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ABSTRACT

Design of lattice towers from hot-rolled equal leg steel angles

Angles profiles have been used since the very beginning of steel construction due to their easy
transportation and on-site erection. However, 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 provisions. In a first step, existing European specifications
on hot-rolled equal angle sections were critically reviewed and then, in a second step, extensive
experimental, analytical and numerical studies have been conducted to propose a complete and
duly validated set of design rules covering all aspects of design for angles. These rules 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 moments. All the
proposed rules 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 types of towers are mainly
designed according to EN 1993-3-1 and EN 50341-1, based on a first-order 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 full non-linear finite element software,
considering relevant imperfections as well as geometrical and material non-linearities. The
importance of the second order effects in the analysis is underlined while the existence of an
instability mode not properly covered directly 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 may fill the gap in the existing design recommendations for lattice towers.

RESUME

Conception de tours en treillis a partir de corniéres en acier a semelles égales laminées a
chaud

Les profilés de type « corniére » sont utilisés depuis le début de la construction métallique en
raison de leur facilit¢ de transport et de montage sur site. Cependant, ils présentent des
caractéristiques spécifiques qui les distinguent clairement des autres types de sections
courantes, ce qui conduit inévitablement a la nécessité de développer des régles de
dimensionnement spécifiques. Dans un premier temps, les spécifications européennes
existantes pour le dimensionnement de corniéres laminées a chaud a semelles égales ont fait
I’objet d’une analyse critique. Ensuite, dans un second temps, des études expérimentales,
analytiques et numériques approfondies ont été menées afin de proposer un ensemble complet
et diment validé de régles de dimensionnement pour la vérification de cornicres. Ces regles
comprennent la classification des sections transversales, le calcul de la résistance des sections
transversales pour tous types de sollicitation ainsi que les régles de dimensionnement pour les
membrures sous effort axial et/ou moment de flexion. Toutes les régles proposées sont écrites
au format de I’Eurocode 3 afin de permettre, si souhaité, une insertion directe de celles-ci dans
les versions a venir.




De plus, les corniéres sont largement utilisées dans les tours et les mats en treillis destinés aux
télécommunications ou au transport d'énergie électrique. Ces tours sont principalement
dimensionnées selon les normes EN 1993-3-1 et EN 50341-1, sur la base d'une analyse
structurale élastique linéaire du premier ordre d'une structure en treillis. Une évaluation de
'approche de dimensionnement actuelle est effectuée via la simulation d’une tour avec un
logiciel aux éléments finis non linéaires complets, en tenant compte des imperfections ainsi que
des non-linéarités géométriques et matérielles. L'importance des effets du second ordre dans
'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 vérifié, est mise en évidence.
Deux modéles analytiques pour la prédiction de la charge critique du nouveau mode
d’instabilité sont proposés et validés numériquement. Les deux mod¢les proposés sont assez
faciles a appliquer et peuvent combler une lacune dans les recommandations de
dimensionnement existantes pour les tours en treillis.

HEPIAHYH

2yEOL0G OGS SIKTVOTAOV TOPYMV U0 ELUTE 1600KEM] YOAVBOLVE YOVIOKA

Ta TpoPilh YOVIOKOV SOTOUDV YPNCILOTOIOVVTAL GO TO TPMTO YPOVIK TV YOADPIVOV
KOTOOKEL®V AOY® TNG E0KOANG UETAPOPAG TOVG KOl TNG €M TOTOL GLVOPUOAOYNGNS TOVG.
Q061660, TOPOLGLALOVY GUYKEKPIUEVA YOPAKTIPIGTIKA TTOV T SLOPOPOTOIOVV Atd TOVG AALOVG
TOTOVE KOWADV JATOUMV, YEYOVOS TTOL 0ONYEL OVATOPEVKTO, GTNV OVAYKT] AVATTUENG EIOTKOV
KOvOvVeV oyedlacpol. e mpmtn @don eAéyyxOnkav kol a&loloyndnkav ot VIoTAUEVES
EVPOTUIKEG SLOTAEELS Y10 T IGOGKEAT YoOViakd Bepung éhaong, Kot ot cuvEyeta, dSteEnydncav
EKTETAUEVEG TEIPOUOTIKEG, OVOAVTIKEG KOl aplOuNTIKEG peAéteg ®ote va mpotobdel éva
OAOKANPOUEVO KO TAPMG ETKVPOUEVO GUVOAO KAVOVMV GYESIUGIOD TTOL VO KAADTTTEL OAEG
TIG TTVYEG TOV OYEOLAGHOD TOV Yoviakdv. Ot kovovee avtol meptrapupavouvy v tagvounon
NG SLOTOUNG, TNV OVTOYY] TNG STOUNS Y10, OAOVG TOVG TOTOVG POPTIONG, KABDS Kot KOvOVeS
Y10 TO GYESOCUO PEADV VIO HELOVMUEVEG 1] KOl GUVOVOCUEVES ECAOTEPIKEG AEOVIKES SLVANELS
kot porég. OAot 01 TPOTEVOUEVOL KAVOVEG EIVOL YPOUUEVOL VTTO TNV LOPPT TOV SOTAEEDY TOV
Evpoxddika 3, dote vo gival dSuvotn 1 QUECT] EVOOUATMGT TOVS GTNV ETEPYOLEVT EKOOGN.

