 0,901 3,42 -8,66 0,901 0,9015 0,8452
-0,02284 0,901 3,46 -17,59 0,901 0,9015 0,8654
-0,01 0,901 3,29 36,68 0,901 0,9015 0,8892
-0,005 0,901 3,11 20,42 0,901 0,9015 0,8970
-0,001 0,901 2,94 16,38 0,901 0,9015 0,9010
0 0,901 2,89 15,74 0,901 0,9015 0,9014
0,001 0,901 2,85 15,24 0,901 0,9015 0,9010
0,005 0,901 2,66 13,96 0,901 0,9015 0,8970
0,01 0,901 2,43 13,42 0,901 0,9015 0,8892
0,015 0,901 2,21 13,59 0,901 0,9015 0,8821
0,02 0,901 2,02 14,30 0,901 0,9015 0,8782
0,025 0,901 1,86 15,54 0,901 0,9015 0,8621
0,03 0,901 1,71 17,43 0,901 0,9015 0,8452
0,04 0,901 1,47 24,60 0,901 0,9015 0,8052
0,05 0,901 1,29 46,31 0,901 0,9015 0,7992
0,07 0,901 1,03 -49,48 0,901 0,9015 0,7831
0,08 0,901 0,933 -23,72 0,901 0,9015 0,7722
0,1 0,901 0,787 -11,46 0,787 0,7869 0,7621
0,15 0,901 0,563 -4,92 0,563 0,5637 0,6411
0,2 0,901 0,439 -3,11 0,439 0,4386 0,5372

For each consideregtccentricity, three load factors are calculated analytically, (&2, acr,3) by

using eq(3.19), and the smallest one among them, indicates the criticab®pg)( Then, and in
order to evaluate numerically the critical load multipligs éneLc), an elastic instability analysis is
performed with FINELG25] finite element software. The column is meshed in 16 beam elements
along its length and tHeounday conditions are those describedrigure3.1. Finally, a second order
linear elastic analysis without initial imperfections, but with the relevaninéiocgy, is performed

with FINELG, and thea. nielis evaluated according &8.6. Only for the specific case where the
column is loaded at the centre of graviyather small imperfection has been implemented so as to
the convergence of the FINELG calculations. The analytical and numerical load multipliers for
different load eccentricities are illustrated graphicallyigure3.9 andFigure3.10while their values

are reported iTable3.2 andTable3.3 for eccentrically loads on U and V axis respectively.
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Table3.3: Analytical and numerical load factors for eccentrically loads @xi¥

vp [M] Chra [] Chr2 [] Chra [] Chr,anal [-] Ckr.eineLs [-] UhL-el [-]
-0,2 0,382 3,43 -0,718 0,382 0,3823 0,4061
-0,15 0,464 3,41 -1,08 0,464 0,4648 0,4720
-0,1 0,587 3,35 -2,06 0,587 0,5867 0,6048
-0,07 0,687 3,27 -4,09 0,687 0,6867 0,7124
-0,05 0,764 3,18 -9,45 0,764 0,7641 0,7633
-0,04 0,803 3,11 -20,92 0,803 0,8036 0,8021
-0,02284 0,864 2,99 38,08 0,864 0,8642 0,8499
-0,01 0,894 2,91 17,76 0,894 0,8938 0,8785
-0,005 0,899 2,90 16,20 0,90 0,8995 0,8909
-0,001 0,901 2,89 15,76 0,901 0,9014 0,9013
0 0,901 2,89 15,74 0,901 0,9015 0,9014
0,001 0,901 2,89 15,76 0,901 0,9014 0,9013
0,005 0,899 2,90 16,20 0,899 0,8995 0,8909
0,01 0,894 2,91 17,76 0,894 0,8938 0,8785
0,02284 0,864 2,99 38,08 0,864 0,8642 0,8499
0,04 0,803 3,11 -20,92 0,803 0,8036 0,8021
0,05 0,764 3,18 -9,45 0,764 0,7641 0,7633
0,07 0,687 3,27 -4,09 0,687 0,6867 0,7124
0,1 0,587 3,35 -2,06 0,587 0,5867 0,6048
0,15 0,464 3,41 -1,08 0,464 0,4648 0,4720
0,2 0,382 3,43 -0,718 0,382 0,3823 0,4061

When the member is loaded on U axis, three load factors are calculated analyticaléy, {pwich

is related with flexural buckling of the member along U axis, @e)(which is associated to
flexuralktorsional buckling along V axiwhen the flexural deflection predominates and finally one
(acr,3), which corresponds to flexurtdrsional buckling along V axis when the torsion predominates.

Similarly, when the member is loaded on V agig; andac; are correlated again with thexRural

torsional buckling along V axis as before, lagt; relates now to a flexurdbrsional buckling

towards U axis, that becomes a pure flexural one when the load approaches the centre of gravity. It

A

can be seen through both graphs that out of the ¥l v 6 § itscboundarieg are reported with
dot lines in the figurek a tensile load is requested to reach the flextargional buckling where the

torsion

prevail s.
critical load tends to become rather high (infinity). The Vlassov theory is therefore validated through

Addi

ti onal

Iy,

as

t he

oad

this study. Furthermore, froFigure3.9 it canbe easily observed that the curves are not symmetrical

relatively to V axis because the critical load of an angle section increases when the point of
application of the load approaches the shear centre. However, thanks to U axis of symmetry, the

critical loads are identical (s¢egure3.10) whether the force is applied om,(\p) Or (Up, -Vp).
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Figure3.9: Analytical and numerical instability load factors for eccentrically loads on U axis
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Figure3.10: Analytical and numerical instability load factors for eccentrically loads on V axis

The resultobtained analytically and numericalthrough the elastic instabilitgyritical analysisare
in very close agreement, as sémm both graphs and tabldsrom the comparison between the
analytical resultand thosestimated through thé%rder elasti@nalysigTable3.2 andTable3.3),
one sees ery good agreement for small load eccentricities,shght differences whethe load

eccentricityi ncr eases. Thi s di fference is explained

phenomenon, as there istradwaysstrict stability limit, and it seems to bmore relevant for an
eccentric load on U axis than V.

Figure3.11 shows the load factor vs displacement curves obtained throufjloér linear elastic
analysis for eccentrically loads on U axis. All the curves compared with the load factor ofisained
the centrally loaded columthrough the elastic instability analysibl(, /N = 0,9015 that is
illustrated with the orange horizontal linBhe curves that correspond to the eccentriciijesqual

to 0,1, 0,15 and 0,2 are not shoumrthis graphdue to he fact that thie relevantbuckling mode is a
flexuraktorsional one along V axidhe values of all the load factirnel are reported imable
3.2. For the cases where instability occdte toa tensile load (i.e fory -0,15 or-0,2) according

t o VI as s 083.9,even ihtleeamalytical solutions and tberrespondingesults from an
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elastic first order instabilitanalysisare identicaljt is not possible to verify thieload multiplies
through a on-linear elastic analysis with a tensile load, because the member just elondghése
cases
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Figure3.11: Load factoii displacement curves obtained throughH@o2der linear elastic analysis for
eccentrically loads on U axis

Figure3.12 shows the load factor vs displacement curves obtained throuflo@ér Inear elastic
analysis for eccentrically loads on V axis. In this case, the curves compared with the relevant load
factor obtained through the elastic instability analysis, that is illustrated with a dot horizontal line
with same colour with the displacemenrve that should comparefis the section is symmetrical

in this directionthe curves are identical for the same absolute value of the applied eccentricity.

1,00
vp=-0.2
0.80 vp=-0.07
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Figure3.12: Load factoii displacement cungeobtained through &%order linear elastic analysis for
eccentrically loads on V axis

Complementary analyses have been finally perforimedder tanvestigate the influence dieout-
of-straightnesof the columnto its critical load. Eight load eccatricities on U axis have been
consideredthreepositive and founegativeqseeFigure 2.1 for the definition of the singand br

each eccentricityan initial bow imperfection with shape similar to the first instability ma@e

deflection along U axiss implemented. Interms ¢fhe i mper f ecti onds magnit
also consideredt L[mm]/1000 and + L[mm]/200. Then, 29 order linear elastic analyses were
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performed and the load factbrdisplacement curves are showrFigure 3.13 andFigure 3.14 for
negative and positive eccentricities omddpectively.
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Figure3.13: Load factori displacement curves obtained througi%o2der linear elastic analysi@ith
negative eccentrity on U axisandinitial imperfection}
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Figure3.14: Load factori displacement curves obtained througi%o2der linear
positive eccentricity on U axis and initial imperfections)

astic analysjwith

It can be seen th&tr the saméoading eccentricitythe initial imperfectionslo not affect the critical
load of thecolumnso muchput they have an impact i stiffness thattends to be negligible as the
load eccentricity increaseRoughly,if ur < 5,0 then the influence of thaitial out-of-straightness
becomeselevantfor the response of the member until it reaches its critical IDadhe contrary,
the critical loadf the columris affected much more by the loadiegrentricity andbecomsesmalle
asfar asthe eccentricity increases.

3.8 Conclusions

Angle profiles, and more specifically the equal leg ones investigated in the present thesis, exhibit
some properties that distinguish them fridma welkknown profiles. It is known that, for a double
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synmmetric crosssection, the critical load is not affected by the load eccentricity while the buckling
modes are always decoupled and the critoais a flexural one. This idifferentfor angle sections;
thear particularities are summarized betow

1

They mostly buckle along theirweak axiswith a flexural or a flexuratorsional mode
depending on the load eccentricity

The ful decoupling of the buckling modes happeny for a very specific casavhere the
member is loaded at the shear centre; thagsisthe only case that pure torsional buckling
mode can bappeared.

The critical load is affected by the type of the loading (bending moments, lateral loads, etc).
Depending on the crosectiongeometry, an instability may be occurred even for an
eccentric tensile load

The initial imperfections of the membeéhatin practiseare rather smalis they are limited
by fabrication standardsglo notsignificantly affectthe criticalloadin comparign with an
eccentricityof the applyingoad However they influencehe stiffness of the member until

it reaches its critical logas results from a"2order linear elastic analysis.
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4. CLASSIFICATION OF EQUAL LEG ANGLE S PROFILES

Crosssection classification is of importance for the selection of the analysis and design procedures
to employ: plastic, elastic or elastic with due account for local bucklemeral rules for cross
section classification (classes 1 to 4) are giveBNN19931-1, in combination with EN 1993-5

that gives rules for buckling resistance of cldsangle sections prone to local buckling. Additional
rules for classification to compression can be found iri#983-1 for angle members used in lattice
towers,as well as inthe CENELEC standard EN 50341that provides specific rules for lattice
towers used in the fieldf overhead electrical linedmongst these normative documents, specific
provisionsfor classification to bending can be found only in E8P31-1, while inconsistencies
between them are highlighteahd presentetbr classification to compression, where four different
width-to-thickness ratios can be evaluated feaeneclass limit!

According to EN 1993-1, clause 5.5.2 (4) classification skibbe done for the compression parts
ofthecross ecti on that are defined as foll ows-: i C
section which is either totally or partially
However, astrict application of this rule requires a separate classification of the-secsisn for

each combination of applied forces and moments. Since this rule is unpractical for design, a simpler
approach is proposdtere where the crossection is classified segdely for compression, strong

axis and weak axis bending. For the latter, the esestion class may be different for positive or
negative moments due to the mesyommetric shape of the profile, that lead different classes

when the tip is in compressi or in tension.

In the following, the limiting widthto-thickness ratios for compression parts of equal leg angle
sections areliscussed and defined through analytical considerations and numerical calculations,
for the aboveeferred loading conditian The analyticalderivationsalways follow the main
principles of Eurocodesnd especially ENI9931-1. Asin the latest version of EN 19931, namely
prEN 19931-1 [26], no modification is contemplated regarding the classification of the-cross
sectionsthe formeiis used hereafter when a reference is made.

4.1 Description of the numerical model

The numerical maels for the parametrical numerical studies were created with ABAQUSear

finite element softwarf7] using volume elements. The samples have been modell&d-esded

with at least three volumienear elements over the thickness ($égure4.1). The selection of the
elements (linear instead of quadratic) doesinfluence the resulté denser mesh (i.e four volume
elements per thickness) gives better results-BYy61 but increases substantially the required time of
the analysis, that is not desirable in combination with the high number of the numericststbdi
performed At the extremities, fictitious end plates have been introduced through a specific
constraint, so as to distribute uniformly the external applied loads but also to avoid any local failure
at the point of application of the load.

The finte element analyses were performed considering:

1 a local leg imperfection equal td100 (h is the width of the crossection), based on the
tolerances defined in EN 1002428], with imperfection shape affine to the lower relevant
elastic instability mode obtained through an elastic instability analyiség has been
performed with an axial force or a bending moment for compression or bending cases
respectively;
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1 a linear elastici perfectly plastic materiabehaviour lawwithout strain hardening in
accordance with EN 1998-14,84.3.2(1a)[29], as it is shown irFigure4.2.

Figure4.1: Sample of the-® model used for the numerical analyses

Stress |

K

tan'!(E)

Strain ¢

Figure4.2: Material law in accordance wif29]

Subsequentlyparametrical numerical investigations on short column subjected to compression,
strong axisbending,and weak axis bending will be conducted in view of deriving appropriate
classification criterialn all the numerical simulations, the applied load iasneg up to failureAll
nominal dimensions of the cresections used ithese studieare inmm

4.2 Classification to compression

The resistancef sections subjected to compression is identical for classes 1, 2 or 3. Accordingly,
there is a need to defimmly the limit between classes 3 and 4. The failure modes on each side of
this limit are respectively the yielding of the cross section and the local buckling of the legs. Often,
but erroneously, local buckling for class 4 sections is associated tontrbiackling while it is
known from&0 that a pure torsional buckling mode can only be obtained when the load application
point is the shear centre, which does naincide with the centroid in case of angles sections.
Accordingly, the relevant failure mode for class 1 to 3 angle sadsonelding, while for class 4
sectionslocal plate buckling occurs in the legs.

Table4.1: Samples for the analyses of the cresstion subjected to compression

No Cross Section Steel grades

1 L45x45x3 S355/ 5460 / S550 / S690
2 L45x45x4 S355/ 5460 / S550 / S690
3 L70x70x5 S355/ 5460 / S550 / S690
4 L70x70x6 S355/ S460 $550 / S690
5 L250x250x17 S355/ 5460 / S550 / S690
6 L250x250x20 S355 /5460 / S550 / S690
7 L250x250x22 S355 /5460 / S550 / S690
8 L250x250x26 S355 /5460 / S550 / S690
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Table4.1 presents the crossections and the steel grades that have been used for the analyses in
which the samplearesubjected to compressiofhese samples have been selected in order to cover

a wide range of crossection leg slenderness. In particulaerif steel grade S690 is not available

on the market, it has been selected so as to reach higher slenderness ratios.

In order to prevent flexural buckling, the length of the samples was selectech a way thatl
Tt , a slendeess below which the Europeanchling curvesassume that neeductionassociated
to bucklingis required This limitation leads to a value of the length of the samples eqLa/3e-iy:

Lt v+ —— mg+ O pou- Q4+ dx, h &

(Eq.4.1)

Figure 4.3 and Figure 4.4 show the ratio between the numerically obtained esestion (CS)
resistaace (Nur) and the plastic characteristic resistandg £A-fy), versus théh/-t and c/-t ratio
respectively. It can be easily observed that the scatter is bigger when the results are correlated with
theh/-t ratio than the/-t one, that makes the latter ratio more suitable for classification purposes.
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Figure4.3: Compression. Ratio between numerical results and plastic resistancé xetidn/
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Figure4.4: Compression. Ratio between numerical results and plastic resistance resti@/

The samples that reach their plastic characteristic resistance even with a 3% deviation, that is
assumed amcceptable due to the selected naeshsity can be categorized as class 1 to 3. Therefore,
based on the numerical results, the cdimit for equal leg angles subjected to compression may
besetas / t ©O 13, 9

In EN 19931-1, table 5.2 (sheet 3), two conditions are provided to distinguish Class 3 from Class 4
sections for equal leg angles:

h/t O alnld 5 - &6t O 4B/t O (E445
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For the available hatlled equal leg angles, it can be seen that the mean value for parerseter
equal to0,8h So, in this case, et.2) may be rewritten and become$O 9. THs value is seen
to be quite consenviake when compared to the obtained numerical results

In the same table 5.2 (sheet 3) of E®B31-1, a cross reference to shee
el ement so, fr-@imtiehi ch the cl ass
c/t-0 14 (Eq.4.3)

This limit may bealso determined analytically by considering the risk of local plate buckling
resistance of the leg. Indeed, the reduction factor for outgiiated elements due to local buckling
is given in EN 1993.-5 as below:
phrt A0 Tty Tt Y
” A . . Eq.44
" EO Tt (Eq.44)

where:

) _ T (Eq.4.5)

In this case, the condition for class 3 to 4 limit is that the resistance should not be reduced due to
local buckling, which may be exgssed as| i t,@e.” p.Intable 4.2 oEN 19931-5, the
buckling factor for outstand elements in compressjon () is defined ak: = 0,43. Additionally,

for equal leg angles EN 19935 defineso= h. Introducing the abovealuesin the expression for

the limit slenderness, the claddimit in respect to local buckling may be calculated as:

h/t O 1c8riegponding approximativey t o 11,1- c (Ed.4.6D

But in fact,looking to the obtained numerical resuitsppears clearly now théishould be selected
as equal te, and not td as suggested in EN 19935.

As a conclusion, the cla8sto class4 limit for equal leg angles subjected to compression may be
preferably set equal to:

c/t O 13,09 (Eq.4.7)
This condition is in line with:

1 the numerical studies;

9 the current provisions of Eurocode 3 and more specifically with EN-1993able 5.2,
sheet 2 for clas8 limit of outstand elements (/ t -)0 1 4

f  EN 19931-5, in which®= c instead oh (c / 13,90

1 the standard EN 50341, mainly used in practice in central Europe for the design of lattice
towers made ofangles ( t ® 13, 9

f the recommendations of EN1993L c / t  Qin Wich tectt ratio for angles defined
in EN 19931-1, table 52, may be replaced by the raifb-2t)/t, in which the nominator is
not so far from the exact valeeh-t-r.

4.3 Classfication to strong axis bending

The stress distribution for strong axis bendingid/such that only one leg is under compression and
needs clasification.lt may be seen from EN9931-1 that the design resistance for classes 1 and 2
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is identical, the plastic one. The two classes differ in the possibility to apply plastic methods of
analysis for class 1 sections, while for class 2 sectionsoatasthods shall be employed. However,
plastic methods of analysis are rarely used in towers composed of angle sections according to the
existing norms. Therefore, the two classes 1 and 2 are merged in the following and only limits
between classes 2 an@idd 3 and 4 have been deriv&dble4.2 presents the crosections and the

steel grades that have been used for the numerical studies in which the samples are subjected to
strong axis bending moment,M'he selected parameters leadtd ratios below 25. However, in

order to extend the relsito higher ratios, additional analyses were carried out for two-ssxs®ns

(L 120x120x7 and L 130x130x8) with nmommercially available higher steel grades (S800, S900,
S1000 and S1100h order to prevent lateral torsional buckling, the lengthliofamples has been

each time adapted so as the relative slenderness resma@4which is the limit slenderness under

which LTB does not reduce the bending streragttording to B 19931-1.

Table4.2: Samples for the analyses of the crssstion subjected to weak axis bending M

No Cross-Section Steel grades

1 L45x45x3 S355/S460 / S550 / S690
2 L45x45x4 S355/S460 / S550 / S690
3 L70x70x5 S355/S460/ S550 / S690
4 L70x70x6 S355 / S460 5550 / S690

5 L120x120x7 S355/ S460 / S550 / S690
6 L120x120x8 S355/ S460 / S550 / S690
7 L130x130x8 S355/ S460 / S550 / S690
8 L130x130x9 S355/ S460 / S550 / S690
9 L150x150x10 S355/ S460 / S550 / S690
10 L150x150x12 S355 / S460 / S5505690

11 L250x250x17 S355/ S460 / S550 / S690
12 L250x250x20 S355/ S460 / S550 / S690
13 L250x250x22 S355/ S460 / S550 / S690
14 L250x250x26 S355/ S460 / S550 / S690

Figure4.5 shows the ratio between the numerical results for the-sexg®n resistancé(,) and
the plastic characteristic resistanby(=Wpi,.-f,=1,5-W - f), versus the/-t ratio. Detailsabout the
evaluation of the elastiglasticmodulus in respect to the strong u axis can be found in Annex A.
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Figure4.5: Strong axis bending. Ratio between numerical results and plasitance vs. € ratio
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The samples that reach their plastic characteristic resistdige=1,5-Me,0), even with a 3%
deviation, can be categorized as clags While the clas8 limit can be easily found wheyuis
equal toMewand therMuru/ Mpiu= 0,66 Subsequently, from the numerical results, the €dssit
for equal leg angles subjected to strong axis bending may be adopted as-, @hild the clasS
limitcanbe sette / t -.O 27

In the plastic domain, the leg is antstand element subjected to uniform compression and then class
2 limit may be obtained from EM9931-1, Table 5.2, sheet 2 as/ t -.@he bakground of this
value may be found in ESDHBO] where it is indicated that a clagslimit can be obtained by
defining the value of the reduced plate slenderness by eq.(4.8) asequal to 0,6:

7 = L~
- = -hi t- pRe Q (Eq.4.8)

The buckling factoks is equal t00,43 for simply supported boundary conditions. So't aalue of
112- is found (rounded td.0- in Table 5.2, sheet 2). If clamped boundary conditions are now
assumedk: = 1,25 (see Ref31]-[32]) and this leads 0 ¢ /1t. By@bsdnang the numerical and
analytical results, it can be concluded that the actual-2léisst is between the above two extreme
cases and finally the following limit may be adopted:

- pY (Eq.4.9)

which defines the limit between classes 2 and 3. In fact, the leg in tension is seen to bring a torsional
restraint to the leg islompression, with an intermediate efficiency between fully pinned and fully
fixed boundary conditions.

O

h1

o)

ha ++

Figure4.6: Elastic stress distribution for strong axis bending)(M

For elastic behaviouiFigure4.6), the compression leg is an outstand element subjected to a stress
h nﬁ; mtBased on EN 1993-1, Table 5.2, sheet 2, the cl&ss

ratior - - —

limit is equal tac / t 3-Qwhichbis smaller than the proposed cladsnit. Again, it is based on an
assumption of simply supported boundary condifiom ks = 0,54). If, now, clamped boundary
conditions are assumed, the corresponding buckling ffgi$32] may be taken as equal ke=
1,57 Then, the clas8 limit may be obtained from the general formula of EN 1293 Table 5.2,
sheet 2:

- ¢p px ¢ @ (Eq.4.10)

This value is quite close to tmemerically obtainedne @7-) and is selected here as the proposed
class3 limit.
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4.4 Classification to weak axis bending

When the crossection is subjected to weak axis bending tile stressonditions for the two legs
are identical and then, classification refers to both lagsefore, only limits between classes 2 and
3 and 3 and 4 have been derivédio cases are defined and checked afterw#inddeqg tip is under
compression andndertension.

4.4.1Tip in compression

Table 4.3 presents the crosections and the steel grades that have been used for the numerical
studies in which the sampleare subjected to weak axis bending moment With the tip in
compression. As before, the last 8 analysis, i.e. 15* and 1%alie 4.3, are theoretial so as to
address slenderer cressctions.

Table4.3: Samples for the analyses of the cresstion subjected to weak axis bending M

No Cross-Section Steel grades
1 L45x45x3 S355/ S460/ S550 / S690
2 L45x45x4 S355/ S460 / S550 / S690
3 L70x70x5 S355/ S460 / S550 / S690
4 L70x70x6 S355/ S460 / S550 / S690
5 L120x120x7 S355/ S460 / S550 / S690
6 L120x120x8 S355/ S460 / S550 / S690
7 L130x130x8 S355/S460 / S550 / S690
8 L130x130x9 S355 /S460 / S550 / S690
9 L150x150x10 S355/S460/ S550 / S690
10 L150x150x12 S355/S460 / S550 / S690
11 L250x250x17 S355/S460 / S550 / S690
12 L250x250x20 S355/S460 / S550 / S690
13 L250x250x22 S355/S460 / S550 / S690
14 L250x250x26 S355 /S460 / S550 / S690
15* L120x120x7 S700/ S800 / S900 / S950
16* L130x130x8 S700/ S800 / S900 / S950
1,10
1,00 c/st=11,7
—~ 0,90
2 c/51=18,9
g 0,80
< 0,70 ———1750x26-5590
—— L130x8-S460
0,60 L250x26-S355
L130x8-S690
0,50
1 2 4 5 6 7 8 9

Figure4.7: Weak axis bending tip in compression. Ratio between numerieaults and plastic resistance
vs. the length parameter k

A number of numerical simulations have been performed to evaluate an optimal length_walue (
k-h), so that yielding develops freely along the member while the -sext®n resistance is
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independent of the length. It has been found that the value of the samplelUength[mm], is
working quite well (se&igure4.7):

1 for smallc/-t ratios which corresponds to class 1 or 2 profiles, the difference between
4-h andL= 6-his less than 0,5%, what is acceptable.