EmumAéov, To yoviakd Tpo@il xpnoiplonotodviol péms 6 SIKTVMTOVS TOPYOLS Kol 1GTOVS Yol
TNAETIKOWVOVIOKOVG GKOTOVG 1 Y10, T1 UETAPOPE NAEKTPIKNG EVEPYELOG. TETolol TOTOL TOPY®V
oyxeoralovrarl kvping coupova pe to tpdtome EN 1993-3-1 kot EN 50341-1, Bdacet piog
YPOUUIKNG EAAGTIKNAG OVAADONG TPATNG TAEEMG OTOV 1) KATAGKEVT TPOGOLOIMVETOL OC EVOL
SIKTOO M. ZTNV TpoHCO. EPYOCIH TPOYUATOTOLEITOL AEIOAOYNOT TNG TPEYOVGUS TPOGEYYIONG
oYE010G L0V, OTOL O TOPYOS TPOGOUOLMVETAL LUE EVO AOYICUIKO U1 YPOUUKOV TETEPACUEVOV
otoyEimv, AouPavoviog vmoyn TIG apPYIKEC OTEAEEG OTNV KOTOOKELN KAOMDC Kol TIG un
YPOUUIKOTNTES TOV DMKOV Kot TNG YeoUeTplag. Yroypappiletor 1 onuacio Tov eovouEvay
OEVTEPAG TAEEMS GTNV GVAALGT, EVD emionpoiveTal 1 VTopsn Hog LopeNS acotddelog Tov dev
KOADTTETOL GUECH OO TOVG KOVOVIGHOUG Kol MG €K TOVTOV, cuvNnOmg dev eAéyyetotl. XTtnv
OULVEYELD, OVO OVOAVTIKG HOVTELD Yot TNV TPOPAEYN TOV KPIGLUOL (OPTIOL TOL VEOL TPOTOV
AVYIG OV TTPOTEIVOVTOL KOt ETKLPDVOVTOL aptBpunTikd. Kot ta 600 mpotevopeva poviéla sivan
€0KOAO GTNV EPOPUOYT TOVG KOl LTOPOVV VO KAADWYOLV TO KEVO GTIG VIAPYOVGEG CLUGTAGELG
OYEOL0G OV Y10 SIKTVOTOVG TOPYOVG.
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Design of lattice towers made of large hot-rolled high strength steel angles

1. INTRODUCTION

Lattice towers are extensively built in Europe and worldwide to serve telecommunication or power
transmission purposes. Such towers are often installed in mountainous terrains with very limited
access to heavy vehicles. Consequently, a lattice tower structural system, 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 simplified using bolted connections and gusset plates. On the
other hand, lattice towers need more ground space compared to cylindrical, octagonal or similar
shell-type systems. However, ground space is plentifully available in remote places outside the
densely populated regions for most of the European countries. Therefore, lattice towers are rendered
as the main structural system for telecommunication and power transmission. The main typologies
of the transmission towers are reported in chapter 8.

The members of such towers are frequently composed of equal leg angle sections; their easy
production and transportation, together with an excellent connectivity discern them from other
profiles. They are available as hot-rolled or cold-formed 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 as built-up sections in a back-to-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, as already said, steel towers 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, angles, and especially equal angle profiles considered here, exhibit some properties that
clearly distinguish them from other common steel profiles: (i) they are open profiles with very small
section constants in both torsion and warping, (ii) they are monosymmetrical sections, (iii) their
bending capacity and radius of gyration around the weak axis are substantially lower than around
strong axis, (iv) their legs are prone to local buckling as external plate elements, (v) their plastic
resistances are substantially higher than their elastic ones 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 symmetric well-known ones
in terms of elastic instability are presented in chapter 3.

These features explain that existing design rules for other types of sections, mostly doubly symmetric
ones, cannot safely cover angles, 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 case-by-case approach, embedding individual rules and
recommendations in various parts of Eurocode 3. More specifically, EN 1993-1-1 [1] provides rules
for cross-section classification (classes 1 to 4) and general design recommendations for the
verification of the stability in compression. EN 1993-3-1 [2] presents specific rules for the buckling
resistance of angle members used in towers, when connected eccentrically with bolts in one leg. EN
1993-1-8 [3] contains rules for resistance to tension for the above-mentioned connection
configuration, while EN 1993-1-5 [4] gives rules for buckling resistance of class-4 angle sections
prone to local buckling. Another European specification, the CENELEC standard EN 50341-1 [5]
provides specific rules for lattice towers used in the field of overhead electrical lines, addressing
specific problems linked to such applications; but it also provides specific rules for the verification
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of the lattice tower and its constituting parts. But for some aspects, the EN 50341-1 design methods
for angle sections may diverge from the rules provided in the Eurocodes. Moreover, EN 50341-1
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 corresponding one 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 uncertainties Consequently, it does not touch reliability issues as it is done in the structural
Eurocodes, in accordance with EN 1990 [6]. In contrast to the European Codes, American Codes
have written down in a single document, AISC 2000 [7], all rules concerning angle design.

Extensive numerical and experimental research has been carried out to study the behaviour of angle
sections. It covers hot-rolled and cold-formed profiles, equal and unequal sections, beams or columns
subjected to various types of loading, as well as different connection conditions. Vayas et al. [8] give
the inelastic capacity of angle sections to combined axial forces and biaxial bending. Trahair [9]
examines angle section beams to uniform eccentric transverse loading and gives the section capacity
to combined shear, bending and torsion. Schillo 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 et al. [11] 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 experimental results and
provisions of European standards. Hussain et al. [12] provide an interaction equation in the plastic
range for the stability design of angles subjected to compression and biaxial bending. Compression
tests on large angle sections ranging from L125x125x8 to L200x200x14 in high strength steel S420
were conducted in Tsinghua University at Beijing [13]. The tests were carried out on axially loaded
pin-ended columns in order to define global-local buckling interactions since cross-sections were
class-4 ones. Tests on L70x70x7 profiles were performed at NTUA in Athens [14], where the effects
of eccentric loading were studied. Compression tests on L80x80x8 and L.120x120x12 profiles were
carried out at TU Graz [11] in which the boundary conditions were varying from clamped supports
to supports allowing in-plane or in- and out-of-plane rotation. Tests series on L50x50x5 profiles were
carried out at the Technical University of Braunschweig [15] with various specimen lengths and end
support conditions, while the load was introduced eccentrically through one bolt M12 in one leg.

In the perspective of the thesis and in order to extend the knowledge for the stability behaviour of
steel columns from high strength steel (S460M) angle cross-sections subjected to compression and
bending, twelve buckling tests on such columns have been performed at Liége University and
presented in chapter 6. Furthermore, existing European specifications 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 design has been developed and duly validated.
They include cross section classification (chapter 4), cross section design for all ranges of response,
plastic, elastic-plastic or elastic including local buckling (chapter 5), as well as corresponding rules
for member design to individual and combined internal forces and moments (chapter 7). Details for
the geometrical properties of angles are given in chapter 12 (Annex A), while the notations and
symbols that are used in the whole document, are summarized in chapter 2.

Concerning the structural analysis, in the above-mentioned normative documents, the tower is
modelled as a simple truss structure where all the steel element connections are considered as hinged.
Such models do not adequately reflect the actual structural behaviour of the tower, as loads and
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especially wind ones are directly imposed on the entire member length and introduce bending
moments in members. Furthermore, the design of lattice towers is usually carried out through a first
order linear elastic analysis, neglecting the significant second order effects developing in these
structures. It 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 practice. A critical assessment of the current design approach is performed in chapter
9, where the tower is simulated with the full non-linear finite element software named FINELG using
beam elements, 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 considering the second order
effects in the analysis is underlined. The selected software has been firstly validated through
comparisons to full-scale tests available in the literature, as presented in chapter 13 (Annex B).