1 for largec/-t ratios which correspuls to class 3 and 4 profiles, the difference betvieen
6-handL= 8:his less than 1,8%, what is also acceptable.

The details and results of this specific parametric study are summarizall@.4.

Table4.4: Samples of the numerical simulations about the optimal length value

h fy t C/-t K L=k-h M ult,v M pl,v M uIt,v/M pl,v
[mm]  [N/mm?]  [mm] [mm] [KNm] [KNm] [-]
1,6 400 183,17 184,34 0,99
3 750 181,43 184,34 0,98
1 250 355 26 9,7 3,5 875 181,16 184,34 0,98
4 1000 180,%% 184,34 0,98

6 1500 180,57 184,34 0,98

No

15 375 28190  285,6 0,99

3 750 277,59 285,6 0,97

2 250 550 26 117 4 1000 276,49  285,6 0,97
6 1500 275,98 285,6 0,97

0,77 100 21,42 20,94 1,02

3 390 19,19 20,94 0,92

3 130 460 8 18,9 4 520 18,86 20,94 0,90
6 780 18,4 20,94 0,89

8 1040 18,53 20,94 0,88

15 195 28,96 31,42 0,92

390 25,2 31,42 0,82

4 130 690 8 24,6 520 24,66 31,42 0,78

780 23,2 31,42 0,74
1040 22,88 31,42 0,73

0o~ wW

Figure4.8 shows the ratio between the numerical results for the-sexdson resistancé,) and

the plastic characteristic resistandd,(=W,i-), versus the/-t ratio. The analytical expssions

for the evaluation of\j;v can be found in Annex A. From the numerical results, one can observe that
the clas2 limit, where the samples reach thdis, even with a 3% deviation, s/ t -, ®hileltide
class3 limit (samples that reach theiastic resistance)is / t O 26, 9

i:gg ! olet=14 : o/st=26,9
0,95 s = L45x45xt
0,90 : .
- 0,85 L70x70xt
> . .
z 080 : : L120x120xi
s 0,75 : S :
= 0,70 : : L130x130x
23 0.9 : === L150x150xi
. 2 x150x
0,60 : @:o
0,55 : HC N L250x250xi
0,50 % .
0,45 : 2 o theoretical
9,00 13,00 17,00 21,00 25,00 29,00 33,00
c/st []

Figure4.8: Weak axis bending tip in compression. Ratio between numerical results and plastic resistance
VS. CHt ratio
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Figure4.9: Stress distributioficompression taken as positiyey weak axis bending (M1 tip in
compression
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Figured10:. St ress r at i o [Rutiohiotipin eom@resdion @nglestfrone 0 3@D) st r i

The stress ratio for elastic stress distribution Egare4.9-a) is given by  — . As

is shown inFigure 4.10, the stress ratig  -8,1 for usual angle sections. Therefore, the buckling
factor may be conservatively set equakis 0,57 (valid fory 9 an@ according to EN 19981,
Table 5.2, sheet 2, the cla@dimit is:

c/ t590 1 (Eq.4.11)

If now clamped boundary conditions are consideredioa®for strong axis bending, the buckling
factor is equal td, =1,65 (for stress ratiy  -8,1). Then, the clas8 limit may beobtained again
from the general formula of EN 194931, Table 5.2, sheet 2 as follows:

- ¢pQ ¢ppwu ¢ @ (Eq.4.12)
The class3 limit may so be defined accordiggas it is in agreement with the numerical results.

For the plastic stress distribution, the proportion of thefegpmpression isd p ——. By

considering all the available angl e tweercO50 ons,
to 0,62 with a mean value of approximately 0,58 and a standard deviation of 2%, and therefore, a
value of 0,60 is adoptedhe class 2 limit may be accordingly obtained from the general formula of
EN 19931-1, Table5.2, shee®, from:

- — = P (Eq.4.13

The classification limits proposed currently by Eurocode 3, i.e(4etyl) and eq(4.13, arenot at

all consistent as thet-ratio forclass 3¢ / t 5,9Qis lbwer than the one obtained fdass 2 (@ O
16,6-). The reason is that the mechanical model for class 2 setti@socode 3when the tip is

in compressionis not correct because the outstand elements partially in caigrese treated as
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elements fuf i n compression with a reduced width Uc.
introduced exactly at the position where the compression starts. Goissgonable sincension is
beneficial to local buckling. For that reason, it is proposed here to keep the c/t limit for class 2 equal
to:

- ptE (Eq.4.14)

which is h good agreement with the numerical results.

4.4.2Tip in tension

Table 4.5 presents the crossections and the steel grades that have been used for the analyses in
which the pirended samples are subjected to weak axis bending madvhetip in tension. As
already exfained for the previous cases, the last 8 analysis, i.e. 3* andl4bir4.5, are theoretical

S0 as to investigate the behaviour of the egEstionand validate the limit between clésand class

3. The valuel. = 6:h [mm] for the length has been adopted in this case too, as explained in section
4.4.1

Table4.5: Details for the analyses of the cresction subjected to weak axis bending-fifvin tension

No Cross-Section Steel grades
1 L120x120x7 S355 / S460/ S550 / S690
2 L120x120x8 S355 / S460/ S550 / S690

3* L130x130x8 S720/ S850/ S1050 / S1250
4* L130x130x9 S820/ S990 / S1200 / S2000

Figure4.11 shows the ratio between themerically obtainedalues of the crossection resistance
(Muiy) and the plastic resistance, according toctheratio.

1,05 -

1,00 ®s 0.9 . s c/st=27
i ©C o o
> 095 : 2 L120x120x7
2 0,90 : 0 i
2 085 : @ L130x130xE
25 0,80 o theoretical

0,75 :

0,70 :

15,00 20,00 25,00 30,00 35,00 40,00 45,00
c/st[]

Figure4.11: Weak axis bending tip in tension. Ratio between numerical results and plastic resistance vs.
c/-t ratio

From the numerical results, one can observe that the Zlasst for equal leg angles subjed to

weak axis bending when the tip is in tension, eqouals7-. O

In the plastic domain, the proportion of the leg subjected to compression +s—— and takingr

=t as an approximation, it may be shovfiglire4.12) that, for usual angle sections, itls 4. 0, 4
Then, the clas2 limit may be obtained from the geaéformula of EN 1993l-1, Table 5.2, sheet
2:

oW e (Eq.4.15
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0,49
0,46
-3 0,43
0,40
0,37
0,34
0123456 7 8 910111213141516
Profile No

Figure4.12: Ratios U for tip in tension (angles

At the end, the clas limit may be kept as provided by the numerical resalts @7-)Qwhich is

on the safe side concerning the normative approach. In any case, both limits are far from the highest
c/-tratios obtained for available angles and steel grades. Therefore, all angle sections may practically
always develop their plastic momdat weak axis bending when the tip is in tension.

4.5 Summary of classification for equal leg angle sections

The complete set of the proposed duly validated classification criteria is summarizdiaa.6. It
may be seen that, unlike in the current Eurocodes, the same geometric pararaatidrsare used

for all crosssection loading situations.

Table4.6: Maximum widthto-thickness ratios for compression parts of equal leg angle sections

Section in Section in Section in weak  Section in weak
; strong axis  axis bending M,7  axis bending M,
compression . S ; o )
bending My tip in compression i tip in tension
Class <_:> §> = <_:>
17 2 5 P¢@ 5 P 5 X
Class @ - @ - @ -
~ m' ~ - ~ - -
3 5 P ; O® 5 @

where- ¢ oQ—

4.6 Conclusions
From the present study, involving numerical and analyapproachesthe following conclusions

may be drawn

9 A proposal for the classification of equal leg anglesyfabnsistent with the Eurocode
normative documents, is presented and validated numerically and analytically.

1 Angle crosssections are classified separately for compression, strong and weak axis
bendng.

1 The numerical investigations have been performed with ABAQUS software using volume
elements and are in very good agreement with the analytical developments.

1 The classification boundary from class 3 to 4 of an angle-sextton subjected to different
loadings, is determined through the slenderness of the compression leg and not the torsional
instability mode as usually considered for other common profiles.

1 The proposed classification rules are written in the format of the existing EurgooaleeB
all crosssection classes and remove inconsistencies of existing specifications.
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5. DESIGN RESISTANCES OFANGLE CROSS-SECTIONS

In the following paragraphs, formulae for the evaluation of the &esson design resistance of

equal leg angles are proposed amafidated through the numerical results obtained in chapter 4
concerning the classification. The formulae were based on those given 1998N-1 and were
adjusted appropriately for angles sections when required. The notations for the material properties,
safety factors and other properties follow those given in chapter 2, and therefore no further definitions
are given here, unless it is necessary. Finally, based on the results obtained in the previous chapter
of classification, a linear transition betweglastic and elastic bending resistances is adopted. This
smooth transition has been proposed and validated for double symmetrisamtisss in the SEMI

COMP European funded projd88] and will be adopted for these sections in the forthcoming new
version of Eurocode 3 Partll(prEN 1993 1-1 [26]).

5.1 Cross-section resistance to tension

The crosssection design resistance for axial tension may be determined from:
op — (Eq.5.1)

The coresponding characteristic resistafdg:xi S gi ven by eqzofrofn3hel) , re
equation. No modification is recorded here from the existing Eurocode 3, but is reported just for sake
of completeness.

5.2 Crosssection resistance to compression

The prgposed crossection design resistance for axial compression may be determined from:
—  AIAG AT dpOT £ET AO
0 f o (Eq.5.2)
e EIAQ AOOT £EI AO
where,

At is the area of the effective cressction defined as:

o) O cop (Eq.5.3)
| is the reduction factorcaounting for plate buckling, equal to:
pit A0 mxt Y
o AN ikt (Ea.54)

considering a reduced plate slenderness of the legs equal to:

] — ‘ 4 (EQ.5.5)

The corresponding characteristic resistahigx is given by eq. (5.2), removing, o from the
equation.

In order to be in line with the classification limits as derived in sedtigrthe geometric propertyp
must be defined differently than in the current Eurocode provisions. Consequently, the statement of
EN 19931-5, 84.4(2) thato "Ofor equal leg angles should be replaced for this type of section by
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@ ® This constitutes the only difference between theetu proposal and the existing Eurocode
3 provisions.

Figure5.1 shows the ratio between the numerically determined s®sison resistanceN(), ard

the characteristic resistanch:&y, versus the/-t ratio. It may be seen that the response is not
influenced by the crossection size. Furthermore, it may be seen that, for stocky class 1 to 3 legs,
there is a small overestimation of resistanceth®y proposed formulae. However, this is largely
counterbalanced by strain hardening effect that is not considered in the numerical analysis.-For class
4 sections the proposed rules are largely on the safe side.

1,20
1,15
1,10 : 4
1,05
1,00 =
0,95
0,90

0,85
8,00 10,00 12,00 14,00 16,00 18,00 20,00 22,00
c/st [

c/¥t=13,9

cecces

A A L45x45xt
L70x70xt

Nult/Nc,Rk[']
.....:......

L250x250x

Figureb5.1: Crosssection resistance to compression. Ratio between numerical results and characteristic
compression resistance vs. c¢c/ Ut ratic

Figureb.2illustrates the ratio between the numerically determined -@@stson resistancé\(;), and

the design resistanchl{rg, versus the/-t ratio. The design resistances have been evaluated firstly
with the current proposal and thbased on the existing provisions of EB931-1 in combination

with EN 1993 1-5 for class4 sections. The vertical dot lines represent the @dssit as suggested

in chapter 4¢/tO  1-Bandthe one calculated using Eurocode 3 provisioh®( 1-1 eq.(4.6)).

It can be easily seen that the proposed model is less conservative fet pladibes while still
remaining on the safe side.

1,40 . -
c/¥t=111,1" . c/5t=13,9
1,30 < =
. . ° PY
- : : o ‘e
— 1,20 : i e : ; ° 4
o b. ° [ ]
Zo 1,10 : .0 o '. s
x L 0 %! a® "
= 1,00 P ‘_ -”#
0.90 : : = proposal
, e EN 1993-1-1
0,80

8,00 10,00 12,00 14,00 16,00 18,00 20,00 22,00
c/st [

Figure5.2: Crosssection resistance tompression. Ratio between numerical results and design compression
resistance obtained from the current proposa

5.3 Cross-section resistance to strong axis bending

The proposed crossection design resistance to strong axis mgdy, may be determined from:

0 § w — (Eq.5.6)
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where,

W,y is the section modulus about u axis that equals:

® | o fwithi=234 Eq((5.7)
where,
hu=1,5 for class 1 or 2 Eq.5.8)
Gu= p :—7 Oplv p  forclass 3 Ed.5.9)
U u= Weitu/Weru= 12 for class 4 (Eq.5.10)
Iy is the reduction factor for plate buckling, determined from &)

considering a plate slenderness of legs expressed by:

] — ‘ . (Eq.5.11)

For strong axis bending of cladssections, the effective cressction becomes nesymmetric due

to the fact that only one leg is in compresdiseeFigure5.3(b)). This changes the position of the
centroid, the directions of the principal axes and all esession properties. In order to avoid such
laborious calculation, an approximate solutiontfur effective section modulus is envisaged. This
may be achieved by reducing equally the other legaio@approach that is on the safe gaFigure
5.3(c)). The ®mparison of the ratio between tinéial and the approximateffectivecrosssection

is shown inFigure5.4. It may be seen that the proposed approagplied to a large number of cress
sections, is on the safe side.

u

e

MG

T thr+— puC —F Fthr+— puc —F

tHr+— puc ——F

*

(b) (c)

Figure5.3: (a) Initial crosssection, (b) actual effective cressction and (c) Approximate effective cross
section

Determination ofh, ,

_ 108

=1

3 102 ot . H °

= o0 o ° ] °

35 1,01 4 S . H

N ° ° * e S

= 100 | ® s 3 ° hd .

= 0,99

30 130 230 330
h [mm]

Figure5.4: Ratio of the strong axis moduli between the initial and the effective-seasi®n

Figure5.5 shows the ratio between the numerically determined esession resistancé.), and
the characteristic resistandel(ry, versus thec/-t ratio. It may be seen that the response is not
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influenced by the crossection size. For stocky class 1 and 2 lelge proposed formulae predict
almost exactly the resistance. For cl@ssections there is a small overestimation of resistance in a
very limited range o€/-t-ratios, while for clasg sections the proposed rules are always on the safe
side.

1,25 . .
2 c/vt=16 . C/¥t=26,3
1,20 : T A L45x45xt
-~ 115 : : L70x70xt
£ 1,10 : : = L120x120xt
=] . . Cp
S 105 : . . B ° L130x130xt
3— A ‘ A N ° .
; 1,00 ® e «;‘ i ; ® L150x150xt
. [ ) .
0,95 : : L250x250xt
0,90 o theoritical
0,85 £ :

9,00 13,00 17,00 21,00 25,00 29,00 33,00
e/t

Figureb5.5: Crosssection resistance to strong axis bending. Ratio between numerical results and

characteristic moment resistance vs.

Figure5.6 illustrates the ratio between the numerically determined @@stion resistancéi.),

and the design resistanddy(rg, versus the/-t ratio. The design resistances have been evaluate
both with the current proposal and the existing provisions oflE®81-1. The vertical green and
blue dot lines represent respectively the class limits as suggested in chapteit @ (i.€l fér class

2to 3anct/tO 2-6fgr Blass 3 to 4) andsacalculated using EM9931-1 provisions (i.e/tO 4 0
for class 2to 3andtO  B-Foy class 3 to 4). The benefits and the improvements coming from the
proposals in terms of classification and cresstion resistance on the design of the esastons
under strong axis bending may be clearly observed.

340 - .
fe/st=10 P c/ut=16 : c/6t=26,3
3,00 | = e
—: ®
— 2,60 | : clt=153: : o
= : Pl o ° :
5 220 | '." m proposal
< 180 | | R L ;| @EN1993-1-]
S 140 | 0 OeSwtme

1,00 -§--——f—'ph-l-|- s 55 & = m §

0,60 . .
9,00 13,00 17,00 21,00 25,00 29,00 33,00
e/t

Figure5.6: Crosssection resistance to strong axis bending. Ratio between numerical results and design

resistance obtained fromthecurrent oposal and Eurocode 3 vs.

5.4 Cross-section resistance to weak axis bending

5.4.1Tip in compression

The design characteristic resistance of angle €estons to weak axis bendily i when the tip is
in compressiofi may be determined from:
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Uuivag Wy F_ (Eq 512)

where,

W, is the section modulus about v axis that equals:

Wy | @opwith i=2,3,4 (Eq.5.13)

where,
Uy = Woiu /Wely for class 1 or 2 E(.5.14)
Uy=p %RO{C@ P for class 3 Eq.5.15)
Uiy = Wty /Wew= 0, ¥4 L} for class 4 E(.5.16)
Jv is the reduction factor for plate buckling, determined from &)

considering a plate slenderness of legs expressed by:
PR o

2AO G U-Vplpyv o -

It should be noted that, for weak ax¥pvI 1, 5 0 A WaL°)Win contrast with the case of
strong axis bending. However, based on the nuniriested samples, it appears théi,= (1,65

~ 1,95)-min(W.*, We,/°®) and so, a valueh,,= 1,75could be possibly adopted as a rough estimation
for a preliminary design

lp (Eq.5.17)

For class 4 crossections, a similar procedure than for strong axislivgy is followed Figure5.7
shows that the modulus of the effective cross section is approximately equal to the modulus of the
initial crosssection multiplied with the fact® , 9,4 Thgreforell, is fixed accordingly.

Determination ofh,,,

0 100 200 300 400
h [mm]

Figureb.7: Ratio of the weak axis section moduli between the full and the effectivesotisn

Figure5.8 shows the ratio between the numerically determaredssection resistancé), and

the characteristic resistandd.(x using the exact value 9¥,.), versus the/-t-ratio. It may be seen

that the response is not influenced by the esession size. For stocky legs of class 1 and 2, entering
even in class, there is a small overestimation of resistance. This may be counterbalanced by strain
hardening effect not coitered here. This is also observed for lazferatios in the border between

class 3 and 4. However, such ratios are not corresponding to existirglédiangle profiles.

Figureb.9 illustrates the ratio between the numerically determined @@stion resistancéi,y),
and the design resistandd.(rg, versus the/-t ratio. The design resistances have been evaluated
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both with the current pragsal and the existing provisions of HN931-1. The vertical green and

blue dot lines represent respectively the class limits as suggested in chapter/4 (i.e for clasd

2to3anct / t Jor @aBs 390 4) and as calculated usinglPR31-1pr ovi si ons- (i . e ¢
forclass2to3and / t -farcldss 3 to 4 as explained in sectibd. ], the profiles in between 26

and 166 aretreated as class 4 sections for the calculations). The benefits and the improvements
brought from the current proposals (classification and esesgon resistance) on the design of the

sections is again clearly observed.
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Figure5.8: Crosssection resistance to weak axis bendirp in compression. Ratio between numerical
results and characteristic moment resistance
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Figure5.9: Crosssection resistance to weak axis benditig in compression. Ratio between numerical
results and design resistance obtained from the

5.4.2Tip in tension
The design resistance of aagirosssections to weak axis bendih, 7 tip in tensioni may be
determined from:

0 g W j— (Eq.5.18)

As it is shown irFigure4.11for c/-t ratio less tha27, the analytical approach for the cresction
resistance subjected to weak axis bending, when the tip is in tension, igliaggeement with the
numerical results.
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5.5 Conclusions

The main features of the proposed design rules are summarized below:

)l

|

The proposed design rules are based on theoratiedytical considerations and are duly
validated through extensive numericalestigations.

They are written respecting the format of the existing Eurocode 3 specifications.

They are simple to apply.

They include all important loading conditions such as compression, weak and strong axis
bending.

They allow a smooth transition between cresstion classes, removing any artificial
stepwise prediction of resistance.

They are less conservative than the current design rules proposed by Eurocode 3.
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6. COMPRESSION TESTS ON HIGH STRENGTH STEEL COLUMNS

To extend the knowledge for the stability behaviour of steel columns from high strength steel
(S460M) angle crossections subjected to compression and bending, twelve buckling tests on such
columns have been performed at Liége Universitye experiments lva been limited to high

strength steel only, given the fact that several compression tests on angles with lower steel grades
were already available in the literat{té]-[13]-[14]-[15]. The selection of the specimens, the details

about the experimental campaign such as measurements before and during the tests, as well as the
test results, are presented in this chapter. The tests have been accobypaniadrical simulations
performed considering relevant imperfections as well as geometrical and matetigleaoities.

The numerical results have been then compared and validated with the experimental ones.

6.1 Details of the tested specimens

For the exprimental program, two profiles from large angle cresstions(L150x150x18 and
200x200x16)made of S460M steel grade have been selected. For each profile, six column tests have
been performed with three different lengths per profile and two positidoadapplication for each

length. The selected points are (fégure6.1) the centre of gravityQ), which corresponds to pure
compression in the angteosssection and the intersection point of minor principal axiswith the

middle line of the leg thicknesP4), which represents the position of the connecting bolt for angles

in structures.

u
G centre of gravity

P, the middle of the wall
u-u  major principal axis (weak axis displacement)
v-v  minor principal axis (strong axis displacement)

G /
y,z geometrical axes
u
\

Figure6.1: Definition of the axes and position of the load application points (G gnd P

Table6.1: Details about the specimens

ID of . Steel Length of angle Eccentricity
Specimen Profile grade  memberL [mm] [mm]
Sp11 L 150x150x18  S460M 2500 0,00
Sp12 L 150x150x18  S460M 2500 e,=48,74
Sp13 L 150x150x18  S460M 3000 0,00
Spl4 L 150x150x18  S460M 3000 e,=48,74
Spi15 L 150x150x18  S460M 3500 0,00
Spl6 L 150x150x18  S460M 3500 e,=48,74
Sp21 L 200x200x16  S460M 3000 0,00
Sp22 L 200x200x16 ~ S460M 3000 e,= 66,64
Sp23 L 200x200x16  S460M 3500 0,00
Sp24 L 200x200x16 ~ S460M 3500 e,= 66,64
Sp25 L 200x200x16  S460M 4000 0,00
Sp26 L 200x200x16  S460M 4000 e = 66,64
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Table6.1 summarizes all the details about the specimEmes.reported length is the one of the angle
member, without considering the end plates. Tis¢esy length is defined §6.4. The name of each
specimen consists of two numbers Sp## (e.g. Spl12):

9 the first number indicates the profile: 1 for L150x150x18 anor 200x200x16;
9 the second one is the serial number of the specimen (1 to 6 per profile).

For all tests, constant dimensions have been selected for the end plates welded at the extremities of
the angle members, in order to simplify the placement procedube gpecimen in the test rig.
Therefore, the position of the applied load is always the same for the machine and the eccentricity is
introduced by moving the profile on the end plates. The steel grade of all end plates is S355. The
welds have been desiggh according to EN 199B-8 [3]. For all specimens, the minimum required

weld thickness is 6 mm, except for specimens Sp11 and Sp21 which require a minimum thickness of
8 mm.Figure6.2 shows the details of such end plates on which the specimens have been welded.

Section A-A
L150x150x18

Section Dy-D;

: L200x200x16
@ @

#60+

+-60+

# 420 #
#——148—+—106—+——166—*
300

* 420 *
1324 —F—— 14T —F
300

#60
#6004

#—125—+ 230 #—125—+ 25— 230 +—125—
306 + 141——+-32

480

#—134—+—106—+ 240
480

Figure6.2: Detail of end plates in case of centrally (left) and eccentrally (right) loaded specimens.

6.2 Test measurements

6.2.1Actual dimensions of the crossections

The actual geometrical dimensions of each angle sdctlenwidth ) and the thickness) of each

legi have been measured at 3 points along the member: at 1/4, 1/2 and 3/4 of the angle member
length (). The mean values of the measurements are reportéabie 6.2; the notations can be

found in chaptel, while indexes A and Bre determined ifrigure 6.3. The lengthof the angle
memberand the load eccentricity of each specimen has been also measured and refjaibézl in

6.2.

Table6.2: Measurements of the actual geometry and dimensions of theserctians

ID of L Eccentricity

specimen [mm] (mm ha [mm] he [mm] ta[mm]  ts [mm]
Spi1l 2500 0,00 149,97 150,09 18,16 18,14
Sp12 2500 e,=48,71 150,07 150,12 18,18 18,04
Sp13 3000 0,00 150,11 149,92 18,04 18,16
Spl4 3000 e,=48,72 150,09 150,10 18,04 18,17
Sp15 3500 0,00 150,07 150,11 18,17 18,07
Spl6 3500 e,=48,70 150,11 149,95 18,16 18,19
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spIeDcicr)Tflen L [mm] Ecc[(rannr:;cny ha [mm] hs [mm] ta[mm]  ts [mm]
Sp21 3000 0,00 200,31 200,41 16,32 16,34
Sp22 3000 e,= 66,60 200,36 200,39 16,39 16,29
Sp23 3500 0,00 200,25 199,92 16,32 16,28
Sp24 3500 e,= 66,65 200,05 200,01 16,42 16,10
Sp25 4000 0,00 199,96 200,27 16,33 16,35
Sp26 4000 e,= 66,63 200,06 200,39 16,32 16,31

hi = 1/3(hewathicyothiczs) (i = A, B) ;5 1= 1/3(fLyattiiuottiias) (i = A, B)

6.2.2Measurement of initial geometrical imperfections along the member length

Two displacement measurements (M1 & M2) on each external face (Face A & Face B) and along
the column length have been performed to evaluate the initial imperfections of the spdeiguzes.

6.3 shows the details of the sap. Due to the end plates and the measurement system itself, it was

not possible to take measurements quite close to the ends of the specimens. As a result, all the
measurements stat140 mmfrom the top end plate and fitiigt 140 mmfrom the bottom one. A
measurement has been taken every 50 mm along the column. It has been reasonably assumed that
the columns are straight close to the end plates (140 mm).

Figure6.3: Measuement system for geometrical imperfections (left), detail and position of the displacement
transducers (right)

Different corrections had to be made on th@btained raw measurements:

1 Asthe chariot supporting the displacement transducers was namtimg horizontal guiding
bar (seeFigure6.3), a small rotation of the metric system was occurring; this one has been
measured with an inclinometer, so allowing caiirecthe measurements accordingly.

1 In addition, thespecimerwas not perfectly parallel to the agi. To account for this effect,
therelativeposition ofthe specimen froma prestresseteference cabléseeFigure6.3) was
measured.
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1 Finally, a last correction has been done in order to assume a zero imperfection at the
extremities of the column to account for the fact that the first and last measurements are
realised at 14énm from the end plate.

This procedure has been followed for face A and face B. All the results from the measured
geometrical imperfections can be found in the relevant technical {8@br&n example of the initial
measurements araf the correctedgeometrical imperfectionr Spl5 are presented fgure 6.4
andFigure6.5 respectively.

3,00

2 00 Reference M1_Initial
= 7 M2_Initial Inclino_Y
L 1,00
& 0,00
£ .
£ 1,00

-2,00

-3,00

0 250 500 750 1000 1250 1500 %750]2000 2250 2500 2750 3000 3250 3500
L [mm
Figure6.4: Initial measurements of geometricalperfections for Splface B
2,00
M1C(A) M2C(A)

g 1,00 M1C(B) M2C(B)
S 0,00 — — —
©
£ -1,00
(]
o
E-2,00

0 250 500 750 1000 1250 150?-675? 2000 2250 2500 2750 3000 3250 3500
mm

Figure6.5: Initial geometrical imperfections of both faces along speciSm®

An accurate comparison between the actual measured imperfections of the specimens and those
assumed in the Eurocode is difficult tperform as explained here aft@the European norm EN

10902 [35] prescribes that the deviation from straightness shoutgd beéOmnil/750while, in prEN
19931-14[29], it is stated that 80% of the geometric fabrication tolerances givi@ajishould be

applied. This leads to an initial bow imperfection of magnitude approximately eduahita]/1000

and usually, a deformation shape similar to the first member instability mode is asstiowdver

in reality, the shape is more complex. For this reason, only a rough comparison can be done at this
level (seeTable 6.3) through the evaluation of an experimental estimated \@lue &

obtained by taking into account the maximum vaMech, Mice, Maca, Macgl and by assuming that

it is the same in bothates:

D OB iA@ h h h nc (Eq.6.1)
where:
Mica is the M. maximum final corrected measurement on face A for specimen i;
Maca is the M maximum final corrected measurement on face A for specimen i;
Mice is the M. maximum final corrected measurement on face B for specimen i;

Maoce is the M maximum final correctecheasurement on face B for specimen i.
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Table6.3: Maximum values of the actual initial imperfections of the specimens compared with those
prescribed by the European regulatifi?@]-[35]

ID of specimen  L/1000 [mm] lM[?:lEperf
Spil 25 0,4
Sp12 2,5 1,2
Sp13 3,0 1,3
Sp14 3.0 0.8
Sp15 35 2.4
Spl6 3,5 3,0
Sp21 3.0 1,6
Sp22 3,0 27
Sp23 35 1,7
Sp24 35 2.8
Sp25 4.0 15
Sp26 4.0 18

From this tableit can beobservedhatthe measured imperfections are smatlen the geometrical
tolerances prescribed European regulatiorfsr all specimens

6.2.3Coupon tests for the material properties

Coupon tests have been performed in accordance with ISQ1382 The samples for the tensile
tests have been extracted from one of the extremities of the angle memitég\ise®.6) after the
buckling testsbased on ISO 37[B7].

+hi3

+—2h/3—+h/3+

Figure6.6: Location of tensile samples for coupon tests basg8&n

700
600
500
400
300

200

100 S460/1 S460/2
0 S460/3 S460/4

Stress [MPa]

0 4 8 12 16 20 24 28 32
Strain [%]

Figure6.7: Stainstress curves from the coupon tests
Figure6.7 shows the straistress curves obtained from few tensile testsTaiile 6.4 provides the

characteristic values for all. The yield strgg@ngineering stress) is determined by the value of the
yield plateau in the curves and defers from the upper value yield Rekelsdt may be observed that
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while the actual ultimate stress was above the nominal viduall specimenghis was nothecase
for the yield stress.

Table64: Coupon testéds results

Measured Measured Measured Noirg;gal
ID of E yield ultimate strain at y fy/fy,nom Characterized
! ; stress -
material [MPa] stress § stress fi failure f [-] specimens
0 y,nom
[MPa] [MPa] [%0] [MPal
Spl2, Spl3, Spl4,
S 460/1 203155 425,8 572,50 14,3 460,0 0,93 Sp15, Sp16
Sp21, Sp22, Sp23,
S 460/2 208947 487,6 604,64 13,7 460,0 1,06 Sp25, Sp26
S 460/3 197317 417,2 560,87 14,3 460,0 0,91 Spll
S460/4 203797 472,6 587,21 13,8 460,0 1,03 Sp24

6.2.4Measurements during the test

The tests have been carried out in an Amsler 500 testing machine, with a compression capacity of
5000 kN. The specimens are pin ended in the testing rig, since the rotationshabmitor and

major axes can develop freely, but no twist or warping is able to occur at the extremities. During the
tests, the following displacements illustratedrigure6.8 were measured:

1 the vertical displacement.Qusing two transducersne at the front and one at the back side
of the specimen);

1 four horizontal displacements,GCs, Cs and G at the mid crossection (1 position);

1 four horizontal displacements,GCr, Cs and G at the crossectionlocated at YL from the
bottom (2" position).

= [ =
] [ sl
T
|
== , I =
7 P | Loading frame
Strain gauge notation =) $ ] g
ls @ — HNL P
‘K’ = Cﬂd] : =t Zero moment level
' [ = e, [
HGER . - : = End plate
FACEA 2 = | <l
[ : ] Specimen
B | =l
’ =— G 95 A =
152" pos. details Lew L o = = ; Tpos =y =+ Displacement
CJC = i - transducer
“H FACEB [ | |
1 Cg-Cy| | — - Strain gauge
CyCr L FACEA L = =
. L — ] . .
Cy/C; Cs/Cqy 4 ] i | —— Connection plate
& = 1 '
| T
= A - Zero moment level

Figure6.8: Schemef the Amsler 500 test mache andof themeasurements during a test

All the displacement transducers have been placed 30 mm from the edges/corner ofsgiotimss
and profiles. The saip allowing the record of those displacements is illustratdeéigare 6.9. In
addition, four strain gauges (b 14) have been placed at the nfidight crosssection of each column
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in order to check local yielding. The strain gauges have been positioned as @ossilalg to the
leg extremities, accounting ftine curvature of the latter.

[

e
i .

{

o
ek oL
]
el B
Fe E e
- = —

(a) (© (e

Figure6.9: (a) General view of test rig with the measurement devices, (b) connection points of displacement
transducers on therosssection, (c) vertical displacement transducer, (d) detail of the top bearing plate and
(e) detail of the bottom bearing plate

6.2.5Mathematical interpretation of the measurements

The displacements of the corner of the angle (O point) as well as theftitistcrosssection, that
are reported in the graphs of sectg3, have been evaluated using the following formulae (for the
definition of the axes and symbolges-igure6.10 left):

w 6 om— aa (Eq.6.2)
a 0 om— aa (Eq.6.3)
] - O0t— WOoweE— prmai ®0Q (Eq.6.4)

whered = 90 or 140[mm] for L150x150x18 or L200x200x1@spectively.

The formulae are given for the middle creextion, but they magiso be used for the lower one, by
replacing G, G;, Gy and G by Gs, C;, Gs and G respectively.

To transform the displacements from the geometrical axes to the principal oné&sy(sed.10
right), the following equations have been used

=)

6 WOEi &4 Q& — a (Eq.6.5)

1=

0 Unéi Bi Q¢ YU U (Eq.6.6)
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Figure6.10: Definition of axis and symbols for the mathematiosétrpretation

The axial deformation of the specimen has been evaluated as the mean value of both vertical
transducers.

6.3 Results of the experimental tests

The results of the experimental tests are presented below through graphs anBitpink®11 and
Figure6.12 show the loaghxial displacement (shortening) curves for the profiles L150x150x18 and
L200x200x16 respectively. All the measurements (initial geometrical imperfections, rotations,
strains andleflections) for each specimen are available in the relevant technical[B2gort

1050,00
900,00
750,00 S Ssgsssszeasoosassss
600,00
450,00
300,00
150,00

0,00
0,00 1,00 2,00 3,00 4,00 500 6,00 7,00 8,00 9,00
Axial Deformation [mm]

Load [kN]

Sp1l —— Sp12 Sp13
Sp14 Sp15 Sp16

Figure6.11: Load vs axial deformation of tested profiles L 150x150x18

1800,00
1500,00
— 1200,00
900,00
600,00
300,00

0,00
0,00 1,00 2,00 3,00 4,00 500 6,00 7,00 8,00 9,00

Axial Deformation [mm]

Load [kN

——Sp21 Sp22 Sp23
—— Sp24 —— Sp25 Sp2§

Figure6.12: Load vs axial deformation of tested profiles L 200x200x16

Both figures indicate that the results ob&al by experimentation are in line with the expectations
when the test campaign was defined, in particular in ternm§loénce of the member length and of
the eccentricity on the member stiffness and resistanc
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Amongst the specimens without nominaldacentricity, three (Spl1, Sp15, Sp25) showed nearly
zerodeflections transverse to the weak axigl three (Sp13, Sp21, SpZBowedvery smallones
(seeFigure6.13). For the latter, imay indicate that somnited unintentional eccentricity resulting
from installation tolerancesere introduceés explained later. Nevertheless, for alk#gtests, the
deflectionsaccording to theveak axis increasksignificantly with the load until failure was reached

by weak axis buckling; towards the heel of the cross section for Specimens Spl13, Sp15, Sp25
(negative value of li seeFigure 6.10) and in the opposite direction for Spll, Sp21 and Sp23
(positive value of U seeFigure6.10). It can be concluded that specimens Spll, Spl3 and Spl15
failed in a pure flexural buckling mode (sEgure 6.15a)), while for specimens Sp21p&3 and
Sp25, twist rotations were recorded (Begure6.14) in addition to weak axis deflections, indicating

a flexural torsional buckling mode.

Specimen 11 Specimen 21
1200,00 1800,00
N\ SRR o
1000,00 — 1500,00 7~
Z' 800,00 Z' 1200,00
X, =3
5 600,00 5 900,00
o UO, midH o UO,midH
— 400,00 ‘3 VO.midH = 600,00 Vo mid]
200,00 ‘ U0, lowH 300,00 U0, lowH
VO,lowH VO,lowH|
0,00 il 0.00 Jow
-2,00 2,00 6,00 10,00 14,00 18,00 22,00 2,00 4,00 10,00 16,00 22,00 28,00 34,00
Displacements u,v [mm] Displacements u,v [mm]
Specimen 13 Specimen 23
750,00 | 1400,00
/——_’
= —
600,00 | 1200,00
= = 1000,00
X, 450,00 = 800,00
? @ 600,00
9 300,00 UO,midH| ° ' UO,midH
VO,midH 400,00 VO,midH
150,00 UO,lowH 200,00 UO,lowH
VO,lowH l VO,lowH
0,00 0,00
-45,00 -35,00 -25,00 -15,00 -500 5,00 -5,00 500 1500 25,00 3500 45,00
Displacements u,v [mm] Displacements u,v [mm]
Specimen 15 Specimen 25
600,00 1200,00
Iy
500,00 1000,00 —
Z' 400,00 Z' 800,00
X, X, ‘
< 300,00 S 600,00 ‘
@© ©
3 200,00 UO,midH S 400,00 U0, midH]
VO, midH VO, midH
100,00 U0, lowH| 200,00 UO,lowH
VO,lowH VO,lowH
0,00 0,00

-70,00 -55,00 -40,00 -25,00 -10,00 5,00
Displacements u,v [mm]

-58,00 -48,00 -38,00 -28,00 -18,00 -8,00 2,00
Displacements u,v [mm]

*U/V omign  is the displacement of the corner point O of the imietight crosssection along u/v principal axis
*U/Voown s the displacement of the corner point O of theidweight crosssection along u/v principal axis

Figure6.13: Load-deflection curves for centrally loaded specimens
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180000 Centrally loaded specimens 1400,00 Eccentricaly loaded specimens
1500,00 1200,00
—_ = 1000,00
_zﬁ 1200,00 _i 800,00
g s000 — o0 E oo [ T2 \
S 600,00 ggﬁ = 400,00 Spi6 \
300,00 ——5sp23 200,00 | ——Sp22 ‘
0.00 ——Sp25 0,00 Sp24 ]
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Rotation* [mrad] Rotation® [mad]

Figure6.14: Loadtwist curves at micheight crosssection for centrally loadedeft) and eccentrically loaded
(right) specimens

Figure6.15: Final deformed shape of (a) Sp15 with a pure flexural buckling mode, (b) Sp26 with a flexural
torsional failure buckling mode and (c) Sp14 watimixed mode between flexural and flexural torsional
buckling

The eccentrically loaded specimens were initially subjected to compression and strong axis bending.
At low load levels, the deflections transverse to the strong axis wera/hilghthey wee very small

in the other principal direction (sé&gure6.16 and green crossections inFigure6.17); this was
opposite to the tendency of the angles to fail by weak axis buckling. At higher load levels, deflections
transverse to the weak axis grew quickly and prevailed at failuFégime6.17, the red crossection
corresponds to the ultimate load and the blue eseston is after buckling). In specimens Sp22,
Sp24 and Sp26@hese deflections weraccompanied by significant twist rotations indicating clearly
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afailure with a flexurailtorsional buckling mode (séggure6.15(b)). On the contrarywist rotations

were small for specimens Spl12, Sp14 and Spl6 indicating a mixed mode between flexural and
flexural torsional buckling (seBigure 6.15(c)). The most stressed might cross section was
subjected to compression andaxial bending. In fact, strong axis bending was primarily due to the
eccentric loading and weak axis bending due to second order effects.

The absence of visible local bding in all specimens should be also mentigrathoughall Sp2#
specimensre categored as class 4 according to the existing provisions of EN-1993with the
proposed classification system they are also classified in4lsscompression but iolass2 for

bending ¢ / 201%4,6).
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is the displacement of the corner point O of thelldveightcrosssection along u/v principal axis
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Figure6.16: Load-deflection curves for eccentrically loaded specimens

Finally, Table 6.5 presentsfor each specimen the measured failure lodgy) as well as the
deflections about minowvg) and major (o) principal axes and the twist at the rhmeight cross
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section, all at thé&ailure load. The sign of the deflections and the twist is in accordancéigiihe
6.10.

u
P=1092 kN v ] P=853 kN

P=1050 kN P=920 kN

Sp24 Sp26

Figure6.17: Schematic movement of the rrgight crosssection along the loading for specimens Sp24 and
Sp26

Table6.5: Deflections and twist at the mitkight crosssection at the failure load

ID of

Specimen Profile  Nexp[KN] Uo [mm] Vo [mm] d [ mr
Spi1l 1010,6 8,88 -0,01 -0,82
Sp12 3 767,3 -15,28 -16,39 -3,94
Sp13 3 7232 -28,22 0,53 1,71
Spl4 X 6283  -16,35 -17,05 2,05
Sp15 3 563,9 -31,53 -0,95 0,39
Sp16 519,8 -17,78 -17,03 -1,81
Sp21 1661,5 10,89 1,52 3,96
Sp22 3 1341,4 2,48 -17,07 -44,92
Sp23 S 1228,0 20,49 1,53 3,51
Sp24 X 1092,3 16,87 -18,09 -59,51
Sp25 8 1048,1  -38,43 0,62 7,77
Sp26 953,6 16,31 22,11 -62,95

6.4 Comparison with FEM analyses

Subsequentlynumerical simulations considering relevant imperfections as well as geometrical and
material nodinearities were performed and compared with the results of the experimental tests. The
numerical analyses were performed with the FINELG livgar finite elenent software using beam
elements. The choice of beam elements is acceptable and justified from the fact that no local buckling
took place during the tests. Only the column has been modelled while the end plates at the extremities
have been considered inglitly: the length I() of each column has been increased by 107 mm, what
corresponds to the thickness of the end plates of the specimens as well as the connection plate, so as
to simulate the actual buckling length.{) of the column (length between thero moment levels

in Figure 6.8). Each column has been meshed in twenty beam finite elements along the member
length. This is an optimal mesh as the df er ence of member 6s respor
deflections) is less than 1% ether the member is meshed in fifteen elements or thirty. The columns
were assumed as pand members with free rotations at their extremities, except the rotation that
leads taorsion along the length axis, which was blocked. All the other DOF at the extremities were
blocked, exceptwatthe node of the applied load. Therefore, the experimental boundary conditions
were rather well represented by the model.

The FINELG finite element analyses adopting the GMNIA method were performed considering:
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1 An initial member imperfection (shape and miagde in accordance with the measured
ones)

1 Residual stresses resulting from the-taling procedurethe selected patterf&igure6.18)
is chosen from previous sties [38]-[39] in which appropriate measurements had been
realized. It wasshown that the residual stresses in hot rolled steel angle sections are
independent of the steel grade and therefore a magnitudeviP&@(corresponding tafo
"Q), for steel grade S235) is used. The selected pattern is applied automatically by thieesoftw
to each beam element along the member length.

1 A material law in accordance with the measured oneTabke6.4).

-0,3f,
0,3f,

-0,3f, 0,3,

-0,3f, -0,3f,

Figure6.18: Assumed distribution pattern of residual stresses basgBp{B39] with f, fixed to 235
MPa whatever is the actual steel grade

L 200x200x16

1500,00
135000 | e
51200,00 ———— e0=eu~=-.c;-r-1;
'cig 1050,00 elerf-l,O mm
S o~ | e
750,00 e4=eu=-3,0 mm
600,00 eS5=eu=+2,0 mn|

2,00 2,50 3,00 3,50 4,00 4,50 5,00 5,50
Axial Deformation [mm]

Figure6.19: Influence of eccentricity at the ultimate resistance of member (excerpt of the full graph)

A tolerance on the position of the applied load from up to 2,0 mm has been adopted for the numerical
simulations in order to calibrate thesults. It has been found that even a small eccentricity could
affect significantly the ultimate resistance and the stiffness of the member in comparison to the
perfectly fAno | o d&idures.y9shewschatmrt eccentricity ggoal ta 1a5smen.(for

the angle section L200x200x1€é)angeshe ultimate resistance by approximately 6%. The influence

of this small eccentricity of the applied load the stiffness and the ultimate resistance has been also
observed if40]. The eccentricity has been applied in u direction as it has been thumaghthe
numerical simulationsthat the influence on the response of an eccentricity in the v direction is
negligible (sed~igure6.1 for the definition of theaxes). Tle adoption of such alerance anbe

justified as by théwo following reasons:

1 the nominal position of the load has been designed to coincide with the centre of the end
plates angaccordingly with the centre of gravity of the cross sectiomrdality, due to small
differencesn the crosssection geometry, the real centre of gravity does not coincide exactly
with the loading point;
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1 the positioning of the specimen in the testing rig may also induce a small and unexpected
eccentricity.

Figure6.20 andFigure6.21 show the axial deformationsh@rtening) of the specimens versus the

load for both experimental tests (solid lines) and numerical simulations (dotted Tiabk) 6.6
summarizes andompares the ultimate experimental and numerical resistances. One can see from
the graphs and the table that there is a very good agreement between numerical simulations and
experimental tests in terms of axial stiffness and load carrying capacity. Bmevadae of the ratio

Nexp/ Neem is equal to 0,98 with a COV of 1%.

L 150x150x18

1050,00 Spll
Sp11(Num)

900,00 Sp12
750,00 | e e Sp12(Num)

g Sp13
= 600,00 Sp13(Num)

8 450,00 Sp14
e By A e Sp14(Num)

300,00 Sp15
150,00 SplS(Num)

Spl6
o000 %&%+ DD DD 0 0 . Sp16(Num)

0,00 1,00 2,00 3,00 4,00 500 6,00 7,00 8,00 9,00
Axial Deformation [mm]
Figure6.20: Comparison between test and FEM results for Sp1#
L 200x200x16

1800,00 Sp21
1600,00 Sp21(Num)

1400,00 Sp22
Sp22(Num)

g 1200,00 Sp23
;- 1000,00 Sp23(Num)

g 800,00 Sp24
| 600’00 ............. Sp24(Num)

Sp25
400,00 o e T | e Sp25(Num)

200,00 Sp26
0,00 Sp26(Num)

0,00 1,00 2,00 3,00 4,00 500 6,00 7,00 8,00 9,00
Axial Deformation [mm]

Figure6.21: Comparison between test and FEM results for Sp2#

Figure6.22 andFigure6.23 show some characteristic lodéflections curves of the specimens for
both experimental tests and numerical simulations.

The numerical results provide similar responses for most of the spscimitéout nominal loading
eccentricity (same as Specimen Spl%-igure6.22), as well as a good correspondence with the
tests. However, for twspecimens (Sp21, Sp23), the numerical response appears to be more flexible
than the tesbneg at least in thenitial phaseof the test; but close to the failure, a rather good
agreement with the experiment is contemplated.
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Table6.6: Ultimate resistances obtained by experimental tests and numerical models

Buckling Actual load Additional

ID of Profile length in eccentricities assumed Nexp Nrem Nex/N

Specimen GMNIA mm] eccentricities in ~ [kN] [KN] exp/INFEM

[mm] GMNIA [mm]
Spll 2607 0,00 e, =1,50 1010,6 1028.,6 0,98
Spl2 g 2607 e,=48,71 e,=0,50 767,3 774,1 0,99
Spl3 § 3107 0,00 e, =-2,00 723,2 739,3 0,98
Spl4 3 3107 e,=48,72 e, =-1,10 628,3 645,9 0,97
Spl5 3 3607 0,00 e, =-2,00 563,9 575,8 0,98
Spl6 3607 e,=48,70 e,=-1,00 519,8 536,0 0,97
Sp21 3107 0,00 e, =-1,50 1661,5 1690,6 0,98
Sp22 g 3107 e, = 66,60 e,=-0,80 1341,4 1361,0 0,99
Sp23 § 3607 0,00 e,=-2,00 1228,0 1267,4 0,97
Sp24 3 3607 e, = 66,65 e,=-0,50 1092,3 1107,6 0,99
Sp25 & 4107 0,00 e,=-1,70 1048,1 1082,2 0,97
Sp26 4107 e,=66,63 e,=0,00 953,6 959,1 0,99
500,00 Specimen 15 1400,00 Specimen 23
500,00 A 1200,00 r
1000,00 f

= 400,00 = t

< =, 800,00

< 300,00 =

g § 600’00 ......... Vonum

—1200,00 {reeeee ﬁ‘;’,}ﬂﬂl 400,00 Uonum
100,00 Uotest 200,00 Uotest

Votest Votest
0,00 0,00
-75,00 -60,00 -45,00 -30,00 -15,00 0,00 15,00 21500 000 1500 30,00 45,00

Deflection [mm] Deflection [mm]

Figure6.22: Characteristic loadeflection curves at mitieightcrosssection for centrally loaded specimens

Specimen 16 Specimen 26
600,00 1000,00
500,00 800,00
= 400,00 =
< £ 600,00
‘g 300,00 '%
3 200’00 """"" Vonum S 400’00 ......... Vonum
Uonum Uonum|
100,00 Uotest 200,00 Uotest
Votest Votest
0,00 0,00

-60,00 -45,00 -30,00 -15,00
Deflection [mm]

0,00 15,00 -40,00 -20,00 0,00 20,00 40,00 60,00

Deflection [mm]

Figure6.23: Characteristic loadleflection curves at mitieight crosssection for eccentrically loaded
specimens

Similar results, in terms of lateral flexitty of the columns, have been observed for eccentrically
loaded specimens (seeure6.23). This additional flexibility could be explained by the fawt the
end plates at the extremities of the angle members have been modelled indirectly (additional length
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and restraints at the extremities of the member), as well as by the consideration of the unintentional
eccentricities. The prevailing of weak akiackling near the failure load has been observed also
through the numerical simulations for the eccentrically loaded specimens.