A lot of research has been performed through years on the modelling and the design of lattice towers.
Albermani et al. [16] have studied the structural behaviour of the transmission towers through full
non-linear analysis and compared them with full scale tests. The influence of the selected element
(truss or beam) in the final response of the tower have been reported also by Silva et al. [17]. Jiang
et al. [18] investigated the modelling of the bolted connections and validate their response through
available tests from the literature, while Kitiponchai et al. [19] examined the effect of bolt slippage
on the ultimate behaviour of lattice structures. Finally, a collection and critical review of full-scale
tests on lattice towers as well as practical advice for conducting future tests are reported in Ref. [20].
However, the existence of an instability mode not properly covered by the European normative
documents is highlighted in the framework of the thesis. Therefore, two analytical models for the
prediction of the critical load of the new buckling mode are proposed in chapter 10, followed by their
numerical validation through FEM simulations. Comparisons with the existing normative predictions
are presented too.

Finally, chapter 11 presents the general conclusions as well as the perspectives of the thesis for future
research.
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2. NOTATIONS, SYMBOLS AND ABBREVIATIONS

The notations, symbols and abbreviations that used hereafter in this document are defined below;
they mainly follow those given in EN 1993-1-1. Figure 2.1 illustrates these notations for the
geometrical properties, the geometrical axes as well as the principal axes.

Figure 2.1: Notations for geometrical properties and axes

2.1 Conventions for member axes

For angle sections, the axes are defined as follows:
e x-x — axis along the member
e y-y— geometric axis of the cross-section parallel to the leg
e 7-7— geometric axis of the cross-section parallel to the leg

e u-u-— major/strong principal axis (associated to weak axis displacement)

e v-v— minor/weak principal axis (associated to strong axis displacement)

2.2 Symbols

2.2.1 Latin upper-case symbols

A cross-sectional area

Actr effective area of a cross-section

Ag normal area of a cable of a lattice tower

Arer reference area normal to the face of a bar/beam

C shear centre of the cross-section

Cr torsion constant

C,, Cy equivalent uniform moment factors

Cy warping constant

E Young’s modulus of elasticity

F.(z) mean wind load in wind’s direction on a cable of a lattice tower at height z
Frw(2) mean wind load in wind’s direction on a segment of a lattice tower at height z
G centre of gravity of the cross-section and shear modulus

L, Iy moment of inertia about u-u axis and v-v axis, respectively

I, (z) turbulence intensity at height z
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I, L

Lcrit
Mcr
Mel,u N Mel,v

Mpl,u ’ Mpl,v

Mr
Mu,Ed ) MV,Ed
Mult,u 5 Mult,v

Murd , Myrd
Mu,Rk 5 Mv,Rk

Nbu,rd
Nbv,rd

NCI‘

Ncr,FT
Nc,Rd
Nc,Rk

Ncr,T

Ncr,u, Ncr,v

NEd

Ntrd

Nirk

Npi

Nult

Vi

Weff,u, Weff,v

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

moment of inertia about y-y geometrical axis and z-z geometrical axis, respectively
length of the member

buckling length of the member

elastic critical bending moment based on the gross cross-sectional properties

elastic resistance to bending of the gross cross-section about u-u and v-v axis,
respectively

plastic resistance to bending of the gross cross-section about u-u and v-v axis,
respectively

tortional moment
is the bending moment about u-u and v-v axis respectively

ultimate test resistance to bending of the cross-section about u-u and v-v axis,
respectively

design value of the resistance to bending moment about u-u and v-v axis respectively

characteristic value of the resistance to bending moment about u-u and v-v axis
respectively

design value of the buckling resistance of a member in compression about u-u axis
design value of the buckling resistance of a member in compression about v-v axis

elastic critical axial force for the relevant buckling mode based on the gross cross-
sectional properties

elastic critical axial force for flexural-torsional buckling

design value of the resistance to uniform compression axial force of the cross-section
characteristic value of the resistance to compression axial force

elastic critical axial force for torsional buckling

elastic critical axial force for flexural buckling about u-u axis and v-v axis,
respectively, based on the gross cross-section properties

is the axial force

design value of the resistance to uniform tension axial force of the cross-section
characteristic value of the resistance to tension axial force

design value of the plastic resistance to axial force of the gross cross-section
ultimate test resistance to axial force of the cross-section

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

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

elastic section modulus for bending about u-u axis and v-v axis, respectively

plastic section modulus for bending about u-u axis and v-v axis, respectively

5 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

2.2.2 Latin lower-case symbols

appropriate width, that is equal to h for angle sections according to EN 1993-1-5
outstand flange width (c=h-t-r)

wind force coefficient

diameter of a cable, index for diagonal
yield strength

width of the cross-section

radius of gyration about v axis

plate buckling coefficient

mass per unit length

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

thickness of the cross-section

mean wind velocity

2.2.3 Greek upper-case symbols

A
()
Or1

displacement
value to determine the reduction factor y for flexural buckling

value to determine the reduction factor y.r for lateral torsional buckling

2.2.4 Greek lower-case symbols

a
Olcr
oLT

Y™Mo0

YM1

p: Pua pV

imperfection factor
critical load factor/amplifier
imperfection factor for lateral torsional buckling

partial factor for resistance of cross-sections that equals 1,0 as recommended by EN
1993-1-1

partial factor for resistance of members to instability assessed by member checks
material parameter depending on fy

relative slenderness for flexural buckling

relative slenderness for lateral torsional buckling

relative slenderness for out-of-plane buckling

relative plate slenderness for plate buckling

interaction factor depends on the cross-section class

reduction factors for plate buckling
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Pair air density equal to 1,25 Kg/m?

o1, 02 end stresses in a member

Gor elastic critical plate buckling stress

ALT reduction factor for lateral torsional buckling

Yu reduction factor due to flexural buckling about u-u axis

v reduction factor due to flexural buckling about v-v axis

\Uj ratio of end moments in a segment of beam, stress ratio, angle

Symbols that are used only in a specific case or example, are not defined in this chapter but they will
be defined individually where it is necessary hereafter.
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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 external elements 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 well-known doubly symmetric cross-sections, the critical loads of angle profile members
are affected by the position 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 axially — centric or eccentric — loaded member,
based on Euler’s buckling theory, is presented in this chapter. The torsional effects and the
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 reported. Furthermore, 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 performed with the finite element software named FINELG through elastic
instability and 2" order linear elastic analyses. This 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 cross-section resistance as well as the stability of
members made of angle profiles.

3.1 Analytical derivation of the critical load of a column by Euler’s theory

The analytical derivation of the critical load of a single angle pin-end column that is loaded by a
compression load P, can be found in literature [21]-[22] and is presented below. The axial load is
applied with an eccentricity at both axes (up, vp). The cross-section is placed in such a way that its
local axes (u, v) coincide with the global ones (U, V) of the 3D Cartesian system and the static system
is schematized in Figure 3.1. The boundary conditions are:

e Atnodel:x; =u;=v; = 6; =0;
e Atnode2:u,=v,=6,=0;
e The warping restraint is free for both nodes.

Ve Aa

Figure 3.1: Static system (right) and horizontal cut at the mid-height (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:

Ngqg = =P (Eq. 3.1)
According to the elastic buckling theory of Euler, the three equations of equilibrium for an equal
leg angle column, where (u., uy, v, # 0 and v.=0), are the following:

d*u(x) d?u(x) dze(x) _

El,— o+ P—o = Pluc —up) =3 (Eq.3.2)
d*v(x) d? v(x) a?6(x)
El,~—+P ~Prp—=0 (Eq. 3.3)
dze( ) d*e(x) Ly+ly d? 9( ) Lyr d?6(x)
cer =2 -k, dj‘—P[ +uc] x ( 2_ 9 ) el
P(up — ue) L 5 + Pyp & L =0 (Eq. 3.4)

where:

3t _ 3
Lz = [, u(u? +v?)dA ~—(h 05¢) (P22 - E2200 ) (Eq.3.5)

3.1.1 Column loaded at the shear centre

It can be seen that the full decoupling between flexural and torsional buckling modes can occur only
in the case where the axial load is applied to the shear centre (u; = up; vp = 0); then the three
equations of equilibrium become:

d*u(x) d?u(x)

El dx* +P ax? 0 (£ 3
4 2
ElL, dd1;(4x) ddi(zx) =0 (Eq. 3.7)

4 2 2
GCTd H(X) _ EC d Q(X) _ P [Iu‘:Iv + ug:l d Q(X) _ Pup (Iu_TZ _ Zuc)w — 0 (Eq 38)

W odx* dx? I dx?

It is assumed that the column buckles with a half-sine deformation shape. This being, the following
deformations are adopted:

u(x) = A;sin (%) ; v(x) = A,sin (%) ; 0(x) = Aszsin (%) (Eq. 3.9)

By solving the above system, one founds that the constants A;, 4> and A3 are not zero for the critical

loads:
2El,
P=Ngy ”LZ (Eq. 3.10)
2El,
P=Ng,= "LZ (Eq. 3.11)
1 2ECy,
P=Nyy= A—M(GCT ) (Eq. 3.12)
where,
Iy+l, 2 lyra
Are =" 4 u +ug (22— 2uc) (Eq. 3.13)

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

In the general case where the load is applied with an eccentricity at both axes (up, vp), but not at the
shear centre, the three equations of equilibrium transform into the following ones, by using eq. (3.9):