6.5 Conclusions

The stability of columns made of large angle profiles in high strength steel and subjected to centric
and eccentric compression loads is investigated through experimental tests and numerical
simulations. The experimental campaign consists of twelvedeatslumns witHarge angle cross
sections 1(150x150x18 and 200x200x16pade of S460or S420steel grade Accompanying
numerical studies have been carried out, considering relevant geometrical imperfections as well as
geometrical and material ndimearities.From the present study, the following conclusions may be
drawn.

1 The centrically loaded specimens (Sp$fh13, Sp15) and the eccentrically loaded specimens
(Sp22, Sp24, Sp26) failed very clearly in a pure weak axis flexural buckling mode and
correspondingly flexural torsional buckling mode.

1 The centrically loaded specimens (Sp21, Sp23, Sp25) and the @atyritaded specimens
(Spl2, Spl4, Spi6) failed mostly in a flexural torsional buckling mode, which was more
pronounced.

i For the eccentrically loaded specimens that subjected to compression and strong axis
bending, it has been seen that at low levelsadling the deflections transverse to the strong
axis were high while they were very small in the other principal direction, but at higher load
levels, deflections transverse to the weak axis grew quickly and prevailed at failure, this is
in line with thetendency of angles to buckle along weak axis.

9 Local buckling was not visibly observed in any specinadihough all Sp2# specimens are
categorised as class 4 according to the existing provisions of EN11B98ith the proposed
classification system thegre also classified in clagsfor compression but in clagsfor
bending.

1 A very good agreement between the numerical GMNIA simulatipersormed with
FINELG and the experimental results in terms of axial stiffness and ultimate resistances has
been achieed, through the consideration of an unintentional small eccentiiicitged, a
small eccentricity of the position of the applying load can affect the ultimate resistance of
the member in comparison with the corenfect
study, an eccentricity equals to 1,5 mm may reduce the ultimate resistance by ab&ut 6%.
the end of this comparative study, it may be concluded that the FINELG is appropriate
numerical tool to predict the response of angle profiles subjecteahtbined axial load and
bending moments.
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7.DESIGN RULES FOR MEMBERS MADE OF ANGLES

The particularities of angles explain that existing design rules for other types of sections, mostly
doubly symmetric ones, cannot safely cover angles, what inevitably featti® need for the
development of specific design provisions for angle secti@ugh specific dsign rules and
recommendationsan be foundn various parts of Eurocode Blore specifically, ENL9931-1 [1]

as well asts forthcoming new version named prEN931-1 [26] providesgeneral rules foangles,

while EN 1993 3-1[2] providesrules forthe buckling resistance aingles as members in towers
when connected eccentrically with badts one legAnother European specification, the CENELEC
standard EN 50341 [5] provides specifiqules for lattice towers used in the field of overhead
electrical lines, addressing specific problems linked to such application but it also provides specific
rules for the verification of lattice towers and their constituting partduding members mads

angles. However, all these rules are not necessarily compatible and so their validity is questionable.

In the following, formulae about the design resistance and stability of equal leg angle members are
proposed, highlightingte differences with thexisting provisions of Eurocode Bhe proposedules

were fully validated through numerical investigations and experimental tests. The extensive
numerical parametrical studies were performed by the full-linear software ABAQUS.
Experimental resultare comindgrom tests carried oum the framework ofhe thesis, as well diom

previous experimental investigatiofeund in literatureExperimental results were also compared to
existing Eurocode 3 provisiorier sake of comparison

7.1 Design rulesand recommendations

7.1.1Buckling resistance to compression
The buckling design resistance #otial compression may be determined from:
. — AIAD AODOT b OT £ET AO
0§ o . ] (Eq.7.1)
. — EIAd AOOIT £EIT AO
whereAertis the area of # effective crossection that equals:
ol O cop (Eq.7.2)

The reduction factar for outstand plated elements due to local buckling is given in EN-18D&s
below:

phrt A0 1Y T Y

” A .o - Eq.7.3

" ED mixtuy (Ea.7:3)

considering the relativplate slenderness of legs equal to:
r -

(Eq.7.4)

The buckling reduction factoenin is determined as a function of the relative slenderne$she
compression member for the flexural buckling modes only:

G "Q&..N.. (EQ.7.5)
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The value of the buckling reduction factarsh.. are computed for the appropriate relative
slenderness ,_ and considering buckling curve b for steel grades S&8%), or buckling curve
a for highe8468.t eel grades (O

The relative slenderness and_ should be taken as:
— and . — (Eq.7.6)
where,

Nerw IS the elastic critical force for the flexural buckling mode aboeutaxis, based on
the gross crossectional properties;

Nerv IS the elastic critical force for the flasal buckling mode aboutw axis, based on
the gross crossectional properties.

> Comparison with EN19931-1 and prEN 1993 1-1 provisions

EN 19931-1 recommends the use of buckling curve b whatever is the steel grade while, in the
forthcoming new versio of this normative documemrEN 19931-1, curve b is still usetbr steel

grades S23%5 420 but <curve a is pr opo Boetde plirgosed dfthg her s
thesis the selection of the buckling curviedlows the provisions of prEN 1998-1. Howeverboth

versions recommenché¢ u s e dlhastiii c cri tical | oad forothe t he r
evaluation of the nodimensional slendernes=. the minimum eigevalue amongst all flexural and
flexuraktorsional buckling modeg\s explained in 8.1, a pure torsional mode cannot be obtained

for a centrally loadd angle column. Through numerical studies on angles in compressio.&&e 8§
consideringvarious profiles, lengths and steel grades, it is sesnwibak axis flexural buckling

always prevail at failure even for angles exhibiting a flextoedional elastic critical instability mode

as minimum eigenvalud herefore, it seems reasonable to calculate the member resistance of rolled
angles by usingth sl enderness for flexural buckling on
buckl i ng mayneldde tarsianal dffects, as EN9931-1 and prENL9931-1 prescribe.

Additionally, the interaction between local and global buckling are considetbd itefinition of
the relative plate slendernedsvia the term ..., unlike in EN 19931-1.

7.1.2Lateral torsional buckling resistance to strong axis bending

The bending resistance of laterally unrestrained beams is determimgublimation of a reduction

factor, accounting for effects of lateral torsional buckling, to the relevant resistance of the same
beams assumed to be laterally restrained. It is reminded here that the bending resistance of laterally
restrained beams was dexdl in chapter 4, considering a linear transition between plastic and elastic
bending resistances, adopting thus the procedure for double symmetrisentises that was
proposed by SEMCOMP[33].

The design buckling resistance mombhirq Of a laterally unrestrained beam may accordingly be
determined from:

0 . — (Eq.7.7)

whereW, is the section modulus about the u axis equals to:

W | F@ [ ,i=2,3,4 (E8)

57 Marios-Zois BEZAS



Design of lattice towers made @frye hotrolled high strength steel angles

where,
= 1,5 for class 1 or 2 7.9Eq.
= p E Oplv p  forclass 3 (EgL0)
Uhu= Wett,u/Weru= 12 for class 4 (HLl)

1uis the reduction factor for plate buckling, evaluated througli7e8), considering a reduced plate
slenderness of the legs equal to:

b ow (Eq.7.12)

The reduction factor for lateral torsional buckliregr should be determined as a function of the
relative slenderness of the member:

— (Eq.7.13)

where he elastic critical moment for laterrsional bucklindVc: is given by the following equation
[7], in combination withTable7.1:

Q ¢ 222 (Eq.7.14)

Thevalue of the buckling reduction factaf for the relative slenderness should be derived from
buckling curve a, which can laeterminedisingeq (6.57)of EN 19931-1:86.3.2.3(1) for lateral
torsional buckling, using ; it andb= 1,00(see equations below).

pht

bt |
! pi T

(Eq.7.15)

mp o b ot _[ (Eq 7.16)

However, followingthe recommendatiorsf EN 1993 1-1, lateral torsional buckling may be ignored
(et =1,0) when one of the following conditions apply:

] 1 ; (wherel ; Tht) or — 1

Table7.1: Determination of the gfactor for LTB[7]

General case:

W p @)0 - Mmax = Mm
0 — = = = ph
cho oL TO oL | | : |
f 1< 1< |

L
For linear moment distribution: I\_/ |<— 4 _>|

Ma =Mz Mg= Mg Mc=Mg4

i
R
B

.. h
(0]

with p 1 — p

> Comparison with EN 19931-1 and prEN 1993 1-1

The lateral torsional buckling resistance is in line with931-1 eq. (6.55) or prEN 1998-1, eq.
(8.79). However, like in flexural buckling, the interaction between local and global buckling are

58 Marios-Zois BEZAS



Design of lattice towers made @frye hotrolled high strength steel angles

consideredthroughthe relative plate slenderss_| and notthroughthe global slenderness$ .

Buckling curve d is recommended by both normative documents while, a is adoptethastbas
a result of the validation procedure based on numerical studies7’(2¢8.8

The transition between elastic and plastic bending resistances adopts the proposals of SEMICOMP
in contrast with the existing version of Eurocode 3, but in line with thedoming one, at least for
doubly symmetric sections.

7.1.3Resistance to weak axis bending

As already shown, the crasection resistance of angles subjected to weak axis bending depend on
whether the tip is in tension or in compression, but not om#raber length. Therefore, the member
resistance coincides with the cresection resistance as providedid4.

7.1.4Buckling resistance to bending and axial compression

Following the procedures of ENP931-1 and prEN19931-1, two conditions for buckling around

one or the other principal axis should be satisfied for angle members subjected to compression and
biaxial bending. Torsional buckling is not checked separataiyshincluded in the local buckling

check.

U strong axis check

Q 0 — p (Eq.7.17)

U weak axis check

Q i 0 — » (Eq.7.18)

wherek; are the interaction factors providedTiable7.2;

Table7.2: Determination of kfactors

ki factors
o 0
KO TN
P E
o o]
T 6
P f
C=0, 6+0, 4" c= 0, 6+0, 4
-1 @yO01 -1 @y01

The 3-factorthat depends on the cressction classs expressing alastic, intermediatercelastic
designand may be determined accordingly as follows:
c/t O 160U: 719 = 2

160< c/t < 26,%] 3= p . 2¢ p (Eq.7.20)
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c/t > 26, 3U0: F21F 1

> Comparison with EN 19931-1 and prEN 1993 1-1

The procedure exhibits similarities, but also differences witll8981-1,6.3.3 (4) and prEN 1993

1-1, 8.3.3 (5). In both procedures there are two equations, respectively for buckling around one and
the other principal axishé equations have three terms (one for compression, two for bending around
the principal axes), lateral torsional buckling is included in the strong axis bending term while local
buckling is included through the properties of the effective section.

Incont ast, in the proposed check, the factor 3
three terms nofinear(as inEurocode 3, despite they appear as linddre quadratic term with = 2

tries to cover the crossection resistance check of cléssrosssections as derived in Vayas etial

[8]. Furthermore, simpler expressions for the te@nandk;;, straightforwardy derivedfrom the
stability theory, are proposed.

7.1.5General method for angles

The general method proposed in E8B31-1 and prEN 1993-1 for the evaluation of the stability

of structural members or parts of structures applies to lateral and lateral torsional buckling for
structural components with mono symmetric cresstions, builup or not, uniform or not, wiit
complex support conditions or not, which are sulegtd compression and/ami-axial bending in

the plane, but which do not contain rotated plastic hinges.

The general method can lweterpreed as follows for members with equal leg angles. The-ofit
plane buckling resistance of the member is checked if the following egsatisfied

i (Eq.7.22)

where,

is the reduction factor corresponding to thedomensional slenderness and aimed at
accounting for weak axis buckling only,iass the predomiantfailure mode for angles. The
selection of the buckling curve is based on pd=<931-1.

@ p is the minimum loadactor to be applied tche design loads to reach the characteristic
resistance of the most critical cressction of the structural component considering its in
plane behaviour withowiccounting foateral or lateral torsional bkling, but accounting
for all effects due to in plane geometrical deformation and imperfections, global and local,
where relevant. It can be derived from the following equation:

- = = = — (Eq.7.23)

in which:

the first termrelates to the stress under pure compression;

the second, to the second order maximum stress resulting from the amplification of
the first order momeniNeq & ecs (€0,ecz IS the in-plane equivalent imperfection as
defined in prENL9931-1), i.e. the momenieq & ecd1/(1-Ned/Ner,u)];

60 Marios-Zois BEZAS

C
<



Design of lattice towers made @frye hotrolled high strength steel angles

U the third one relates to the second order maximum stress resulting from the
amplification of the first order momemNeq-& (e is thein-planeload eccentricity),
which can be estimated Bsq-6[1/(1-Ned/Ner,u)];

U the fourth term relates to the first ordmmding momeniteq- &, (e, is the outof-plane
load eccentricity).

The global relative slenderness for the structural component should be determined from the
equation below, in which the tetm j; is the minimum loadactor for the design lods to reach
the elastic critical load of the structural component associated to weak axis buckling (| .

_ i (Eq.7.24)

h

In case that thangle is connected by the leg, the-flane" instability effects may be considered as
negligible, 29 order effects may be disregarddd({-Nes/Ncry) = 1) ande; may be taken equal to
zero (in recognition of the rather limited impact of this paraniatezgard to the load eccentrigity

The crosssection resistance in bending may be evaluated by usin@.8). Conservatively, the
elastic crossection resistancé\) may be also used.

> Comparison with EN19931-1 and prEN 1993 1-1

The difference wh the present and forthcoming code versions lies in the definition of the reduction
factor which aims to take into account only the weak axis buckling (instead of lateral and lateral
torsional buckling. The term j is therefore adapted accordingly.

7.2 Numerical validation

The validation of the proposed formulae for the prediction of the carrying capacity of members with
equal leg angle sections is based on comparisons with the results of numerical siradatiocsd
consideringa wide range of parameters. The profile sizes, the member lengths and the steel grades
have been selected in orderdiotaina large number of samples with properties that are commonly
used in steel towers (sdable 7.3). It has to be mentioned that the classification system used
hereafter follows the proposals of chapter

Table7.3: Crosssections commonly used in steel lattice towers

Chords Braces
Cross Use Length  Steel Cross Use Length Steel grade
section [m] grade section [m]
Smallest cross
i S355 For low S355
L70x70xt section for 1,02,0 S460 L80x80xt levels 1,02,0 S460
upper levels
For
Standard cross S355 ) S355
L150x150xt section 2,03,0 S460 L70x70xt rlrélsgllse 1,02,0 S460
For high pylons S355 For upper S355
L250x250xt at low levels 2,03,0 S460 L45x45xt levels 1,02,0 S460

7.2.1Description of the numerical models

The numerical models hawsobeen performed witlthe finite element softward BAQUS. The
angle members were considered asgrded and have been modelled using at least three (3) volume
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elements over the leg thickness, while fictitious end plates have been introduced through a specific
constraint at the extremitiesn all the numericalsimulations, all the applied loads increasing
simultaneously up to failure (or at least until reaching a maxiulimate load). In the cases where
second order effects are significantly affecting the response, the ultimate load is dsfing8.6.

The model is similar to the one used in the numerical studies for classification, pres&dtéd in

The finite element analyses were performed considering:

1 An initial bow imperfection of magnitude approximately equalL{oom]/1000 with a
deformation shape similar to the first member instability mode.
This value combinegi) the recommendatiorrdm the European norm EN 1020[35],
which presdbes that the deviation from straightness shoulgpbeO L [ rwith (i) Thé O
provisions of prEN 1993-14 [29], which state that 80% of the geometric fabricatio
tolerances given in Ref35] should be applied.

T Residual stresses resulting from the-tadting procedureasshownin Figure6.18.

Due to some technical difficulties to introduce residual stresses in the ABAQUS model, it has been
decided to use an equivalent imperfectthat will represent the effect of the combined action of
both residual stresses and initial imperfections. Tibrede the value of the equivalent imperfection

&, Someanalyses have been performed with FINHir®@e element software, using beam elements.
The angle members were considered asepihed with fictitious end plates at the extremities. The
selection ofthe FINELG software has been done due to its easy and automatic way of introducing
accuratelyesidual stresses in the model. The profiles and the material and geometrical properties of
the studiedsamples are shown rable7.3.

Table7.4: Details and results concerning the analyses to determine the equivalent imperfection e

€ [mm]

No  CrossSection II_‘EEE]%? gSr;e;el frz)?mz(;;]_ 90[=n|]—/n7] ]00 Nt [kN] [II\:LIG] Nult[/_[?uh*
1 L70x70x5 1000 S355 1,34 1,42 182,41 188,45 0,97
2 L70x70x5 1000 S460 1,26 1,42 217,71 216,77 1,00
3 L70x70x5 2000 S355 2,69 2,86 64,04 64,77 0,99
4 L70x70x5 2000 S460 2,52 2,86 64,61 65,62 0,98
5 L80x80x8 2000 S355 2,74 2,86 144,31 142,03 1,02
6 L80x80x8 2000 S460 2,58 2,86 148,54 146,35 1,01
7 L150x150x13 2000 S355 2,89 2,86 1029,72 1077,83 0,96
8 L150x150x13 2000 S460 2,73 2,86 1259,42 1267,67 0,99
9 L250x250x20 2000 S355 2,87 2,86 3156,6 3236,49 0,98
10 L250x250x20 2000 S460 2,67 2,86 4005,27 3939,71 1,02

First, a fullnonlinear analysis has been performed using FINELG software considering an initial
imperfection (L/1000), an elastic perfectly plastic material behaviour law, as well as residual stresses
(using the pattern shown Kigure6.18) for each of the 10 different samples provided @ble7.3.
Through these analyses, theirtte resistanc®l,: has been predicted. By introducing this value
(Nur) in equation (7.25), a rough estimation of the equivalent imperfeefitm be introduced in
ABAQUS can be found; a value ef= L/700is fixed.

— 0 (Eq.7.25)
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Then, a second fulhonlinear analysis has been performed using again FINELG software,
considering this time the equivalentperfection (L/700) and an elastic perfectly plastic material law
for each of the 10 samples; the ultimate resistangehids been recorded and reportedatble?.4.

The mean value of the rafi /Ny is equal to 0,99 with a COV of 2,0% which seems to demonstrate
the adequacy of the adopted alternative modelling approach.

Finally, a third fulknonlinear analysis, considering tleguivalent imperfection (L/700has been
performed with ABAQUS using solid elements. The mean value of theNatiguquéNur is equal to

0,96 with a COV of 3,3%, which can be acceptable considering the different types of finite elements
used in theawo models (beam elements in FINEMS. solid element in ABAQUS). Therefore, the
equivalent imperfectiomy,= L[mm]/700 accounting for both geometric imperfections and residual
stresses is finally used in the analyses performed with ABAQUS to validateethber resistance
formulae.

7.2.2Members in axial compression

The profiles, lengths and steel grades have been selected éfalan7.3, but the thicknesses have
been chosen so as to have samples of different classes (class 1 and 4) but alsoaléftient
buckling modes as flexural or flexustrsional. The details are summarizad'able?7.5, including
also the ratio between the elastic critical load for flextwedional buckling and the minimum one
obtained for flexural buckling.

Table7.5: Detailsof the samples subjected to a uniform compression load

No Cross-Section L [mm] N /rgmz] Class deg?ﬁg@gﬂgp e Nerrr/minNerF [-]
1 L70x70x5 1000 355 1 Flexural 1,05
2 L70x70x5 1000 460 4 Flexural 1,05
3 L70x70x5 2000 355 1 Flexural 2,64
4 L70x70x5 2000 460 4 Flexural 2,64
5 L70x70x6 1000 355 1 Flexural 1,43
6 L70x70x6 1000 460 1 Flexural 1,43
7 L70x70x6 2000 355 1 Flexural 3,01
8 L70x70x6 2000 460 1 Flexural 3,01
9 L70x70x7 1000 355 1 Flexural 1,82
10 L70x70x7 1000 460 1 Flexural 1,82
11 L70x70x7 2000 355 1 Flexural 3,25
12 L70x70x7 2000 460 1 Flexural 3,25
13 L70x70x10 1000 355 1 Flexural 2,71
14 L70x70x10 1000 460 1 Flexural 2,71
15 L70x70x10 2000 355 1 Flexural 3,53
16 L70x70x10 2000 460 1 Flexural 3,53
17 L150x150x13 2000 355 1 Flexural 1,29
18 L150x150x13 2000 460 1 Flexural 1,29
19 L150x150x13 3000 355 1 Flexural 2,25

63 Marios-Zois BEZAS



Design of lattice towers made @frye hotrolled high strength steel angles

20 L150x150x13 3000 460 1 Flexural 2,25
21 L150x150x14 2000 355 1 Flexural 1,46
22 L150x150x14 2000 460 1 Flexural 1,46
23 L150x150x14 3000 355 1 Flexural 2,44
24 L150x150x14 3000 460 1 Flexural 2,44
25 L150x150x15 2000 355 1 Flexural 1,63
26 L150x150x15 2000 460 1 Flexural 1,63
27 L150x150x15 3000 355 1 Flexural 2,61
28 L150x150x15 3000 460 1 Flexural 2,61
29 L150x150x18 2000 355 1 Flexural 2,11
30 L150x150x18 2000 460 1 Flexural 2,11
31 L150x150x18 3000 355 1 Flexural 2,98
32 L150x150x18 3000 460 1 Flexural 2,98
33 L250x250x17 2000 355 4 Flexurattorsional 0,32
34 L250x250x17 2000 460 4 Flexurattorsional 0,32
35 L250x250x17 3000 355 4 Flexurattorsional 0,69
36 L250x250x17 3000 460 4 Flexuraltorsional 0,69
37 L250x250%x20 2000 355 1 Flexuraltorsional 0,45
38 L250x250%x20 2000 460 4 Flexuraltorsional 0,45
39 L250x250x20 3000 355 1 Flexuraltorsional 0,99
40 L250x250x20 3000 460 4 Flexuraltorsional 0,99
41 L250x250x22 2000 355 1 Flexurattorsional 0,54
42 L250x250x22 2000 460 1 Flexurattorsional 0,54
43 L250x250x22 3000 355 1 Flexural 1,11
44 L250x250x22 3000 460 1 Flexural 1,11
45 L250x250%26 2000 355 1 Flexurattorsional 0,75
46 L250x250%26 2000 460 1 Flexurattorsional 0,75
47 L250x250x26 3000 355 1 Flexural 1,48
48 L250x250x26 3000 460 1 Flexural 1,48

The samples have been modelled as explained.tbhxXHowever, for those where the first elastic
eigenmode is a flexurdbrsional one, three cases were considered in terms of initial imperfections

a. equivalent imperfectiomy sr= L/700 with a deformation shape similar to the first member
instability mode, i.e. the flexurdbrsional one (which correspondNoi));

b. equivalent imperfectiom = L/700 with a deformation shape similar to the fifiexural
instability mode (which correspond Miw));

c. equivalent imperfectiom = egrr+ €or (Which correspond t®ui): €rr = L/700 with a
deformation shape similar to the first member instability mode (flestaralonal) and
= L/700 with a deformation shape similar to the first flexural instability to counterbalance
the fact that, in most of these cases, the torsional comppreiominates in the flexural
torsional mode. The combination of both modes is done automatically through the software.

64 Marios-Zois BEZAS



Design of lattice towers made @frye hotrolled high strength steel angles

Even though, in case c, there is (i) a twist of the esession and (ii) an initial flexural deflection a
bit higher than in case khe difference between the valuss andNurc) is negligible (less than
0,5%).