Ay (BE2 — P) + A3Pvp = 0 (Eq. 3.14)
4y (TE — ) = 43P (uc —up) = 0 (Eq. 3.15)
A Pvp + AyP(ue — up) + As (”fow +GCp — PAyy) =0 (Eq. 3.16)
where
Arp =20 4 02 4y (’1;:2 — 2u;) (Eq. 3.17)

The column will buckle for the minimum load P that satisfies eq. (3.14) — (3.16) when the constants
A, A> and A; are not zero; this can be written in a matrix format as:
Nepy — P 0 Pvp
0 Nerp =P Puc—up) |=0 (Eq. 3.18)
Pvp P(uC - uP) Arp(Ncr,T - P)
Therefore, the critical load can be found by solving eq. (3.19).

Arp(Ncr,u - P)(Ncr,v - P)(Ncr,T - P) - PZ(Ncr,v - P)vl% - PZ(Ncr,u - P)(uc - uP)Z =0

(Eq. 3.19)

It should be noted that the value of N..rshould be calculated according to the eccentricity of the
applied load by using eq. (3.12) and replacing A, with A4,,,.

To simplify the solution of eq. (3.19), two fundamental cases may be distinguished in terms of the
position of the applied load:

1. the load is applied on the axis of symmetry (u., u, # 0, v, = 0);
2. the load is not applied on the axis of symmetry (i, u,, v, # 0);

To find the roots of eq. (3.19) is equivalent to the determination of the intersection points between
the abscissa P and the curves fi(P); this writes as follows for case 1 and case 2, respectively:

fl(P) = (Ncr,u - P)[Arp(Ncr,v - P)(NCT,T - P) - PZ(uC - uP)Z] (Eq- 3-20)
fZ(P) = Arp(Ncr,u - P)(Ncr,v - P)(Ncr,T - P) - PZ(Ncr,v - P)Ug
_Pz(Ncr,u —P)(uc —up)>=0 (Eq. 3.21)

For the values such that 4,.,, — (u¢ — U »)? > 0, the form of the curve f;(P) and therefore the position
of its roots, can be estimated by calculating the sign of the curve for the values 0, N, Nerv, Ner,rand
. The roots of the curve can be noted as P; = Ner,1, P2 = Ne2and Ps = N3 where Nop g < Nijp g <
N, 3. By the acceptance that N.,.,, < N,,.,,, the two fundamental cases considered above can be
additionally divided into three sub-groups:

a) Ncr,u < Ncr,v < Ncr,T

b) Ncr,T < Ncr,u < Ncr,v
C) Ncr,u < Ncr,T < Ncr,v
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Figure 3.2, Figure 3.3 and Figure 3.4 illustrate the curves fi(P) and their roots — as they are also
reported in Ref. [22] — for the two fundamental cases for all the different sub-groups mentioned
above. It should be noted that these figures are all illustrative and do not present explicit results of a
calculation. It can be seen that the critical load P; = Ny, 1s:

- the flexural buckling load P, for the case 1, subgroups a and c;
- the flexural-torsional buckling load in all the other cases with a value lower than P, and P.,.r.

fi(P) f2(P)

P, P/\Ps P Py P

Py P
NCFM&]\’ Ncr,IT \ WCLI\, NcrvIT \
Figure 3.2: Schematized form of the curves fi(P) when N¢y < Ny < Nepr
f(P) f2(P)
P, P Py P P, P Py P
f t ot f t
Ncr,T Ner Ner.y \ T Nery Nery \

Figure 3.3: Schematized form of the curves fi(P) when No,r < Ny < Nepy
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

\§1 . PP P

)
e I I 1
cr,u Ncr. Nr:r,v \

R=(Py 1 - Pery)Ve~ + (P 1 - Peru)(Uc-Up)’

Figure 3.4: Schematised form of the curves fi(P) when N¢ y < Nepr < Nepy
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3.1.3 Summary

There are three ways in which an angle member can buckle, if local plate buckling does not occur:
flexural buckling, torsional buckling, and flexural-torsional 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 largest slenderness ratio and the smallest radius of gyration. Therefore, it can
occur in direction of u or v axis as it shown if the Figure 3.5(a)-(b), but for pin-ended members it
happens along weak axis u, as it has been also shown through the analytical calculation.

Torsional buckling (TB), that it is caused by a rotation about the longitudinal axis (see Figure 3.5(c)),
occurs almost never in hot rolled angle cross-sections, except the case where the section is loaded at
the shear centre (see §3.3 for more details). In all the other cases, a flexural-torsional buckling occurs.

Flexural-torsional buckling (FTB) is the simultaneous bending and twisting of a member (see Figure
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 deflection is predominated,
accompanied by a small torsion of the cross-section and another one in which the torsion is
predominant is accompanied by a small deflection, depending on the member length.

Figure 3.5: (a),(b) Deflections due to flexural buckling along u,v axis, (c) deflections due to torsional
buckling, (d) deflections due to flexural-torsional buckling

3.2 Higher buckling modes

In the case where the critical load of a higher buckling mode needs to be calculated, eq. (3.20) or
(3.21) may be accordingly used, where the following parameters are applied:

2EI
Nepun = 12— (Eq. 3.22)
2ElL,
Nepym = n? 2 (Eq. 3.23)
1 2ECy,
Nyprn = E( GCr +n?2) (Eq. 3.24)

where n=2,3.4,....n, for the second, third, fourth, .. n buckling 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 constant C,, can be assumed to be zero. Therefore, it
may be assumed that the torsional buckling mode is not affected by the member length.

3.3 Instability due to tensile load

Depending on the cross-section geometry and the load eccentricity, instability may be occurred even
for a tensile load, as reported in [22]. Indeed, Vlassov [23] shows that a cross-section can be unstable
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under a tensile force, if this one is applied outside of a circle defined by the coordinates of its centre
(us, vs) and by its radius R (see Figure 3.6), that for an equal leg angle profile are:

Lyr
(us, vs) = (215,0) (Eq. 3.25)

’Iu+l,,

Figure 3.6: 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 cause instability. For the specific case where the load is applied at the boundary of the circle,
independently if it is a compression or a tensile one, the critical load become significantly high (=o0).

Therefore, a pure torsional mode can be obtained when the load is applied at the shear centre C as it
has been shown in §3.1, but depending on the cross-section geometry, this load could be either a
compression or a tensile one. The flexural-torsional buckling mode where the torsion is predominated
(usually N.3) is accordingly affected. In the latter mode, the critical load should be calculated for a
compression load P. that is applied inside the above-mentioned circle or a tension one Pr 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 §3.1 have been developed and therefore can be applied only for pin-ended
columns. Inevitably, some end restraints are usually present when an angle member is connected to
other members in a structure. As the connection is often achieved on one leg only, the modelling of
the end-restraint effect become complicated. A few analytical solutions are available as those
proposed by Trahair et al. [24]. An acceptable design solution is to use effective-length factors K,
(see Figure 3.7) so that eq. (3.20) or (3.21) may be applied by using the following parameters:

m?EL,

Neru = g3 (Eq.3.27)
2ElL,
Nerw = G (Eq. 3.28)
1 m?ECy) 1
Nerir = 7 (6er+ (KTL)Z) ~ -G (Eq. 3.29)

In fact, an effective length defines the portion of the deflected shape between points of zero curvature.
In other words, KiL is the length of an equivalent pin-ended column buckling which would exhibit
the same elastic buckling load than the end-restrained column.
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The K; factors reported in Figure 3.7 could be used to evaluate K, and K, factors so as to estimate the
flexural critical loads, but not to evaluate the Kr one. Nevertheless, as explained before, the warping
constant C,, of angle sections can be assumed as zero and then, the torsional critical load can be

estimated only by the first term of the eq. (3.29), without determining the Kr factor.

(]

~ T

0

Buckled shape b
of column i
shown by .

dashed line 5

Theoretical K | o5 | g7 | 10 | 10 | 20 | 20
value

Recommended| o5 | 0go | 12 | 10 | 210 | 20
design value K

Rotation fixed and translation fixed
Rotation free and translation fixed

key Rotation fixed and translation free

T .
End condition $
i

Rotation free and translation free

Figure 3.7:Effective-length factors K, K, for axially loaded columns with various end condition [21]

When there is a need to take into account the positive effect of the restraints in the design, then the
formulas proposed in EN 1993-3-1 [2] where an angle is connected through different numbers of
bolts at its extremities, may be applied. In those formulas, a modified slenderness is proposed per
axis (u-u, v-v, z-z) depending on the boundary conditions (i.e. single/ doubled bolted at both ends
member, etc). In the present thesis, this aspect is not addressed and only pin-ended angles are so

considered.

3.5 Influence of the loading type

In contrast with other common profiles, the critical load of an angle section is affected from the
position of the axial load. The analytical solution for a centrally or eccentrically axial loaded member
is given in §3.1. If the member is loaded with an eccentric axial force (ex) and a bending moment,
this can be translated to an axial force with a fictitious eccentricity (es.=ex+M/N), and therefore same

equations may be used; at least as long as M and N vary proportionally.