Figure7.1illustrates the numerical results compared with tlieremce buckling curves a and b as
reported imrEN 19931-1. The buckling reduction fact@m.mof the numerically tested samples has
been evaluated @sun= Nut/Np and the slenderness using €46) For the samples with a flexural
torsional eigenmode, two cases are distinguishédguare 7.1: the numerical results reported with
blue/orange pointhiave been evaluated usity: = MiN{Nui@), Nurwp), Nure}, While the results
presented with green points usiNg = Nuia).

1,20

w curve a

£ 1,00 i x¥ | e curve b
f 0380 ’ x (] numerical results-S355|
S IR numerical results-S460]
S 0,60 ‘ x  only FT imperfections
c
S 040 i
(:';) 0,20 ....... T
D
o 0,00

0,20 0,45 0,70 0,95 1,20 1,45 1,70 1,95 2,20 2,45
Non-dimensional slenderness, [-]

Figure7.1: Comparison of numerical results with buckling curvepr&N 19931-1

According toprEN 19931-1, the obtained numerical results for the S355 steel grade should be
compared with curve b while with curvef@a S460 It can be easily observed that all the results
referred to curve b are above the curve, whileé¢selts referred to curve a are in line, above or just

a bit lower, which is acceptable given the 2% deviation that is considered. Regarding the results
obtained using only an equivalent imperfection based orfthigg&nmode (i.e. the flexurédbrsional

one), it is obvious that they are much higher even when compared with curve a. Through this
comparison, it can be easily observed that the slenderness should be calculated using only the
minimum elastic critical force for the flexural buckling mode a®regu in §.1.1

7.2.3Members in strong axis bending

For this load case, the profiles, lengths and steel grades have been again seleciatl&ar8,

while the thicknesses have been chosen to have samples of different classes (1 and 3). The details
are summarized ihable7.6. As there are no hablled angle profiles witl$355 or S468teel grades

that are categorized as class 4, a few analyses have been additionally considered (marked with * in
the mentioned table)ith higher steel grades and member lengths so as to study some more slender
members. For each ndimear analysis, an initial imperfection of magnitud@00has been applied

with a deformation shapproportionalto the first member instability mode to introduce a twist
imperfection at the middle crosection (se€igure?.2). It shouldalsobe noted thatte gplication

of eq.(7.14) was checked numerically wigiatisfactoryresults. Indeed, the mean value of the ratio
Mer,num/Mer analis equal to 0,989 with a COV of 4%.

Figure 7.3 illustrates the numerical results compared with the buckling curves afrd aB as

they are defined i87.1.2 eq. (7.15) and eq. (7.16). The reduction factor for lateral torsional buckling
GLt,num OF the numerical samples has been evaluated by the eqe@atioR= Muru /Wify and the
slendernessaing eq. (7.13).
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Table7.6: Details for the samples subjected to a major axis bending moment

L fy
[mm] [N/mm?

L fy

[mm] [N/mm3 Class

No CrossSection Class No CrossSection

1 L 45x45x3 1000 355 1 29 L 250x250x17 2000 355 1
2 L 45x45x3 1000 460 3 30 L 250x250x17 2000 460 3
3 L 45x45x3 2000 355 1 31 L 250x250x17 3000 355 1
4 L 45x45x3 2000 460 3 32 L 250x250x17 3000 460 3
5 L70x70x5 1000 355 1 33 L 250x250x20 2000 355 1
6 L70x70x5 1000 460 1 34 L 250x250x20 2000 460 1
7 L70x70x5 2000 355 1 35 L 250x250x20 3000 355 1
8 L70x70x5 2000 460 1 36 L 250x250x20 3000 460 1
9 L70x70x6 1000 355 1 37 L 250x250x22 2000 355 1
10 L70x70x6 1000 460 1 38 L 250x250x22 2000 460 1
11 L70x70x6 2000 355 1 39 L 250x250x22 3000 355 1
12 L70x70x6 2000 460 1 40 L 250x250x22 3000 460 1
13 L 80x80x5 2000 355 1 41 L 250x250x22 4000 355 1
14 L 80x80x5 2000 460 3 42 L 250x250x22 4000 460 1
15 L 80x80x5 3000 355 1 43 L 250x250x22 5000 355 1
16 L 80x80x5 3000 460 3 44 L 250x250x22 5000 460 1
17  L150x150x13 2000 355 1 45 L 250x250x22 4000 550 1
18 L150x150x13 2000 460 1 46 L 250x250x22 4000 690 3
19 L150x150x13 3000 355 1 47 L 250x250x22 5000 55 1
20 L150x150x13 3000 460 1 48 L 250x250x22 5000 690 3
21  L150x150x14 2000 355 1 49 L 250x250x26 2000 355 1
22 L150x150x14 2000 460 1 50 L 250x250x26 2000 460 1
23  L150x150x14 3000 355 1 51 L 250x250x26 3000 355 1
24 L150x150x14 3000 460 1 52 L 250x250x26 3000 460 1
25 L150x150x15 2000 355 1

26  L150x150x15 2000 460 1

27  L150x150x15 3000 355 1

28  L150x150x15 3000 460 1

=

Figure7.2: Typical shape of initial imperfection for a memisebjected to strong axis bending

Figure 7.4 shows the ratio between the numerical member resistége) (and the analytical
resistance Nlurd, versus the noedimensional slenderness. The analytical resistance has been
evaluated byising the formulas proposed§i.1.2and validated through the numerical results.
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It is seen irFigure7.3 that all the results are above curve a and below cypemd this validates the
proposed irg7.1.2buckling curve for LTB of angle sections. However, it seems that the resistance

of some clas8 profiles is above curvep.aThis could be explained by the fact that these eross
sections are classified as class 3 but with /arétio quite close to the a2 limit. So, they are

treated as class 3 sections while, in reality, they reach their plastic resistance. On the contrary, due to
the integration of the SEMICOMP concept, a profile classified as Class 3, but very close to Class 2,
should be characterideby a section resistance closeMg. To set this clear, one should have in

mind that a profile with & / dpgroximately equal to 16, could have a raig,./My from 0,95 to

1,0 (sedrigure4.5). This justifies the small increased value of the numerical results. It should be also
noticed that for highet / rétibs, the results conform to curve a.

1,10 -
—_ numerical results (class 1)
TE 1,00 frereeeeeeeeeenes g ® e numerical results (class B)
2 e a0
;0,90 ey L a
s
g 0,80 Q.......
< 070
Q
5 0,60
@ 0,50 e
x A
0,40

0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60
Non-dimensional slenderness, [-]

Figure7.3: Compaison of numerical results with buckling curves for LTB of EN 1998
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3
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i [ ] )
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o, 1,02 b e "" Go0 ®
[v4 [ ] [ J
S 1,00 .—“ﬁ_“_’ L e
=
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s 096

0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60
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Figure7.4: Comparison between numerical and analytical results for the resistance of members subjected to
strong axis bendingelated with the nowlimensional slenderness

7.2.4Members in weak axis bending

The design resistance of angle cresstions to weak axis bending Mitherwith the tip is in tension
orincompression, is independent o€dwaralgses havelpebner 6 s
performed to validate the proposed formulas additionally with the analyses presefddAga&in,

the profiles, lengths andteel grades have been chosen froable 7.3, and the details are
summarized imable7.7.

Figure7.5 andFigure 7.6 shows the ratio between the numerical results for the member resistance
(Mury) and the analytical resistandé,(rg when the tip is in compression and in tension respectively.
It can be seen that the analytical approach for the resistance of a member subjected to weak axis
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bending is successfully validated when compared éorilmerical results, by accepting a 2%
deviation.

Table7.7: Details for the samples subjected to a weak axis bending moment

Tip in compression Tip in tension
No CrossSection . - fy Class No CrossSection . - fy Class
[mm] [N/mm?] [mm] [N/mm?]
1 L70x70x5 1000 355 1 1 L45x45x3 1000 355 1
2 L70x70x5 1000 460 3 2 L45x45x3 1000 460 1
3 L70x70x5 2000 355 1 3 L45x45x3 2000 355 1
4 L70x70x5 2000 460 3 4 L45x45x3 2000 460 1
5 L150x150x14 2000 355 1 5 L70x70x6 1000 355 1
6 L150x150x14 2000 460 1 6 L70x70x6 1000 460 1
7 L150x150x14 3000 355 1 7 L70x70x6 2000 355 1
8 L150x150x14 3000 460 1 8 L70x70x6 2000 460 1
9 L250x250x17 2000 355 3 9  L250x250x20 2000 355 1
10 L250x250x17 2000 460 3 10 L250x250x20 2000 460 1
11  L250x250x17 3000 355 3 11 L250x250x20 3000 355 1
12 L250x250x17 3000 460 3 12 L250x250x20 3000 460 1

Weak axis bendingTip in compression

1,04 . 5
[ ]
51,02 :
< 1,00 . .
e [ ]
E [ ] [ ]
=098 ° . .
0,96
0 2 4 6 8 10 12 14
No

Figure7.5: Comparison between numerical and analytical resultthéoresistance of members subjected to
weak axis bending with the tip in compression

Weak axis bendingTip in tension

0 2 4 6 8 10 12 14
No

Figure7.6: Comparison between numerical and analytical results for the resistance of members subjected to
weak axis beridg with the tip in tension
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7.2.5Members in bending and axial compression

For the numerical studies, three cases have been considered in terms of bending moments: weak axis
bending, strong axis bending anebbial bending, always in combination withaxial compression
force. The results are presented in the followingsediions.

7.2.5.1Axial force and weak axis bending

The numerical investigations have been performed considering a constant weak axis moment along
the member length caused by an eccentricl &arae. The eccentricity is in-u axis(point Py in
Figure7.7(a)), and ranges between 5 and 35 mm; the value have been chosen randomly for each
sample. The details ¢fie numerical samples are presentediable 7.8. All the analyses are for the

tip in compression, which is more critical than the tip in tension.

Table 7.8: Details for the samples subjected to an eccentric axial force causing a weak axis moment

No  gooter [mLm] [N/r]:my m?] [merJn] No  CrossSection [mLm] [N/lr];y m?] [me;Jn]
1 L45x5x3 1000 355 10 17 L150x150x14 2000 3556 12
2 L45x45x3 1000 460 10 18  L150x150x14 2000 460 12
3 L45x5x3 2000 355 10 19  L150x150x14 3000 355 20
4 L45x45x3 2000 460 10 20 L150x150x14 3000 460 20
5  L70x70x5 1000 355 5 21  L150x150x18 2000 355 10
6  L70x70x5 1000 460 5 22 L150x150x18 2000 460 10
7 L70x70x5 2000 355 20 23 L150x150x18 3000 355 32
8  L70x70x5 2000 460 20 24 L150x150x18 3000 460 32
9  L70x70x6 1000 355 35 25 L 250x250x17 2000 355
10 L70x70x6 1000 460 35 26 L 250x250x17 2000 460
11 L70x70x6 2000 355 35 27  L250x250x17 3000 355 12
12 L70x70x6 2000 460 35 28 L 250x250x17 3000 460 12
13 L8Ox80X5 2000 355 25 20 L 250x250x22 2000 355 5
14 L8OX8OX5 2000 460 25 30 L 250x250x22 2000 460 5
15 L80x80x5 3000 355 25 31 L 250x250x22 3000 355 5
16 L8Ox80x5 3000 460 25 32 L 250x250x22 3000 460 5

(b) (c)

Figure7.7: Position of the load application poiior the samples subjected to N+kb) N+M, (c) N+My+M,

Figure7.8 presents the ratio between numerical and analyti@al (4 resistance loads according to
the weak aximondimensionaklenderness . The analytical load is determined by the maximum
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load that satisfies both eq. (7.17) and eq. (7.18), without safety factors. For all the sampleakthe
axis check was the critical one.

1,12
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1,08 e

= 1,06 . q
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21,00 2
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0,96
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0,00 050 1,00 150 200 250 3,00 3,50

Non-dimensional slederness; [-]

Figure7.8: Ratio between numerical and analytical loads for N+M

The mean valuenf) of the ratioNnm/Nanais equal to 1,03 with a standaddviation of 3,18%. fie
analytical approach is validated by accepting a 2% deviation from the numerical results.

7.2.5.2Axial force and strong axis bending

The details (profiles/lengths/steel grades) of the numerical samples that have been used are the same
thanthose presented ihable 7.8. The axial force is applied at the intersection point of the minor
principal axis v with the middle line of the leg thickss(point P, in Figure 7.7(b)) and ranges

between 14,57 and 84,00 mm, depending on the profile geometry.

() (b)

Figure7.9: Movement of a profile subjected to an axial force and strong axis bending: (a) during initial
loading steps and (b) te failure load

Figure 7.10 presents the ratio between numerical load resistances and the analytical ones derived
through the current proposal usirigetweak axis slenderness For all samples, weak axis check

was again the critical one, as the member finally buckles along weak axis. Analytically, lateral
torsional buckling was ignored.¢ = 1,0) due to one of the four conditiodescribed in 8.1.2 and
therefore the member buckles due to the axial load. Numerically, it can be showRidguoe7.9

that the member starts to move laterally (along strong axis) but finally buckles towards weak axis.
This again justifies the tendency of angles to buckle along weak axis. The mean value @ the rat
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Nhum/Nanal is equal to 1,05 with a standard deviation of 5,90%, and the validation of the analytical
approach is effective if one accepts a 2% deviation from the numerical results.
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1,22
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Figure7.10: Ratio ketween numerical and analytical loads for N+M

7.2.5.3Axial force and bi-axial bending

In this case, the axial force is applied at the-h@eght of the leg at the middle line of the leg thickness

(point Ps in Figure7.7(c)). This point could represent rather well the position of the connecting bolt

for angles in structures. The details of the numerical samples that have been used, are the same as in
the prevous casesFigure 7.11 illustrates the ratio between numerical and analytic@l1(8

resistance loads according to the weak axis slenderneshe weak axis check was the critical one

for this loading case too, and the member buckles towards weak axis.
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Figure7.11: Ratio between numerical and analytical loads for WM,

The mean value of the rathhm/Nanalis equal to 1,15 with a standard deviation8gf7%,; these
values are higher than for the previous studigskesput it can be observed dfigure7.11 that all
the analytical predictions are on the safe side. Atingly, the analytical approach for the combined
resistance can be assumed as validated.

7.2.6General method for angle sections

The validation of the proposed method has been done through comparison with numerical results
obtainedusing the same analyses than those performed7i@.8.3 Therefore, the axial force is
applied at the midheight of the leg at the middle line of the leg thickness.
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Three cases were considered for the validation:

A. Case 1:
"In-plane” 29 order effects and bow imperfections are accounted fauyi

- & is taken from prEN19931-1:201987.3.3.1 for relevant buckling curve (elastic
verification);

- elastic crossection resistance is usatfy().

B. Case 2:
"In-plane” instability effects are considered as negligible;

- 2" order effects are disregardekd<(1/(1-Ned/Ner)=1) and @ is taken equal to zero (in
recognition of the rather limited impact of thparameter} such an assumption should be
limited to angles connected by one leg as, in this case, the strong axis moment and its
influence remains limed:;

- elastic crossection resistance is usall().

C. Case3:

- Same assumptions as in Case 2, but taking into account the actuaieutiss resistance

usingW,= U W\, as defined in 8.1.2

Figure 7.12 presents the ratio between numerical and analytical resistances obtained for the three
different cases as a function of the weak axis slenderne3$e analytical resistance corresponds

to the maximum load that satisfies €¢.22). Each case is represented by a colour and the relative
horizontal line illustrates the mean value minus the standard deviation for each case.

It may beseen that the analytical approach for all the three casestie safeside with Case 1 to
be the safest. Therefore, each one may be used but ikecl®ser tathe numerically determined
actual behaviour.
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Figure7.12: Ratio between numerical loads and thelyial ones, obtained through the general method, for
N+Mu+Mv

7.3 Experimental validation

In the following, the design formulas given§n.1are checked against tests that have been performed
by various universities and are available in the literatasewell as with the tests performed in the
framework of thepresenthesis.For all thetests, the analytical load was determined using the actual
geometrical and material properties without safety factors. A comparisoBwitbode $rovisions

is also reported
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7.3.1Centric compression tests at Tsinghua University

At TsinghuaUniversity, 66 tests were carried out on axially loadedapided columns from equal
angle sections and reported in R¢L3]. The crosssections ranged from L125x12% to
L200x200x14 and the material was high strength steel (HSS) S420. All the profiles were categorized
asclass 4. For each sectigdhe nominal slenderness of the angle columns, defined as the ratio of the
column length to the gyration radius of cr@sstion around the principal minor axis, were selected
as approximately 30, 40, 50, 60 and 80.
1.70 Tests Tsinghua University
1,60
1,50
= 1,40
g 1,30
Zcxl 1,20
Z 110
1,00

0,90
20 30 40 50 60 70 80 90
Nominal slederness;, [-]

Figure7.13: Ratio between experimental and analytical load for the Tsinghua University tests

Figure7.13 presents the ratio between the experimental resistances and the analytical ones obtained
using current proposal (se&.8.1) according to the weakkai s nomi nal, FigureZhMder ne s
presents the mean value of the ratio between the experimental load resistances and the ones predicted
by prEN 193-1-1 and by the current proposal, as well as the mean minus one standard deviation
value. For the evaluation of both analytical resistances, curve b has been used for all specimens
exceptfor one groupof sampleqL160x160x10) thakxhibiteda yield stragth of 460,7 MPaso

curve a has been selectid the latter It may be seen that the current proposal gives a better
predictionof the resistanceompared to the EurocodeThe conservative character of prER93

1-1 may be explained by the fact thit this case, the nedimensional slenderness is determined

from the weakest buckling mode (which is a flextcabkional one in most of the cases according to

the experimental tests), while, in the proposed model, thedimensional slenderness is always
determined from the flexural mode.

Tests Tsinghua University
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Figure7.14: Ratio between experimental and analytical loads for the Tsinghua University tests, mean values
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7.3.2Centric and eccentric @mpression tests at ULiege

At the University of Liege, 12 tests were carried out on axially loadeeepited columns with or
without eccentricity in the frameork of the presenthesis they are reported idetail in chapter .7

The crosssections were L150x150x18 and L200x200x16 with tli#ferent lengths. The material

was high strength steel (HSS) S420 and S460. The load was introduced through supports that
correspond to fully hinged boundary conditions, allowing free rotatioarid outof-plane.

The ratio between the experimental l@autl the buckling resistance from prEB931-1 (noted as
EC3 in thegraph as well as the resistance of the current proposal {&éelSfor the tess without
eccentricity are reported ifigure 7.15. As for all centrally loaded specimens, the first instability
mode was a flexural one, the value for tmenputednon-dimensional slenderness is the same for
both procedures. Therefore, the difference of the ratios report€dyime 7.15 which are only
observed for class 4 cresections arelue to the evaluation of the plate slenderrfeslass 4
profiles, which differs in both procedures.
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Figure7.15: Ratio between experimental and analytical fofmt the Liege University tests
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Figure7.16. Ratio between numerical loads and the analytical ones, obtained through the general method, for
Liege University tests

In the following, the general method,agded for angles (se& 8.5, is applied for the eccentrically

loaded specimens and compared with the provisions of AERR1-1. The results ardustratedin
Figure7.16; two cases (Case 1 and Case 3 as defined 2n@were considered for the determination

of the analytical loadbased on the current proposkilmay be seen that the analytical method
provides less conservative and safe side predictiofdl teist subjected to compression and bending.

It should be noted that the specimens Sp22, Sp24 and Sp26 are categorized in class 4 according to
prEN 19931-1 and therefore thé/« value is used for the determination of the maximum stress. In
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contrast, acording to the current proposal, all the profiles reach their elastic resistance in bending
and so th&\Ve value is used.

7.3.3Eccentric compression tests at NTUA

At the National Technical University of Athens, 33 tests were carried out on axially loaeeteid
columns with or without eccentricity and reported in Red]. The crosssections were equal angle
profiles L70x70x7in S275 steelThe profile was categoriden class 1. The load was introduced
through supports that correspond to fully hinged boundary conditions, allowing free rotatiod in
out-of-plane. The experimental results are compared with the resistance formulae of the current
proposal as outlingid section/.1.4 as well as with the resistance formulae for members as described
in prEN 19931-1, eq (8.88)(8.89), in combinations witlhnnex C where interaction factors for
monosymmetric sections are given.

TestsNTUA
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Nexp/N prop [']

Figure7.17: Ratio between experimental and analytical loads for the NTUA tests

Figure7.17 presents, for all tes{gxcept ondor which the achievedxperimental load was higher
than its criticaload)the ratio between the experimental resistances and the analyticabtaiesa
using current proposal (se@.8.4 according to the weak axis ndimensional slenderness.
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Figure7.18: Ratio between experimental and analytical loads for the NTUA tests, mean values

Figure7.18 presents the mean value of the ratio between the experimental loads and the analytical
loads as determined by the above methods, and the mean minus one standard deviation value. It can
be seenthat the current proposal gives a better prediction for the column capacity compared to the
existing version of prEN9931-1 and is always on the safe side.
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7.3.4Eccentric compression tests at TU Graz

At the Technical University of Graz, 27 compression tests were carried out and reportedlii]Ref.

on equal angle sections: 24 on L80x80x8 and 3 on L120x120x{ieprd’he material was S275.

The boundary conditions varied from clamped supports (series BC1), to knife supports allowing
rotation in the loading plane (series BC2) and fully hinged support allowing free rotatandiout
of-plane (series BC3). Thedd was introduced to the profile through one legbgltedconnection

the introduction point is the centre of the hole for connection with one bolt, or the centre between the
two holes for connection with two bolts.

For this experimental campaign, themmber capacity was calculated firstly by the proposed method,
checking the angle profile to compression and biaxial bending that results from the loading
eccentricity. The buckling length was set equal to the system léggtlfior all cases except for
sypport conditions BCiwvith connection by two bolts, where the buckling length was set equal to
Lsyd2.

The results of the current proposal are compared with the provisions of EN8-1988d not the

ones of prEN 1993-1 as beforeso ago accounftfor theeffect of the bolted connectiolm this case,

the member is checked to compression through an effective slenderness that takes into account both
the eccentric loading and the end restraints brought by the bolted conngatikiing is checked in
respecto the weak (v) and geometric (y) axes. The relevant effective slenderdessrmined from

the following equations:

Ty moo mxal (Eq.7.26)
 mnonixof EIAS 1T AAB@ETT 00
S h by myol miAG 11 AAP@EIl o (472D

The design resistance, whare = iy} efayebe okdined as follows:

— AEIATT AABGEIIT O
(Eq.7.28)

mp — AEIAATTAADGENT O
The member resistance is the lowest between the resistumdingto the v and yaxes.
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Figure7.19: Ratio between experimental and analytical loads for the TU Graz tests with two bolts
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Figure7.20: Ratio betweemxperimental and analytical loads for the TU Graz tests with one bolt

Figure7.19 andFigure7.20illustrate the ratio between the experimental and the analytical loads for
connection with twabolts and one boltrespectivelyand provide the mean minus one standard
deviation value for all tests. It maglseerthatthe EN19933-1 method largely overestimates the
angle capacities and is on the unsafe side. The conclusion of the authors[iil Rsftherefore
confirmed whaecommendsn absence of appropriate design formulae, to design throu§bral@r

system analysis accounting for member imperfectibnsontrast, the proposed method provides
safe predictions for all tests with two boltsdaall but 3 tests with one bolt. Consequently, further
investigations are still required to better account for the effect of the connections at the extremities
of the angle; this could be a perspective for future research.

7.3.5Eccentric compression tests at TBraunschweig

At the Technical University of Braunschweig, 40 compression tests were carried out and reported in
Ref.[15] on equal leg angle L50x50x5 profiles. Theamen lengths were 300, 600, 900, 1200 and
1500 mm, while the material was S355. The end support conditions were defined as clamped and
hinged, and the load was introduced through one bolt M12.

Figure7.21 presents, for all tests, the ratio between the experimental resistances and the analytical
ones obtained using current proposal (sédl.8 according to the weak axis noimensional
slenderness .
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Figure7.21: Ratio between experimental and analytical loads for the TU Braunschweig tests
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Tests TU Braunschweig
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Figure7.22: Ratio of experimental to analytical loads as determined by the proposed method and the
provisions of EN 1993-1, mean minus one standard deviation values

Figure7.22 presents the ratio (mean minus one standard deviation) of the experimental to analytical

loads as a function of the relative weak axis slenderness. Similarly to the previous, sketio

analytical load was determined by the proposed method, under consideration of the moments that
result from the loading eccentricigndby the provisions of EN 1993-1. The buckling length was

set in all cases equal to the system leragtifor theTU Graz tests, since all the specimens are
connected through one bolt at their extremitlesnay be seen that the proposed method gives best

results for the hinged support conditions while, for the clamped support, the buckling capacity at
larger slendmess is underestimatedh contrast, the provisions of EN 1993l appear to
overestimate the capacity, especially for hinged support conditions. The conclusion of the authors in
Ref.[15]i s t herefore confirmed t hat-31fidréheonescrewi mpl i
joint in the existing form is not wise to be wuc

7.4 Conclusions

This chaptemresents design rulés predictthe stability and resiance of membensade of rolled
equalleg angle profilessubjected to combined forces and moments. The main features of the
proposed design rules are as follows:

9 Existing Eurocode provisions are adapted for angle profiles.

1 Appropriate European buckling curves for flexural and lateral torsional buckling of angles
are detected.

1 The proposed rules account directly for the presence of applied moments resulting from the

connection eccentricities.

The rules are generic for theferred profiles and do not apply only for lattice towers.

They are written respecting the format of the existing Eurocode 3 specifications.

They are simple to apply and are derived from basic rules of the stability theory.

The proposed desigrules were validated through comparisons to extensive numerical

analyses and numerous experimental tests. Experimental results were also compared to

existing Code provisions. It was shown that the proposed method allows a safe prediction of

the member capé#ty with an accuracy which is much better than the one obtained with the

present Code provisions. Accordingly, the current proposal may be used as an alternative to

existing Code provisions.

= =4 -4 -1
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8. STRUCTURAL TYPOLOGIES OF TRANSMISSION TOWERS

Transmission towerbave beerbeing built since the very beginning of the ®20entury with the
upcoming need to transport electrical energy from the production location to the con3imadrst

regular transmission tower in Europe was erected in 1905 between MoasimiMunich in
Germany A transmission tower consists intal selfsupporting structure, whictarries electrical
overhead lines. These lines are part of higlage CD or AC systems. The function of the
supporting structures consists on one hand in theetsatfisfer of the conductor loads to the ground

and on the other hand in ensuring a safety distance between the conductors and the ground as well
as between the conductors. The height of the towers or pylons depends on the voltage of the power
linesandgeer al ly varies in a range between-higfb m f or
voltage lines (> 110 kVHowever, br special purposessto span obstacles in the axis of the power

line such agorestsor rivers supporting structures exceedin@peight of 100 m are realize@he

tallest transmission toweis Europe with a height of 227 mare a group of four lattice transmission
towersin SchleswigHolstein Germany, known as the Elbe Crossing 2.

The typologies and the functions of transmisgimvers, and the typologies of lattice towers and the
relevant terminology are briefly presented in this chapter

8.1 Typologies of transmission towers

The supporting structures of overhead lines can be made of diffeegetials,and they can have
several typologies: tubular steel towers, lattice steel towers, wooden and concretefiglores
8.1). The selection of the type tie transmission tower is mainly based onvbiéage circuit (low,
medium, high or extrhaigh voltage) thait should supportLattice towers are used for all ranges of
voltages and therefore they are the most common btffies/ersfor high-voltage trasmission lines.

/B

(b) (d)

Figure8.1: Typical structure for a (a) wooden pylon, (b) concrete pylon, (c) tubular steel pylon ani
lattice tower

8.2 Functions of transmission towers

The transmission towers can be categorized by the way they support the line conductors as
suspension or deaehd towers. In reality, the line grid is composed of transmission towers with
different functions to ensure a safe support of the line conductors.
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A suspension tower has vertical hanging isolators that carry the condueiguse.2 left). The

tower is subjected to gravity loads coming from the cotas and the tower itseds well as
transverse forces caused by wind loading. As the tower does not get any tension forces from the
conductors, its design results in lighter structures than foreeddowers.

Figure8.2: Suspension tower (left) and deadd tower (right)

Deadend towers are located at the extremitieghefpower line, for long spans, at thiaceswhere

the line changgits direction and in regular distance of a straigi ko reduce the cascading tower

failures afteran unexpectedonductor failure. A deadnd tower uses horizontal strain insulators at
the end of the conductor&igure 8.2 right). As deadend towers are subjected to tension loads
obtained from the conductors additionally to the-sedfght and wind loads, their structures are

heavier and more expensive than those required for suspension towers

8.3 Steel latticetowers

8.3.1Thet o w estrudtgre

Steel lattice towers for transmission lines @a&nly made of hetlip galvanized steel angle profiles
that areusedas single members and/or@erts ofbuilt-up membersThe galvanization of the angle
profilesensures a corrosion protection over the whole lifetime of the tower, gerfevail§0 to 100
years.

Figure8.3: Modularconstruction with bolted connections.

The bolted connections and gusset plates adlomodulaiconstruction Figure8.3) of the tower and
simplify its erection at the construction site. First, the different modules are preassembled in lying
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position, then lifted with a crane and finally bolted by assembly tpseralternatively, the whole

tower can be mounted in lying position and then be raised by cable pull. This operation requires a
big assemblingrea,and it is therefore only rarely applied. In mountains area, the different modules
are often placed by Hebpter since the mounting area is too confined for cranes. Welded connections
are not used in lattice towers, as they would complicag¥etgtion

In general, the tower structure candudivided into four main partghich aredescribed in detalil
below.

(_Urhe tower body

The body is the maistructureof the tower. Itis consised in generalof 4 leg membersonnected
together througla primary anda secondary bracing system in thertical and horizontal plane
(Figure8.4).

Insulators

Horizontal bracing

Staggered primary
bracing

[ ]
Crossing diagonals

Leg connection
Bolted spice

Figure8.4: Towerbody with description of the different elements

The legs, made of singlequal leg angle profiles or builp ones in stabattened configuration, run

from the foundations to the top of the tower. They mainly transfer theveadht of the structure

and therefore the profile size continuously decreases from the lowerupgbemodules. Over the
height, the tower body is subdivided into several modules/segments, which are connected between
their leg profiles by bolted splices. This allows a reduction of the delivery length of the leg profiles
and a modular mounting of thevter.

The primary bracing systeis constitutedof diagonalsoften made of single equal or unequal angle
profiles and buikup angle profiles in a badk-back configurationlt reduceshe buckling length of

the legand helgstabilizing the frameworkigicture (e.g. triangulation) of the towéralso transfers

the horizontal forces coming from the wind forces acting on the tower body. The secondary bracing
members are also redundant memjpiirsy are used to reduce the unsupported length of the main
legs andbf primary bracing membersoincreagng theirbuckling stability. In addition, they increase

the stiffness of the tower structure. They are commonly made of small equal or unequal angle
profiles. The type of primary and secondary vertical bracing systems depends on the loads and
thet o w éneightsand commonly varies over the height of the toWsfferent layouts argiven in
Figure8.5. For standard tower geometries as used in Europe -trad¢ihg and Xoracing are usually
applied for the bottom and the second section of the tower respectively. The upper modules are often

81 Marios-Zois BEZAS



Design of lattice towers made @frje hotrolled high strength steel angles

bracedby a crossing diagonal system. The advantage of the crossing diagonal isystatthe
compres®n diagonalis stabilizedby thetensionong asthe lateral displacement of thatter is
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Figure8.5: Differentprimary and secondary vertical bracing systamdlustrated in EN 1993-1

Between two modulebe tower is usually stiffened by a horizontal bracing sygkgure8.6), also

called diaphragm bracing. This system takes the horizontal forces from wind loading on the tower
and transferg to the legsin addition, the horizontal bracing system absorbs theotmbimoments
generated by an accidental unbalanced loaglinthe structurée.g. rupture of one conductor).

7 € /<>\%D )

Figure8.6: Commonhorizontal bracing systenas illustrated in EN 1993-1

Figure8.7: Cross arm®f a lattice tower

(_bThe cross arms

The cross arm@-igure8.7) support the insulators and the condustof the power line and transfer
their loads to the tower body. Depending on the type of tower, one, two or even more than three cross
arms on the left and right sides of the tower are necessary. The length of the cross arnsodepend
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the type of tower @d operating voltage. For high voltage circuits, the clearance between the
conductors must be increased and the cross arms become longer. For instance, if the three phases of
a 380kV circuit are installed on one single cross arm, the length of the ¢rogs about 22 m. This

leads to a total width of the transmission tower of approximately 45 m.

The cross arm is constituted of a top and bottom angle member, each being connected by bolts to the
tower legs. These members are braced by a vertical andmtatizgstem of angle profiles. The size
of the angle profiles strongly depends on the tower type and the conductor loads.

(9) The earth wire support

The earth wire support is the top module of a transmission tower which carries the earth wire. The
main role of the earth wire is the protection against lightning, and in some cases when it is made of
an optical fibre, is also used as an information trathem

The usual heights of the suppasthere the legs tapearary between ®m and 80 m in function of
the tower height andperating voltage of the lindhe legs are commonly braced by a single lattice
staggered systenod small single angle profige

(__UThe foundations

The foundation of the tower depends on the form of the tower, the loading, the type of the soil and
theavailablespace. Théypes which are mainly used in practiegestrip or step foundations, piler

driven pipe de foundationgFigure8.8). The legs are anchored by frmt or by separate elements

into the concrete. The elements are usually stickimgjes made of common angle profiles.

Figure8.8: Step foundatiomwf a lattice tower

8.3.2Typologies of lattice towers

Depending on the terrain typology, different lattice tower structures are used to overcome the several
obstacles (e.dorests rivers, railvays, et encountered along the gridifferent typologies of lattice

towers are currently used all over the woilthe typology differs between the continents and the
corresponding operating voltage of the power lilethis section, on overview of the different types

of lattice towersused on the European mariggiven. The different configuratiomseillustrated in
Figure8.9 and described belaw

(a) Anchor portal tower

Anchor portal towers are gantry structures supporting the conductasviitayard. Thenternal
cross arms are supported by at least two tower bodies. The structure of anchor portal towers is adapted
to the high tensions forces in the conductors that need to be anchored in the switchyard. Anchor
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portal towers are also usedgpan over railways as they are less sensitive to vibrations than cross
span structures.

(b) Delta tower

In a Delta tower, the cross arm is supported bysh&ped fork, which offers space for a conductor
in thecentreline of thetower. They are commonlysed to support one single circuit (i.e. 3 phases).
The delta tower is widely spread in the U&n@da, France, Spain and Italjhe hameoriginates
from the factthat the fork with the cross arm resembles the shape of an inverted Delta.

(c) Fir tree tower

A fir tree tower belongs to the three plane tower typologies. It has three cross arms arranged in three
planes on two sides of the tower body. The lower cross arm is longer than the onmiddiee

which is again longer than the upper crese Thisform is reminiscent of a fir tree. The tower
generally carries two circuits whereupon the conductors of each circuit are supported on each side of
the cross arms. Fir tree towers are tall and the span of the cross arms is reduced.-kKgrcr88id

for instance, the standard height is about 60 m and the span of the cross arm is approximately 20 m.
The required width of the protection st(ige. thestrip of land set aside for a safety corridor distance
between the power line and nearby structures agetation and which is used to construct, maintain

or repair the power linels only 50 m compared to 70 m or 120 m of other tower typologies.
Therefore, fire tree towers are mainly erected in areas where the distance of the conductors to the
soil is increased and where the width of the protection strip needs to be smédrésig.

(d) Single plane tower

Single plane towers only have onegle cross arm and carry one or two circuits. The phases are
supported by the cross arm on the two sides of the tower. Hbé Single Plane toweés used in

areas with reduced height prescription like airports. The disadvantage of the tower typolegy is th
wide span of the cross arm (e.g. 40 m) which results in a wide protection strip (e.g. 120 m) and
therefore in a huge environmental intervention.

(e) Danube tower

The Danube tower is the most widely spread tower typology in Europe fek\22md 386kV

circuits. The tower has two cross arms arranged in two planes. The lower cross arm is usually longer
then the upper one. In general, they support two circuits whose phasedeass in a triangular
shapeThe upper cross arm carries one phase while therlone carries two phases.

(f) Barrel tower

Barrel towers have a similar typology than Fir Tree towers. They have three cross arms in three
planes andhey commonly carry two circuitsThe median cross arm is longer than the lower and
upper cross arms argach cross arm supports 2 phases on each side of the toweAbdaly Fir
Treetowers, Barrel towers are tadlith a reduced span of the croaams,and they are applied in

areas where big heights and reduced protection strips widths are requirddrésty. It is the
standard tower typology in théK National Grid.
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(a) Anchor portal tower

(d) Single plane towers at the airport of Karlsruhe
Germany

i
""Pi
i

(e) Danube tower

(f) Barreltower

Figure8.9: Different typologies of transmission towers
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9. ASSESSMENT OF THE DESIGN OFA TRANSMISSION TOWER

In Europe, the design of transmission towers for overhead electrical lines is carried ouhgdoord
EN 19933-1, in combination with EN 1993-1 which providing general rulesand for electrical
lines exceeding 1 kVaccording to the CENELEC standard EN 50341. Basethese normative
documents, the tower is modelled as a simple truss structere aththe steel element connections
are considered as hingedd the forces are only applied to the truss noSash models do not
adequately reflect the actual towsrhaviourof the structure, as loads and especially wind ones are
directly imposed on the entire member length and intedending moments in members.
Furthermore, the design of lattice towerslassicallycarried out through a first order linear elastic
analyss, neglecting the significant second order efféetgeloping inthese structures.

In this chapter, a typical electric transmission steel lattice tower made of angle section members has
been selected. The tower has bidinally designed by means tife commercial softwar&d OWER

[41], in accordance with the current normative requirements, based on-ardiestlinear elastic
structural analysis of a truss structufer the assessment of the design, the tasvifrensimulated

with FINELG nontlinear finite element software using beam elements, considering relevant
imperfections as well as geometrical and materiatima@arities. In ths mode| every single member

has been properkimulated in terms of orientation and eccentricities at its exiiem

Both softwarewerefirstly compareddy theresults of the frame analysis in the elastic rafigen,
andohave a gl obal overview of the act ulmdbeet ower 6s
performed andvascomplemented/alidatedby a second order linear elastic ofike importance of

considering second order effects in the analysis is underltmdever,asmaterial and geometrical
nonlinearities combined with imperfections (member -ofistraightness and structural enft
plane)areaffecing the response of the towerfull nonlinear analysisias beemperformed to check

the validity, in terns of resistance and stability, of the initial design made with the TOWER software.
Theresultsof all the analyseare presented and discussethe following

9.1 Detalls of the studied tower

The Danube tower is the most spread tower typology for tranemiees in EuropeMoreover
many transmission lines are currently in planning throughout Epiopihe framework of the
conversion from 220 kV to 380 kV lines, wherésttypology oftower is thepreferableoneof both
designers and owners. As a restlie Danube towerHgure9.1) is the typical typologyor current
and future transmission lines and is therefore selected for the cageretsented in this chapter.

~

Figure9.1: Danube tower for a transmission line of 380 kV
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9.1.1Geometry of the towerand the line

The considered tower ssuspensiomne(i.e. hanging insulatorsyvith a height of 50 mmade of
steel equaleg angle profilesits geometry is shown iRigure9.2. The structure is supposed to be
erected in Erzgebirge in Saxony (Germany) and is part of a straight transmission line.
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Figure9.2: Geometry and annotation of the different segments of the studied Danube tower
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Figure9.3: Definition of wind span and weight span

Even if only one lattice tower is considered, the design requires saiedrifarmation of the line,
in order to quantify the conductor loads acting on the pylon., Thestudiedtower is part of a 380
kV straighttransmission line with a distance between the towers of 350 m. The segment of the line
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is in a mountain area watsignificant height differences, wahleads to the followindine spans
(Figure9.3):

1 Wind span: Lw=350m
1 Weight span: Lg= 1, 5A350 m = %426 m (according

The wind span is equal to the mean value of the two neighbouring spans of the tower while the weight
span izqual to the distance between the two lowest points of the conductors in the two neighbouring
spans of the tower.

9.1.2Conductors and insulators

The tower carries two 380 kV circuits, eaahe consising in 3 phases. Each phase is made of a
bundle of 4 conductors which is supported by a suspension insulator. On its top, the tower carries
one single earth wire for lightening protection. The conductors and thengarthre made of steel

fibres enveloped by seral fibres of aluminium Rigure 9.4-a). The steel fibres reinforce the
conductors and allow a safe transfer of the conductor loads while the almifibias increase the
conductivity of the conductoBased oreEN 5018243], the following conductorBave beeselected:

1 4*264-AL1/34-ST1A for the conductors;
T 1*94-AL1/15-ST1A for the earth wire.

Important mechanical data of the conductors and the earth wire éamngeinTable9.1.

B P e e Y

(b)

Figure9.4: (a) Aluminium-steel conductgr(b) Quadri*Sil insulator

Table9.1: Mechanical data for the conductors

Areas N(.)' of d_W|re Mass per  Final Coefficient
Code wires lameter unit modulus  of linear
Al Total Al Steel Al Steel [kg/lgm]  [N/mm?] 1/K
[Mm? [mm? [-] [] [mm] [mm]
94SA1E11£5- 94,4 109,7 26 7 2,15 1,67 380,6 77000 1,89E05
264'8'61‘_"1%‘(34' 263,7 297,7 24 7 3,74 2,49 994 .4 74000 1,96E05

Each conductor is connected to a suspension insulator, which transfers the conductor loads to the
cross arms of the lattice tower. The insula{&igure9.4-b) aremade of silicone rubber (Quadri*Sil
Insulator from the company Hubbeliheirlength is about 5 m to ensure a safe distance between the
conductorsand the tower structure.
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9.1.3Initial design of the studied tower

The initial desigrof the towelhas been done by TOWER finite element software, which is dedicated
to the design of transmission and telecommunication steel lattice {caeerding to different
international standards. The towers beenesigned under gravity and wind loads followmginly

the recommendations and requirements of EN 50341dd EN 50342-4 [44]. The design is carried

out through a first order linear elastic analysis of a truss structure.

Theangle profilesare made ofteelgrade S355J2he steel material law is linear elastic without any

plastic yield plateagnominal values) The eccentricities of the connections are not modelled, but

their influence is considered vian effective nord i me nsi on al « i lthe mednbern e s s ¢
buckling checks. More details about the design of the tower can be foj#&] and[46].

The crosssections resulting fronthe desgn checks based on lmear elastic global analysis
performed byTOWER are presented ifable9.2. For the annotations of the different segments of
the tower, se€igure9.5. The total weight of the structure is@,83 kN.

Table9.2: Angle profiles for the different sections of the tower

Group name Cross-Section Steel grade
Bottomlegs L 150x150x13 S355J2
Segment 2 L 140x140x15 S355J2
Segment 3 L 120x120x16 S355J2
Segment 4 L 80x80x10 S355J2
Segment 5 L 80x80x6 S355J2
Segment 6 L 75x75x4 S355J2
Segment 7 L 45x45x3 S355J2
Diagonal 1 L 75x75x4 S355J32
Diagonal 2 L 75x75x4 S355J32
Diagonal 3 L 90x90x5 S355J2
Diagonal 4 L 90x90x6 S355J32
Diagonal 5 L 60x60x4 S355J2
Diagonal 6 L 45x45x4 S355J2
Cross 1i bottom L 150x150x12 S355J2
Cross 1i top L 120x120x7 S355J2
Cross 1i base L 130x130x8 S355J2
Horizontal 1 L 80x80x5 S355J2
Horizontal 2 L 90x90x5 S355J2
Horizontal 3 L 100x100x7 S355J2
Horizontal 4 L 76x76x4,8 S355J2
Horizontal 5 L 75x75x6 S355J2
Horizontal 6 L 65x65x4 S355J2
Horizontal 1 base L 80x80x5 S355J2
Horizontal 2 base L 80x80x5 S355J2
Horizontal 3 base L 76x76x4,8 S355J2
Horizontal 4 base L 60x60x4 S355J2
Crossi Horizontal L 45x45x3 S355J2
Cross 2 bottom L 120x120x7 S355J2
Cross 2 top L 75x75x5 S355J2
Cross 2 base L 90x90x5 S355J2
Redundant 1 L 90x90x5 S355J2
Redundant 2 L 60x60x4 S355J2
Redundant 3 L 90x90x5 S355J2
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Segment 7 + Redundant 2

Horizontal & - Horizontal 4 base
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Figure9.5: Annotations of the different segments of the tower

9.2 Numerical simulation of the tower with FINELG

9.2.1Description of the finite element model

For the validation and the assessment of the initial design, thettasimen simulated with FINELG

finite element softwa using beam elements with 7 degrees of freedamsplate buckling
phenomena in the anglegs are not to be contemplated. The model of the tower is represented in
Figure9.6. It isworth noting that FINELG has been already successfully used in the pasttatei

a lattice tower[22]; and ithas also beensedon the framework of the present thesispredict
successfullythe failure load ofull-scaleexperimentatests, as they reported in Annex B.

Every element/bar is modelled with its appropriate eccentricity, rotation and orientation in order to
simulate the reality as closely as possilfle.a result, the elements are not only subjected to axial
forces but also to bending momewmsthe level of a global analysis, the bolted connections between

the diagonals and tower legs as well as the splices in the tower legs are not considered directly in the
model, buttheir global response has been simulateough appropriate hinges/constraints at the
ends of the elementsloreover, their seliveight has been considered as referre®i2. §A1).

The tower structuresimodelled using the following assumptions:
1 the main legs are modelled considering continuity over their total length;

91 the bracing members and horizontal members are considered as pinned at their ends
connected to the main legs and to the horizontal mesnber

1 the secondary bracing elements are also considered as pinned at their ends.
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For the memberghatareassumeas continuous over their total length (main tower leys) 7 DOF

are blocked at the extremities of the finite beam elemEntshe pirend nembers (i.e horizontals,
primary and secondary bracinga)l the rotations are free, except the torsion about the beam axis
which is blockedadl the other DOF are blocked too. The foundations are assumed as pinned.

Figure9.6: 3-D model from FINELG software

All the members of the tower are made of steel grade S355J2. Twoheaseleertonsidered in
terms of material law: a linear elastic one and aliv@ar perfectly plasti one. Nominal values for

the material propertidsave beem s ed ( E=210. 000 MPa ?), whiethey®lda n d
stress is taken equal to 345 MRa for the initial design checkSor each element, residual stresses
originating from hotrolling are considered in material ndinear analyses; the pattern is in
accordance with Ref39], as it shown ifrigure6.18too. Furthermore, for the analyses where initial
imperfections have been applied, those are in accordance witfi ittt ability mode, calibrated so

as to reach an amplitudeloflO00(L is the length of the member/segment where instability occurs).

The conductorand the insulatorisave not been modelledowever the wind loadsicting on them,
aswell astheir selfweight have beertalculated apart anidtroducedin the model as point loads
acting at the top of the insulators.

9.2.2Applied loads

The gravity (selfweight)and windloadsacting onthe tower the conductorsthe earth wire and the
insulatorsarepresented ithe following Tension loads in the conductors are not considered since it
iS a suspension tower in a straight line.

A.1 Selfweight of tower

The selfweight of the tower itself is calculated automatically from the analysis program according
to the geomeyr, considering the specific weight of steel 7850 kN/m. Bolts and gusset plates are

not modelledn FINELG, but their seHweightis taken into account by an adjustment factor equal to
1,20 which artificially increases the dead loads of the tptver approach has been used also for the
initial design of the toweiThis leads to a total weight of the tower of 172,60 kN.
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A.2 Selfweight of conductors earth wire and insulators

The selfweightV; of the conductors and the earth wire carke evalated according to EN 50182
[43] and summarized ifable9.3.

Table9.3: Selfweight of conductors and earth wire

m Oc No of Ve,i No of Ve tot
Type / Code [k /klm] Lg[m] =mi-g bundles =np-gc-Lg conductors =nc-Ve,
9 [N/m] Nb [kN] Ne [KN]
1 Conductor
oeAALLRASTIA 9944 525 9,755 4 20,4 6 122,91
Earth wire 380,6 525 3,734 1 1,96 1 1,96

94-AL1/15-ST1A

The weight of one insulator is about 0,087 kN. Consequently, for the six insulatorshatiecheen
used, the total weight equals 0,522 kN.

B.1 Wind loads atthetoweb s body

The calculation of the wind loads on the tower is based on EN-3998nnex B and EN 1991-4
[47]. The tower is subdivided into several segmergdllustrated ifFigure9.2, and for each segment
a mean wind load is evaluated. The mean wind load in the direction of the wind on thddpaer
segment, should be taken as:

Of & B®o (Eq.9.1)

wherez is the height above the base at which the load is calculalethe notationsiot explained
hereare provided in chapt&: The above equatiomay be transformed to the following one

Ofp & -" 0 B®d A & Bwod (Eq.9.2)

The mean wind velocity at the heigtis:

WA OIOd o WF (Eq.9.3)
where:
® &) is the roughnessoefficiert;
@ @ is the orography coefficienequal to 1,@&ccording to EN 1991-4/84.3.3;
&) is the directional factgequal to 1,Gccording to EN 1991-4/84.2
&) is the season factoequal to 1,@&ccording to ENL991-1-4/84.2;

VIS is the fundamental value of the basic wind velocity, taken asni@s€c according
to the German national annex of EN 1994 & EN 503412-4.

It is assumed that the tower is located icagegory Il terrain, according to EN 50324 (in line
with the German National Annex); this leads to some characteristic values for the mean wind velocity
to considerer in the calculations.

The mean wind loads have been calculated at thehgightof each segment and for two different
wind directions (se€igure9.7 for the direction):
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1 wind loads perpendicular to the cross atmg+X direction);

1 wind loads in the direction of the cross amms(+Y direction).

I [t o ;"u g! ST jﬁ ==

o

Front Face (57%W):_— T
Wind load (W)

Figure9.7: Definition of wind direction

Table9.4: Mean wind | oads on the tower Body for
Part Zo[m]  Gm(z) N/M [fne;] ois [-] F”ﬁff\f}“’"‘ F"ﬁfﬁﬁ‘”k

Segment 1 2,44 213,137 3,21 2,77 1,080 0,815
Segment 2 7,79 359,422 4,07 2,71 2,261 1,706
Segment 3.dowmid 15,20 460,901 6,09 2,97 4,756 3,688
Segment 3.midip 24,20 538,936 5,29 2,93 4,769 3,697
Segment 4 30,30 578,843 1,99 2,76 1,810 1,366
Segment 5 35,80 609,375 3,23 2,99 3,358 2,533
Segment 6 40,95 634,548 0,92 2,95 0,983 0,742
Segment 7 46,20 657,574 1,59 2,85 1,694 1,278

Arm 1 (lower arm) 29,77 575,638 6,09 2,74 5,480 4,134
Arm 2 (upper arm) 40,53 632,614 3,51 2,70 3,424 2,583

Table9.5: Mean wind loads on the tower body for wipdralleltot he ar fis (d=90

Part Zom]  gm(z) NI [Am“;’] ois [1] F"E'If,{f]“’”t F"Eif,{ﬁ’“k
Segment 1 2,44 213,137 3,21 2,77 1,080 0,815
Segment 2 7,79 359,422 4,07 2,71 2,261 1,706

Segment 3.dowamid 15,20 460,901 6,09 2,97 4,756 3,588
Segment 3.midip 24,20 538,936 5,29 2,93 4,769 3,597
Segment 4 30,30 578,843 0,51 3,61 0,610 0,460
Segment 5 35,80 609,375 3,23 2,99 3,358 2,533
Segment 6 40,95 634,548 0,38 3,51 0,477 0,360
Segment 7 46,20 657,574 1,59 2,85 1,694 1,278

Arm 1 (lower arm) 29,77 575,638 5,74 2,80 5,274 3,978
Arm 2 (upper arm) 40,53 632,614 3,33 2,76 3,310 2,497

Given that the tower being symmetrical, the directiodsandiY and+X and +Y arerespectively

the samdgeometry and loads) and they are not considered as different loadTd¢esg the mean

wind load in each direction is distributed on the front anckiface of the toweri which vary
obviously according to the wind direction. It is assumed that the front face of each segment is
supporting 57% of the total wind load, and the back face @&¥-igure9.7). At the end, the wind
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load acting on a face is distributed to each bar according to its normal area, as a constant linear load
along each bar, in order to achieve a realistic simulatiomeocad¢tion.

Table9.4 andTable9.5 summarisehe mean wind loads acting on the tower body and the cross arms,

for both wind directionsdd andw ) and for the two faces of the tower (front and backdace

B.2 Wind loads on the conductorsind the insulators

The calculation of the wind loads ohet conductors is based on EN 1993/Annex B. The
maximum wind loading on the cables in the direction of viigd) should be taken as:

no d

B

wRrd p

(Eq

.9.4)

wherez isthe height above the base of the support of the conductorémadiied is the structural
factorthatequas 1,0according to EN 1991-4/86.Table9.6 shows the calculation of the wind load
on the conductors/earth wire for both different wind directions.

Table9.6: Wind loads on the conductors

'Winq J Al 2 m(2) Cieo  IW2) d In direction  Perpendicular
direction [N/m?] [-] [-] [mm] Fey(2) [KN] Fed(2) [KN]
28,70 569,081 0,157 94 20,631 0
Parallel tothe 39,70 628,696 1,10 0,150 22,212 0
crossarm axis
50,20 673,663 0,145 13,6 7,100 0
. 28,70 569,081 0,157 0 0
Perpendicular 22,4
to the cross 90 39,70 628,696 1,10 0,150 0 0
arm axis 50,20 673,663 0,145 13,6 0 0

According to EN 1993-1/Annex B, the wind loads on the insulators are these reporfedbla9.7.

Table9.7: Calculation of wind loads on the insulators

Each direction

Position of am(2) Cico ,
insulator z[m] [N/m2] [-] Ce Ans[m? Fins(2) [kN]
'”f”'ator atthe 570 569081 120 1,0 0,150782 0,216
ower arm
Insulator atthe 39 76 608606 120 1,0 0,150782 0,233

upper arm

One could argue here that, as the wind loads have been evaluated with different stafn@aMER
and FINELG nocomparison is possihléndeed, there are some differences betweendbatidards
but the total acting wind force per directionegnot differ so much; according to EN 50324

wind | oads ar e

bi

gger

for

t he

t ower 0s

body

but

the loads are applied on the pylon (i.e linear loads along the bars in FINELG in comparison with the

concentate forces at the nodes used in TOWER) influenoa® the response of the tower; and for

sure the assumption made in FINEE@ulationis much closer to the reality.
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9.2.3Load combinations

Twelve different load combinations regarding the wind direction aaedidfinition of the actions
(favourable/unfavourable) have been considered for the initial design of the tower. Amongst them,
the two most critical ones have been here selefdedhe assessmentwhich correspond to
unfavourable actions:

1 Xdirection: gravty loads G) and wind forces perpendicular to the cross al. (
1 Y direction: gravity loads G) and wind forceparallel tothe cross armsAj).

The design actiois therefore the following one:
O 0O 1 v (Eq.9.5)
where:
(0.0) total loads;
O dead loads of conductors, insulators and body of the structure;
0 wind forces.

Same safety load factomave beemsed for the applied loads as the ones used in the initial design
of the pylon, i.eas = aw= 1,35for unfavourable actions according to EN 50244. For all the
analysis, gravity loads are appliéit, and thenin the deformed due to gravity loads &nwind

loads are increased [, 3 5 G+ U)] uhti| f&ilGra\bceurs. This load sequence simulation is closer
to the reality.

9.3 Comparison of FINELG and TOWER models in the elastic range

Before validaing and drawing conclusions abdbe initial design othe tower, it is important to
compare the model created by FINELG with the initial model created through the TOWER software.
First of all, the seveight of the structure has been compared to the one provided by TOWER. Then,
the maximum displacements fiiree different load cases have been evaluated, again in vibis of
comparison.

As already referred in secti@l.3 the total weight of the structure reporteahfr TOWER is166,73

kN. It should be noted that the total weight includes the weight of the angle profiles, the weight of
the insulators and the weight of the bolts and gussets which is estimated through a load adjustment
factor of 1,2.The corresponding Wae for total weight load from FINELG software is 172,60 kN.

The difference between two models is 3,40%, while bothveeifhts should be a priori the same.

This can be justified by the eccentricity of each bar and its actual position in FINELG, whigfesha
slightly the length of the bar, while in TOWER all the members are connected centrally. This small
length difference can explain the difference of bothseifght evaluations

Table9.8: Maximum displaements for linear elastic analysis

. Maximum Maximum
Node with L . .
Load case maximum D|rect|on of displacement displacement
di displacement  from TOWER from FINELG
isplacement
software [m] software [m]
1,35G Edge of lower arm  Z (vertical) -8,14-1¢° -9,61-10°
1,35G+1,35W Top of the tower X (horizontal) 0,301 0,164
1,35G+1,35W Top of the tower Y (horizontal) 0,514 0,596
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The maximum displacements are summarizetainle9.8. It should be noted that:

9 load case 1,35G includes only the se#ight of the tower without the conductors and
insulators;

1 the wind load calculations in TOWER and FINEIb8ingbased on diffeent norms (EN
19933-1 for FINELG and EN 50341 for TOWER), it is normal to see a difference
between those displacements;

9 the wind loads in FINELG are introduced as linear loads along the bars while in TOWER
they are introduced as loads at the nodes;

1 the wind loads on the body of the tower are bigger according to EN 808#%ih EN 1993
3-1, what justifies the difference in load cade 10 phv o ;

1 the wind loads on the conductors are smaller according to EN 808%in EN 1993-1,
what explais why the difference in load cagpdo (O pho @ is smaller than in load case
plo 00 plo o .

Regarding those values, one notices that they are Haghever the displacements are appearing at
the failure limit state (applying loads wififo Uoad factors) am not at the service limit state
(applying loads without load factorspdditionally, there is no special indication or limitation
specified inbothmainnorms (EN 1993-1 or EN 503411) in terms of maximum displacement at
service limit state The only r@ason to provide displacements here is to compare the order of
magnitudel not even the exact valliiebetween TOWER and FINELG software. However, due to
the big difference of the maximum displacements of both soffwaraplementary analyses have
been perfaned to investigate the stiffness of the two mod€le comparison has been achieved
through a first order linear elastic analysihere aorizontal load of 1 kN has been applied (i.e. the
same loading in TOWER and FINELG) at the top of the tower itvibefollowing situations:

1 the load is applied perpendiculato the crossarm axis (X direction);
1 the load is appliegarallelly tothe crossarm axis (Y direction).

The results are summarizedTiable9.9. The difference between the displaceméntsss than 5%,

what means that both models have almost the same stiffness. This seems to indicate that a simplified
modelling of the members at theixtremities (as in TOWER) could be accurately contemplated for

a first order analysis.

Table9.9: Displacements on the top of the tower from linear elastic analyses

Direction of Displacement Displacement Difference Stiffness of
Load case load and from TOWER from FINELG [%] FINELG
displacement software [m] software [m] ° model [KN/m]
F=1 kN X 9,019-1¢° 9,455-1C° 4,61 105,76
F,=1kN Y 9,021-1G° 9,438-1CG° 4,42 105,95

9.4 Numerical results

In order to investigate the tower response and validate the initial design method, differeof type
complementaranalysedfiave been performed by means of FINELG and the results are presented in
the next paragraphs.
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9.4.1Elastic instability analysis

The criticalload multipliersU, are summarised ifiable 9.10, while the deformation shape of the
first instability mode is shown iRigure9.8 andFigure9.9 for wind loads acting on X and Y direction
respectiely.

DN il
Node 1648

Figure9.8: Firstbucklingmode f or | oad celBBWnati on 1, 35G+ |

Main or exterior leg EIXN rinkin

Figure9.9: Firstbuckingmode f or | oad celB®BN nati on 1, 35G+ |

Table9.10: Results from elastic instability analysis

Load - _
combination 1, 35&35W 1, 35&85W
Load Type of Load Type of
No of mode f a c teo instability f a c teo instability
1st 3,056 Member 1,015 Segment
2nd 5,853 Member 1,179 Member
3 6,764 Member 1,205 Member
The instability mode observed Figure9.9 has been baptizedéss e g ment i nstabil ityc

investigated irchapterl0, wheretwo analytical prediction models are proposed.

9.4.2Second order elastic analyses

A geometricallynontlinear elastic analys with elastic material ladwut without considering initial
imperfections habeen performedo complemenvalidate the elastic buckling alysis The results
are summarized, for each direction, below.

For the load combinatioh , 3 5 &ut,35W, the loaddisplacement curve is reportedrigure9.10.
The first branch of the curve representsltaeling with thegravity loads while the second onéth
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the wind loads.The abscissa represents the global vertical displacemenFigpee 9.6 for the
definition of the axis), while the horizontal dot line corresponds to the critical load multglier
resulting from the elastic buckling analysis. For both analyses, instability occurs in the same bar (see
Figure9.8).

3,50
3,00
2,50
2,00
1,50
1,00
0,50

0,00
-0,09 -0,0v5 -0,06 -0,045 -0,03 -0,015 0

Displacement y[m]

n cr or h cr,nl [']

Figure9.10: Displacement iversus load factor for different types of analysesnd perpendicular to the
arms (X direction)

Table9.11: Internal forces at node 1648, for the tamalyses

Internal forces/Type of  Elastic instability 2" order linear elastic analysis

analysis analysis without initial imperfection
Axial N [kN] -266,92 -177,10
Torsion Mr [KNm] 0,05 0,413
Bending M, [kNm] 3,56 10,19
Bending M, [kNm] -0,24 -5,08
Load fgacdaud 3,06 1,71

It is a priori surprising to see that the critical load obtained by the instability an&lysis3(059 is
significantly higher than the maximum load factor obtained by the geometricalynean elastic
analysis(Urn& 1), Whén checking the internal forces at the middle node of the bar (node 1648)

in both cases (s&mble9.11), one realises that tHiailure occurs for two different triplets of relative

axial force and bending moments. Indeed, in the second order linear elastic analyses, the second order
effects are significantly influencing the internal forces in the members. This has been alsedbserv

for isolated angle members i3.8, but now the complexity and the scale of the structure are really
amplifying theP-U phenomena. This explains why thecklingloadmultiplier is so much smaller

than the one obtained through the elastic instability analysis.

1,20
1,00
0,80
0,60
0,40
0,20

0,00
-0,005 0,005 0,015 0,025 0,035 0,045
Displacement y[m]

h cr orh cr,nl [']

Figure9.11: Displacement uversus load factor for different types of analysesnd parallel to the arm@r
direction
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When the wind forces acting on Y direction, a segment instability again appears, as shgurein

9.9. The graph irFigure 9.11 shows the horizontal displacement(direction of global Xaxis -
Figure9.6) at the middle of diagonal 2 versus the load factor. The horizontal dot line represents the
critical load multiplier obtained from the elastic instipianalysis. The difference between the
critical instability load factor and the maximum one reached through ar@er linear elastic
analysis, that is about & 0,68 could again be explained by the different loading situations
(relative axial foce and bending moments) in the critical bars.

9.4.3Full non-linear analyses

The validation of the initial design requires a full Horear analysis, considering an elagigrfectly
plastic material, distributions of residual stresses and an iimtjgérfection of the structure in
accordance with theinstability mode The detailsarepresented in®2.1

Figure9.12represents the vertical displacemer(tirection of global Z axis) ahe node 1648 versus

the load factor for the load combinatidn, 3 5 &,85WUThe failure occurs in the same bar as in

the previous analysetie to combined plasticity (s€@gure9.13) and instability The load factorl{,

= 1,17 for this load combination is bigger than 1,0 with comparison to the design factored loads. As

a result, the initial design appears to be safe. Furthermore, it is observed that the tower remains elastic
for load factord], 01,0, so confirming the TOWERsas$ign assumptions.

1,40
— 1,20
1,00
0,80
0,60
0,40
0,20
0,00
-0,06 -0,05 -004 -003 -002 -001 0,00

Displacement yi[m]

Load Factof ,

Figure9.12: Displacement versus ultimate load fadtdr,35G+1,35W (X direction)

Plastification
MOTO

*1.000

Node 1648

Figure9.13: Resultgplasticisation) from the™ order nonrlinear plastic analysis (X direction)

Figure 9.14 shows the horizontal displacemant (direction of global X #is) at the middle of
diagonal XseeFigure9.9) versus the load factor, for the load combinafion 3 5 &,35WUIt can
be seen that t h @a 0l6® @odtrarf t® whatoig seen befor®,the maximim load
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factor remains here far lower than 1,0. The initial design of the tower by TOWER software for this
direction is therefore seen as insufficient and unconservative. This may be explained by the
develome nt , in reality, of an instability mode i
instabilityod and which is not itisalse notabdrdssed T OWE F
properly by the reference European normative documents18883-1 and EN50341 (more

information are provided in chapt&g).

1,20
1,00
0,80
0,60
0,40
0,20

0,00 4
-0,005 0,005 0,015 0,025 0,035
Displacement y[m]

Load Factoh , [-]

Figure9.14: Displacement versus ultimate load fadtdr,35G+,35WYy (Y direction)

9.5 Conclusions

An assessment of the current design approach used for lattice transmission towers has been achieved
throughnumerical studies, anddm the results, the following conclusions may be drawn

1 There are different norms ftine design of transmission towers, mainly EN +39B83& EN
5034%1. For some aspe¢tor instance the amplitudi the wind loadsboth norms provide
slightly different recommendationk the present chapter, EN 1993 has been used for
evaluation ofthe wind loads.

1 There is no special indication or limitation in the norms (EN 1393% EN 503411) about
the maximum displacements of the towethatservicability limit state

1 A reasonable agreement is seen between FINELG and TOWER elastic analyses. Th
differences may be explained by modelling aspects.

1 The bucklingload obtained by a"@order elastic analysis is smaller than the critical one
obtained by an elastic instability analysis. The reason is that the forces acting on the members
in both casesliffer, so affecting the member buckling load in the case ofsyommetrical
crosssections. Moreover, these effects are amplifigdconsideration ofctual member
support conditions (eccentricities for instance).

i The second order effects should dmnsiceredin the analysis as they affect the global
response of the tower and its ultimhbteit state.

1 The initial design of the tower appears to be rather good in the case of application of the
wind loads in one direction, but it is quite unconservativeterapplication of wind loads
in the other direction. The reason is due to the developmetite second casef an
instability mode that is not properly recommended to be checked lpyebennorms.
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10. THE SEGMENT INSTABILITY MODE

In chapter9, an instability mode for lattice towers not properly covered by the norms, that has been
named fAsegment instabilityo, w a ls theofblleweng,wswve d t hr o
analytical models for the prediction of the critical load of the new buckling mode are proposed,
accompanying by their numerical validati@omparisons with the existing norraiealso provided

10.1Definition of segment instability

A fAmemgt 1 nst abi | iglbbalstabilgy nibde fagsociated toatte buekling of more

than one member forming a segment. As showRigare 10.1, the instabilityis associated to the

buckling of the two diagonals of the lggthe present casand therefore couldisob e named Al eg
segment iMoprecisdlylhe lagig madeof three vertically orientated members: the main

or fAexter i or diagbnalg thah aredconndeted withheonumber of horizontal bars and
bracing members forming Atriangl eso. I n fact,
constituting the segment are stable individually eanttesist to the applied maximum forcestlaey

have been initially designddr that. However, the simultaneous buckling of the diagonals over the
whole | eg height, involving a |l ongitudinal rota
which has been seen to be relevant in various g&sign situations.

Main or exterior leg = Finkin

Figure10.1: Segment elastic instability mode

< 7,) Initial positioq _
N d Deformed position

Q‘ » Displacement of the
l -~ angle

Figure10.2: Deformation of the members through a horizontal cut in the leg

Figure10.2 showsa horizontal cut in the leg and indicates how the constitutive elements deform in
the instability mode. It is seen that:

1 The diagonalsnove laterally and bend about an axis parallel to one of their angle legs.

1 The main leg rotates about its longitudinal axis.

1 The elements whickormthei hor i zont al l eg trianglesod (not
Figure10.2) do not undergo any deformation; they are just translated.
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10.2Proposed analytical models

Two models, a simplified one and a refined one, to predict the critical loads of the satatadility
mode are first presented. Then, a model to predict the buckling resistance of the leg is described.

10.2.1Simplified model

The equivalent model illustrated Figure10.3 has been built, in order to represent physically what

is observed in the leg. The two parallel vertical members represent the two diagonals and the
horizontal pinned members, the elemeiatsning the horizontal ledgriangle. Both diagonals are
assuned to be made of the same profile, as it happens ingaacthost of the case$ he extremities

of the vertical members are assumed to be pinned; this is what is expected at the foundation level,
while the very small restraining effect resulting frdm factual continuity of the diagonailsthe top

is neglected. Thmodaldeformed shape of the systenillisstratedon the rightsideof Figure10.3.

PI\L le

Figure10.3: Equivalent model of the leg (left) amadodaldeformed shape (right)

For the simplified model, the criticaldd may be given by the following equation:

0 i (Eq.10.1)
where,
ly.d is the moment of inertia aboutyygeometrical axis ofthé i a g o n adedien; cr os s
L is the buckling length of the diagonal.

Thus, the critical load multiplier may be determined as follows:

0w — (Eg.10.2)
where,
Ner is the critical load given by e{l0.1);
P, P> are theaxial compression forces at the diagonals (Seere10.3).
This model is independent of the number of h o

generally used for segments with pyramidal configuration.

10.2.2Refined model

In theproposedefinedmodel, the beneficial effect of the torsional stiffness of the exterior leg, which
has been disregarded in the simplified one, is considered. When the segment instability occurs, the
exterior member is assumed tolbeally stable. If itwould not bethe @se, then the buckling of the
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exterior leg determines the failure and limits the pylon resistance. Therefore, consideiangttie

the bucklingresistanceof an individual member in compression follows a flexural mode and not a
torsional one, itan ke reasonably assumed that the axial force in the exterior leg is not influencing
its torsional stiffness.

When the leg instability develops, the exterior member is activated in torsion at the 1/3 and the 2/3
of theexterior leglength Lexy wWherieamndhleedidé rare here assumed to
consists in the evaluation of the torsional restraint offered by the rigidity of the exterior leg member

in torsion.
LBX1/3I

A M2 —rotation ¢

Mt —rotation ¢

X Lexi/3
I
Figure10.4: Schemes for the calculation for the torsional restraint brought by the exterior member

The torsional momesf{seeFigure10.4) can be evaluated as followmnsidering thakt; andMr
are equato M+:

e . —Qowt O

. (Eq.10.3)
The torsional rigidityC of the crosssection iggiven in Annex AThen:

5
0 ¢'oQ

t

« ¢0OQ

e CY®Q e CYQe (Eq.10.4)
whereF is a force applied at each diagonal in directiogpaind which causes torsional moment at
the exterior member of the leiyl{=2Fd whered is defined inFigure10.4), while R is the lateral
restraint of the diagonaR(= F). By solving eg. (10.4) the lateral restraint of the diagonal is
obtained:

Yo — (Eq.105)

The torsional restraints evaluated at 1/3 or at 2/3 of the member length (where the rigid triangles act)
are differentasdifferent values ofl are met at these locatignghat implies different values féfr;
andMr.in Figure10.4 and invalidates de facto the useeqf (10.3). But, forsake of simplicitythe

actual values oR atL/3 and at2L/3 are substituted by a mean valueRatandefined as follows:

Y — -B — (Eq.10.6)

This is illustrated irFigure10.5. To simplify it further, both restraints are merged into a single one
calledKy, as illustrated in the righkstchof Figure10.5. For this case, Gardner proposes in Ref.
[48] an analytical expression of the critical load for a column of flexural inertia

6 — —00 witho — (Eq.10.7)
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If Krreaches a value of——, the column will buckle in the second eigenmode (two half sine
waves); further increases of tKe values will not produce a corresponding increase in the critical
load. The column therefore effectively becomes restraanéd midheight, andd ; —— (see
Figure10.6). In the specific case of pylons, the restraints remain quite low, and for sure much lower

than .
Pl\l/ P, Pi+P2 PrtPs
v v
2R2L 3:2R H EI ZRmenu
Kr
2Ru3=2R
Ls 2Rme:m

Figure10.5: Initial (left), intermediate (middle) and final (right) proposed design model

N Ncr,Z
K;-6/2
, \‘ <
N
-
K:®
4 L 5+ T -
Stiffness K+
o
-
K;-6/2
B C— -
Ner Ncr.z
(a) Braced first mode (b) Second mode

Figure10.6: Column with a single discrete restr§i8]

The determination of the spring stiffnéssmay be contemplateeferringto the literature (p.474
475 of Ref{31]), from which it may be deduced thé&r few discete supports, the teren—a is

constant. In this expressiom,is the number of zones of lendth L/m separated by rigid triangles
in the leg,C = 2RneanandEl = 2El, wherely is the value of the flexural rigidity of one diagonal.

a—a weéei o a gy — ¢ L - (Eq.10.8)
This being, the equivalent spring stiffnégsmay be evaluated as follows:
0 —qVY (Eg.10.9)

The critical load of the equivalent colunfinally given by:
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0 i 00 (Eq.10.10)

where,

Iyt IS the total moment of inertia aboutyygeometrical axis of both diagonals (i.e

ly to=2ly,q);

L is the buckling length of the diagonal;
Kr is the stiffness of the unique spring restraint, etual- ¢2 ;

Rmean Can be evaluatedsingeq. (10.6)

m is the number of zones of lendtin the leg (= L/m separated by rigid horizontal
triangles in the leg); the accuracy of the formulae foissufficient for a value of
m O6 (i.e formaximum 5 horizontal rigid triangles in the leg);

di is the horizontal distance of the longitudinal axis of one diagonal from the
longitudinal axis of the main leg, where i is the index for the horizontal level (see
Figure10.4).

Finally, the critical load multiplier can be evaluated using(102).

10.2.3Ultimate resistance of the leg
The ultimate buckling resistance of the leg may be determined by the current provi&dhso&3
1-1, as follows:
— AIAG AOOT ¢ OT A£ET AO
(Eg.10.11)

A ARG ABOT EET RO

where the effective area of the diagonal is given using eq. h&)puckling reduction factoe is
determined as a function of the relative slenderness:

— (Eq.10.12)

where,

Ner is the critical load of the segment determined by one of the proposed models
(simplified or refined);

Np  is the plastic design resistance of one diagongENfy).

The value of the buckl i ng r etlelEcrapean ouckling autveodr 6
for any steel gradet is suggested to safely use the lowest buckling curve due to the lack of studies
showing that a higher one could be safely uSée.selectionof the buckling curve could be further
investigated in théuture.

10.3Validation of the proposed models

The validation of the proposed formulae (simplified and refined) has first been achieved through
comparisons to results obtained througb numerical simulations of thg@roposed models
(illustrated inFigure 10.3 andFigure 10.5-right) by means of the OSSA2D softwd#9], and then
through the use of the whole tower modelscribedin chapter9, using FINELG software. The
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reference codes for the constitutive elements of the tower leg simulated in FINELG are illustrated in
Figurel10.7, while details about the members are reportelhinie 10.1.

For the refined model, the mean value of the lateral restRadritthe diagonaland the stiffness
0 of the spring are:

o[s) o plp w Tt e
v C B ﬂ plp w X gpp p P p ol @3 T& @
Q0] € Q UMMM ¢ WPOo PYgKX
) Y 'yt ot @ Taa
V] — — T O
o S o X
Table10.1: Details of the leg members
Member CS code Crosssection Length [m]
Diagonal 1 (left) 13 75x75x4 6,00
Diagonal 2 (right) 13 75x75x4 6,00
Main leg 12 150x150x13 5,00
Horizontal level 2 14 60x60x4 1,827
Horizontal level 3 14 60x60x4 0,913

——— Horizontal level 1

—» Horizontal level 3

Main leg

Figure10.7: Notations of the constitutive elements of the tower leg

By using the OSSA2D software and performing an elastic buckling analysis, the valuesititctie

|l oad mu | ¢obsAnl forebots moddls are obtained and reportedTable 10.2. The
corresponding analytical valuésana= Ne/(P1+P>) are also reporte@h: anaisand Uk anal, for the
simplified and refined models respectively) ditdjuite well with the numerical ones. Obviously,

the lower values obtained with the simgdi modelvhen compared to the refined onesults from

the fact that the rotational restraint of the main leg, as well as the continuity of the diagonals above
the leg level, are disregarded.

Further numerical estimations d§ have been achieved forttransmission tower through an elastic
instability analysis performed on the whole tower model, subjected to different actual external load
combinations so as to vary the loading on the leg (in the exterior member and in the two diagonals).
In Table10.3, the obtained numerical resulits{n) are compared with the analytical ones for both
proposed models.
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Table10.2: Results obtained through the OSSA&bjtwareand the analytical prediction models

P1 P2 Simplified model Refined model
[kN] [kN] U:r,OSSAZD ['] u:r,anal,s ['] Ucr,OSSAZD ['] Ucr,anal,r [']
30 0 1,19 1,21 1,33 1,33
30 15 0,80 0,80 0,90 0,89
30 20 0,72 0,72 0,81 0,80
30 30 0,59 0,60 0,67 0,67

Table10.3: Results obtainefbr the whole tower modéhrough FINELG and the analytical models

Load Pi+P> W riN No of - - - - - -
combination  [kN] [[1 eigenmode Grs ] Unr[] - Ubndl &b [T Uber/ bk []
G+Wjy, 30,00 1,37 1 1,21 1,33 0,881 0,973
G+Wy 9,77 4,28 4 3,70 4,10 0,866 0,957
Grower 1,83 23,99 12 19,75 21,84 0,823 0,910
Wx 7,15 6,42 1 5,06 5,60 0,788 0,872
Wy 33,05 1,48 1 1,10 1,21 0,740 0,818

Mean value --- --- --- --- --- 0,820 0,906

The safe character of the simplified approach may be seen. The refined design model in which the
rotational restraint of the main leg member is taken into account gives better results than the
simplified one as expected, hatstill on the safe side. Obmisly, one should compare the ultimate
resistances and not only the critical ones in order to put a definitive judgement on the level of safety
of the approach. By using the simplified model for the evaluation of the critical load, the leg

h ofw @,avhile, with the refined one, the slenderness slightly changes

slenderness igl’

_I' ofp w,but remains significantly high. With so high slenderness values, the ultimate resistance
of the leg is almost equal to its criticahe So, in this specificitation, even if the comparisons
between both models and FINELG would be done based on the ultimate resistances, the safe
character would remain.

10.4 Existing recommendations of the normative documents

As referred in the introduction, two maffocuments are used to design steel lattice transmission
towers: EN19933-1 and the CENELEC document EBD34%1. In the latter, it is said that
compression members shall be designed using the provisions of Annex G and Annex H of EN 1993
3-1, or in accordare with the provisions of Annex J.4 of EN 50341, only if falale tests are
performedln practisefull scale test®n towersarerarely performe@nd so the use of Annex J.4 of

EN 50341 is rarely met. Accordinglyhe remainingquestion is to see if the abeweentioned
annexes of EN 1993-1 cover segment instability design check.

In fact, EN19933-1, Annex H, clause H.3.7 recommends a buckling check of two members (one in
each of two adjacent faces) against the algebraic $time toads in the two members connected by

the diagonal brace over lendthy (seeFigure10.8) on the transverse axis, for cross bracing systems.
For this case, th@tal resistance should be calculated as the sum of the buckling resistances of both
members in compression.

This design check looks to correspond to the simplified model proposed here. However, even if it
seems clear for X bracings, it is not sufficiertdlgarly addressed for K bracings and therefore it is
not sure that it iproperlyapplied in practice. Besides that, in figure H.2, the member could also
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buckle alond-q what means that the two extremity points of the bar with length equal &oe not
laterally fixed, which leads to a more complex situation. Subsequently, the proposed models fill a
gap in the provisions of the existing norms, clearly indicate the required check and recommend easy
to-apply design models.

<

Figure10.8: Figure H.2(b) from ENL9933-1

10.5Application of the design models

In the following, an example illustrating the application of the design rules to the segment instability
of the studied transmission tower is presented. The load sequence has been d&di2egl where
1,35Gis applied first and then the wind load parallel to the cross arms is progressively increased
1, 3 5 UWweingthe load factor).

Table 10.4 summarizes the load multipliers and the critical loads that have been evaluated by an
elastic first order critical instability analysis or analytical calculations. The segment instability mode
that is illustrated inFigure 10.1 appears far before the instability mode that would be detected
according to EN 1993-1, i.e. the member instability of a single individual element (this ingtabil
takes place in diagonalf@r U, = 1,66andin the main legor U, = 4,30, and therefore is tends to

be rather relevant.

Table10.4: Load factors and critical loads for elastic critizedtability

Bucklin Load Corresponding
Elastic critical instability mo deg factor compression Level of accuracy
W [-] load [kN]
FI NELSGn)( Ul Segment 1,02 41,88 EN 19933-1:
_ : : Chreca/ Urpin= 1,66
F I N E LCGlN,déQU D|agona.| n 1,66 66’30 r,EC3 r,FIN
between Proposed simplified model
= restraintg * 2
EN 19933-1 ( WkcH weak axis 1,69 67,41 Chr anats / Crv;@ =0,86 |.
Segment inst. models: Prppose/d re Ln(idorg%de '
Simpl mo d edanas |  Segment 0,87 36,19 Wranarr /ot =0,
Refinedusmd d Segment 0,97 40,01

Table 105 presents the ultimate load factors and the corresponding ultimate resistances that have
been obtained from a full secoondder elastoplastic GMNIA analysis (by progressively increasing
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the valie ofU). The ultimate resistance of the segment has been evaluated analytically with the two
proposed models using the European buckling curve d for the determination of the buckling reduction
factors. Thenthe load factor has been derived numericalbmfra second order elastic analysis
without initial imperfections to correspond to a force in the diagonals just equal to the ultimate one.

Table10.5: Load factors and ultimate loads at the ultimate state

Ultimate state Buckling Load Correqundlng
compression load Level of accuracy
mode factc
[kN]
FI NEL@n) (U Segment| 0,66 | (4,49+31,55)=36,04 EN 19933-1:
_ Diagonal U,ecdUs Fin = unknown
EN 199331 o Kes between See comment below. o
restraints Proposed simplified model
: weak axis W,,anats/ W,Fin = 0,86
Segment inst. models Proposedefined model:
Simpl. mo d euhnais)(| Segment 0,57 0,072-409,17=29,4¢ Chanar /| ueld= 0,92
Ref i ned . .mp| Segment 0,61 | 0,079-409,17=32,3]

IThis value cannot be evaluated through a second order elastic analysis, as the segment instabil
before the diagonal buckles. But it ,=70£§),there

in diagonal 2 is equal to 31,50 kN while the ultimate buckling resistance between intermediate r¢
according to EN 1993-1 (using buckling curve b for a slenderness 1,742) is equa
Nrd= G p&0,27-204,59=55,24 kN. Subsequently, the unconservatmaracter of the present HN933

is seen to be rather significant.

By performing a first order linear elastic analydis=(1,0), the compression force in the main leg of

the segment equals 535,3 kN, while in diagonals 1 and 2 are 0,80kN &OH#N respectively. It is

seen that those internal forces are much higher than the real ones obtained at the ultimate state,
highlighting once again the influence of the second order effects on the response of the pylon and
clearly indicaing the needor their consideration in the structural analysis. Furthermore, it can be
seen that both prediction models for the segment instability working well and on the safe side, with
the simplified one to be more conservative as expected.

10.6Conclusions

Anewbucklip i nstability mode named fisegment instabi
has been detected, defined and characterised. It has been demonstrated that this instability mode is
not properly covered by the present norms.

In particular, two analyticahodels (a simplified and a refined one) for the prediction of the critical
load of the new buckling mode have been proposed and validated numerically. The proposed design
models are easy to apply, and fill the gap in the existing provisions of the BEuropenative
documents. The latter could be contemplated for a direct implementation of the future draft of the
Eurocodes.
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11. GENERAL CONCLUSIONS AND PERSPECTIVES

11.1Conclusions

Angle profiles, and more specifically equal leg ones investigated in the priessist £xhibit some
properties thatlearly distinguish them from the wellnown profileslt is known that, for a double
symmetric crossection, the critical load is not affected by the load eccentricity while the buckling
modes are alwaydecoupled and the criticaheis flexural. However, this is not the case for angle
sections, as they mostly buckle along their weak axis with a flexural or a flears@nal mode,
depending on the load eccentricityhe full decoupling of the bucklingmodes happens only for a
very specific case, where the member is loaded at the shear centre; this is also the fumwbade

a pure torsional buckling mode can appé&arthermore,tte critical load is affected by the type of
loading an instabilitycan evenoccur for an eccentric tensile lgadepending on the cresgction
geometry.

These particularitiesshowsthat existing design rules for other types of sections, mostly doubly
symmetric ones, cannstraightforwardly angafely coveangles whatinevitably leads to the need

for the development of specific design provisions for angle sectionsedthatis clearlyenhanced

by the lack of unified consistent rules for angilegshe existing European normative documents;
design rules for angles cae currentlyfound in EN 1993 1-1, EN 19933-1, EN 19931-5 andEN
503411 as explained in the introductipbutall these documents asemetims incontradictionIn

the thesisthe existing European specifications on rolled equal angle sectionsrexgéesvedand a
completeand consisterdet of design rules covering all aspects of design have been developed and
fully validatedscientifically, clearingthe design process for angles in contrast to the existing code
approaches

A proposal for the classifation of equal leg anglprofiles fully consistent with the Eurocode
normative documentshave beendeveloped and validated through extensive numerical
investigationsand analyticamethods The numerical investigations have been performed thith

full norlinear softwareABAQUS using volume elements and are in very good agreement with the
analytical developmentsAngle crosssectionshave beerclassified separately for compression,
strong and weak axis bendinghile the classification boundas from class 3 to 4have been
determined through the slenderness of the compression leg and not the torsional instability mode as
usually considered for other common profilesdditionally, rules for crossections design
resistancescludingall important loadig conditiongcompression, weak and strong axis benging
havebeendeveloped andalidated numerically. Tése rulesllow a smooth transition between cross
section classes, removing any artificial stepwise prediction of resistaralesadyproposed irthe

new draft ofEurocode 3 fodoubly symmetricsectiors which is presently under finalisatipthey
arealsoless conservative than the current design rules proposed by Eurocode 3.

Design rules to predict the stability and resistance of members made of rolled equal leg angle profiles
subjected to combinegormalforces and moments have also been propasddalidated through
numerical investigations and experimental tests. The sixenumerical parametrical studies were
againperformedwith ABAQUS softwareusing volume element&xperimental results are coming

from tests carried out in the framework of the thesislarge angle profiles made 8#60high
strength steelas well agrom previous experimental investigations found in literatApgropriate
European buckling curves for flexural and lateral torsional buckling of ahgles beeretected

and proposed-rom the experimental resulishas beershown that the proposed thed allows a
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safe prediction of the member capacity with an accuracy which is much better than the one obtained
with the present Code provisions.

An assessment of the current design approach used for lattice transmission tovedse teen
achieved thwugh numerical studieBrom thenumericalresults,t can be seen that theicklingload
obtained by a™@order elastic analysis is smaller than the critical one obtained by an elastic instability
analysis. The reason is that the forces acting on thebersnn both cases differ, so affecting the
member buckling load in the case of mymmetrical crossections. Moreover, these effects are
amplifiedwhen consideringhe actual member support conditions. Consequently, the second order
effects should beonsideredn the analysis as they affect the global response of the tower but also
its ultimate limit state. In additionnanstability mode for lattice towers not properly covered by the
norms has been detected and defined. Two analytical madetslified andarefined one) for the
prediction of the critical load of the new buckling mode have been proposed and validated
numerically.Both proposediesign models are easy to apply, clearly indicate the required check to
perform and fill the gap in the esting provisions of the European normative documditis.current
provisions of Eurocode 3 have been used for the prediction of the resistanameifithelassociated

with this instability mode.

Concluding, all the proposed design rules araihods are simple to apply and have been written in
the format of the existing Eurocode 3 specifications. Nevertheless, they are referring only to equal
leg angle profiles mainly used in pylons; they are generic for the referred profiles.

11.2 Researchcontribution and innovation

The innovations and contributions of the present dissertation to the advancement of engineering
science and design practice can be summarized as following:

T Results of experimental tests on large angle high strength steelnsoluene presented, providing
qualitative understanding and quantitative evaluation of the member response.

1 Detailed numerical simulations of the experimental tests were performed, demonstrating useful
modelling features that can prove beneficial for aesters.

1 Existing European specifications on fioled equal angle sections were critically reviewed
highlightingthe inconsistenciesnd the lackn the design approachisthese normativelocuments

T A completeandfull consistentset of design es covering all aspects of design for angles was
developedclearingthusthe design proces$hey include cross section classification, cross section
resistance for all types of loading as well as rules for member design to individual and combined
internal normal forces and bending moments.

1 Extensive experimental, analytical and numerical studies were conducted to valigeitstsed
set of design rulesThe validated rules can be directly applied in structural engineering design
practice involving agle profile members.

T Appropriate buckling formulas and correspondiugklingcurves were proposed for flexural and
laterattorsional buckling of angs The bucklingformulas andturves can be reliably implemented
in the structural design practice aatiog to modern structural design standards

T An assessment of the current design approach used for lattice transmission towers was achieved
through numerical studies. Results can be useful for designing appropriate lattice towers.
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T An instability mode folattice towers not properly covered by the norms was detected and defined.
Two analytical models for the prediction of the critical load of the new buckling mode were
developed and validated numerically. Both design models are easy to @pphy indicate the
required check to perform and fill the gap in the existing provisions of the European normative
documents.

i All the developed rules of the present dissertation were written in Eurocode 3 format to allow a
direct possible inclusion iforthcoming drafts.

11.3Perspectives for future research

Based on the present dissertation, some suggestions for future research are summarized next:

T Numerical parametrical studitsfind outif the application of th@roposedlesignrulesdeveloped
for equatleg anglescould be extended to unequal leg angbes

T Investigations are still required to better account for the beneficial effect of the restrains due to
bolted connections at the extremities of the angle members, that is currently coveeegrbyisions
of EN 19933 through the definition of an equivalent bucking length.

1 The segment instability mode detected here need further examination. First, the selection of the
buckling curve could be improved, as now it is suggested to use thd tmvedsurve d)due to the
lack of studies showing that a higher one could be safely used.

T Thesegment instabilitynodedetected in the framework of the thesigs associated with a certain
tower configuration and has been observed irt tliew deg. Easequentlyfurther numerical and
experimental investigations are neededheckif a similar instability modecould occur in other

parts of the tower (for instance in the arms), and how this could be affected by the configuration of
the tower. Finallythe accuracy of the proposed models for other possible segment instabilities may
be checked.
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12. ANNEX A: GEOMETRICAL PROPERTIES OF ANGLE PROFILES

Annex A includes formulae for the geometrical properties of angle -sexd®ns that are not
reported athe @mmercialcrosssectioncataloguessuch aghe elastic and plastic modulus about
strong and weak axis atige torsionabnd warpingconstang.

12.1Elastic and plastic modulus about strong axis
The elastic modulus about u axisg/can be derived frorthe following formula:

T (Eq.12.1)

The plastic modulus aboutwaxis can be evaluated equaWp,, =1,5-W,.. The factor of 1,5 is on
the safe sidas the mean value for all available angle profiles i8 tfh a standard deviation of
2%. The exact analytical expressifum the plastianodulus aboutu axiscan be found in Ref50].

12.2Elastic and plastic modulus about weak axis

For the angle crossection, due to itasymmetry theWe is different for a top fibre (at the tip) or a
bottom fibre (at the toe}or the design of the crosgction, the most distant fibre from centroid is
considered when calculatingetlelastic modus (i.e at the toef the leg), which results in higher
stress calculationg herefore the elastic modulus about v axis can be derived from the following
formula:

O F —= (Eq.12.2)

The plastic modulus about v axian beestimated through the following equation by assuming that
the radius at the toe of the cresexction is equal to zero=Q). The notation of the following formulas
are supplemded byFigure12.1 below.

Wi - ©Q (Eq.12.3)

where,

c is the distance between the centre of gravithefubcrosssection 2 and the plastic
neutral axis (pna), and it can be calculated by the equation:

o g — o (Eq.12.4)
d is the distance between the centrgmavity of the sukcrosssection 1 and the pna,
and itequals
d I ® — (Eq.125)
h,=h-h; is the width of the subrosssection 2 (Eq.12.6)
h;=A/4t is the width of the subrosssection 1 (Eq.12.7)
(@) is the distance between the centre of dyawi the subcrosssection 1 and the point

O(0,0) al ong yédtimatediy the emuatibn:i t can be

G» - — - (Eq.12.8)
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(@) is the distance betweeretlbentre of gravity of the stdyosssection 2 and the point
O(0, 0) al ongvenbytheaquatien: and it

R — (Eq.12.9)

h1
<
c

hz

+
+

2 1

Figure12.1: Notation for the calculation of the plastic modulus about v axis

Formulaejn which the radius at the toe of the crssstions igaken into accountan be found in
Ref.[50].

12.3Torsional and warping constant
The torsional constai@y of the crosssectionis approximately equal to:
6 -B® -c¢ Q moo (Eq.12.10)

The warping constari,, of the crosssection is approximately equals:

65— (Eq.12.11)
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13. ANNEX B: NUMERICAL SIMULATION OF FULL -SCALE TESTS

In this annex, FINELG finite element software is used to predict the ultimate resistance and the
failure mode of fullscale testperformedon lattice towerst theNational Technical University of
Athens and reported Ref.[51] and[52].

13.1 Detalls of the tests

The experimental program consists of six-dhle tests on cell network telecommunication lattice
towerssubjected to horizontal forces at their topereagd gradually until failure occurs. Three
specimensave been subjéed to orthogonal loading and three to diagonal loading as shown in
Figurel3.1. In order to transfer the horizontal force evenly to the top leveinm@hick steel plate

of 100 kg weight acting as diaphragm was placed and boltedthee Blbams of th toplevel (Figure
13.2). Amongst the tested towsertwo have been strengthened with FRP stripsy are not
considered here.

Figure13.2: Tested tower with diagonal loadifigl]

The geometry of thepecimertower is illustrated irFigure 13.3. The overall external diensions

were 1,44x1,44x6,82 [m], while the axial distance between centroids of the tower legs was 1,40 [m].
The tower is subdivided in 4 levels, each vetieight of 1,70 [m]. All the memberd the towerare

made ofsingle angle profiles and adetailed in Table 13.1; their actual material properties are
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summarized iMable13.2, while, for those that ntensile test has been performed, the nominal values
of steel grade S275 are used.

horizontal bracing system - final level

plate t=5 mm

——s romm e |
N
R
ra
2
a

plate t=5 mm

1410.0-

H—1s00——

+ 14100 + ¥ 1410.0 4

For diagonal loading For orthogonal loading

210x140x5mm

1440.0-

horizontal bracing system -
intermediate level

vertical bracing system

Figure13.3: Tower dimensions in plan and side view

The columns run continuously over the height of the towers, whiler#ioinly members were bolted

at theirextremitieswith one bolt. The horizontal external members were bolted directly to the column
legs, the braces directly to the columns at the lower end and to a gusset plate 150x120x5 mm at its
top, while the horizontahternal members to gusset plates 210x140x5 mm atexttémities The
experimental failure load and the corresponding mode are repoiadliel3.1.

Table13.1 Results of the tested towers

Test Loading Profiles for Profiles for Experimental Experimental
code direction legs bracedhorizontals  failure load [kN] failure mode
O-1  Orthogonal L 70x70x7 L 45x45x5 39,00 Buckling of
diagonals
O-2  Orthogonal L 70x70x7 L 65x65x7 106,5 Buckling of
lower legs
D-1  Diagonal L 70x70x7 L 40x40x4 38,50 Buckling of
diagonals
D-2  Diagonal L 70x70x7 L 60x60x6 78,50 Buckiing of
lower legs
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Table132 Measured material properties of the tested angle profiles

No Profile Yield strength Ultimate
fy [Mpa] strength fu [Mpa]
1 L 70x70x7 308,3 435,7
2 L 45x45x5 286,7 416,7
3 L 40x40x4 325,7 435,4
4 L 60x60x6 2800 403,9

13.2Description of the numerical modelof the tower

The ultimate resistance and the failure mode of the tested tarmepredicted through full netinear
analyses. The tower is modelled with FINELG finite element softf&Bkusing beam elements
with 7 degrees of freedom. The memblease beertonsidered in their exact position in terms of
orientation and eccentrias (Figure 13.4). The main legshave beersimulated as continuous
elements along their length. The tower is assumed to be clamped at the ground, reflext tiee
actual support conditions of the laboratory tests.

The bracing members were connected through bolts and gussetAtititedevel of the camections,

the bolts have beemepresented by fictitious elements possessing a very low torsional stiffness, as
recommendedn Ref. [53]. In Figure 13.4(b), one may observe that the gusset plzge been
modelled through a beam finite element. Consequently, the eccentricity between the horizontal
member and the diagonals is also accounted for. The gussetwklthed to the horizontal members

in the specimendiave beersimulatedas clamped to the hodatal members. The diagonddave
beenconnected to the gusset plagingfictitious elementsvith alow torsional stiffness reproducing

a pinned Aone boltd connection.

(b)

(©

Figure13.4 (a) 3-D tower model, (b) Detail adhe connection between horizontal and vertical bracings, (c)
Detail ofthe connection between vertical bracings and leg

The selfweight of the structureW) hasbeen calculated automatically by the software, while the
horizontal loadsH) were introduced at the extremities of the legs at the top level. The steel plate on
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