But angles that are used in pylons, towers and masts are also subjected to lateral loads (wind forces)
additionally to their axial force. A few numerical simulations on single angle axially loaded members
subjected to lateral loads have been performed, and it is clear that the critical load of the column is
affected, especially when the lateral load increases. However, it can be seen (see §9.2.2) that the
wind force acting on a bar is rather small compared with the axial one. Therefore, it 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 buckling analyses

Besides the first order linear elastic theory that is presented in §3.1, the critical load of a member can
be also evaluated by a second order elastic analysis using a non-linear software, as reported through
an example in section §3.7. In this case, if the column is perfectly straight and the load is applied at
the centre of gravity, the straight position becomes unstable when the load exceeds the critical value
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and a slight increase of the load leads to large displacements of the member and, finally, to the
collapse due to buckling. The critical point, after which the deflections of the member become very
large, is defined as the “bifurcation point” N.s,-0 of the system; this is illustrated in Figure 3.8, for
do = 0. On the contrary, if the column is not initially straight — as it happens often in practise — or it
is eccentrically loaded, deflection starts from the beginning of the loading and there is no sudden
buckling by bifurcation (Figure 3.8). If the bow imperfections or the eccentricities remain low, then
the critical load tends to reach the critical one and a small plateau appears in the curve corresponding
to the critical load multiplier. However, if the loading eccentricity is high, there is a continuous
increase of the displacements since P-0 effects become significant. The initial imperfections cannot
become rather high so as to affect the member’s response because they are limited due to fabrication
standards. This phenomenon is called “divergence of the equilibrium” and sometimes there is no
strict stability limit. For those cases (dotted line in Figure 3.8), the critical load factor can be
determined by the point where the curvature changes. The intersection points of the small horizontal
red lines and the 2™ order displacement curves shown in Figure 3.8, indicate the critical load
multipliers for the two main cases described above.

A
N/N cr,50=0

N
1.5]

g

.,

Figure 3.8: Load-displacement 2™ order elastic curves of a compressed column (in the case of a bow
imperfection) [21]

3.7 Numerical and analytical studies

A pin-ended perfectly straight column with 2,0 m length is assumed. Its cross-section consists of an
angle profile L70x70x7 made of S235 and the Young’s modulus equals 210000 N/mm?. The
geometry properties of the profile are reported in Table 3.1. For the studied section, the parameters
of the Vlassov’s circle described in §3.3 are also calculated; the coordinates of its centre are (22,87 ;
0) and its radius is R=37,67 mm.

Table 3.1: Geometry properties of the cross-section L70x70x7

h t A iu iv IT
[mm] [mm] [mm? [mm] [mm] [mm¥]

Uc Ve

[mm] [mm] Tur2 [mms]

Iw [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 100kN. Two main cases are distinguished and
studied in terms of the load eccentricity:

(a) the load is applied on the major axis U (u, # 0, v, = 0);
(b) the load is applied on the minor axis V (u, = 0, v, # 0);
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Table 3.2: Analytical and numerical load factors for eccentrically loads on U axis

up [m] Oer,1 [-] Oer,2 [-] Oer,3 [-] Oer,anal [-] Oer,FINELG [-] ONL-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 considered eccentricity, three load factors are calculated analytically (acr i, der2, der3) by
using eq. (3.19), and the smallest one among them, indicates the critical one (@crana). Then, and in
order to evaluate numerically the critical load multiplier (a..rverc), an elastic instability analysis is
performed with FINELG [25] finite element software. The column is meshed in 16 beam elements
along its length and the boundary conditions are those described in Figure 3.1. Finally, a second order
linear elastic analysis without initial imperfections, but with the relevant eccentricity, is performed
with FINELG, and the a.-ni-o1s evaluated according to §3.6. Only for the specific case where the
column is loaded at the centre of gravity, a rather 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 graphically in Figure 3.9 and Figure 3.10 while their values
are reported in Table 3.2 and Table 3.3 for eccentrically loads on U and V axis respectively.

16 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

Table 3.3: Analytical and numerical load factors for eccentrically loads on V axis

vp [m] Oer,1 [-] Oer,2 [-] Oer,3 [-] Oer,anal [-] Oer,FINELG [-] ONL-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 0,303 3,11 -20,92 0,303 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 analytically. One (a.;) which
is related with flexural buckling of the member along U axis, one (a.,2) which is associated to
flexural-torsional buckling along V axis when the flexural deflection predominates and finally one
(acr,3), which corresponds to flexural-torsional buckling along V axis when the torsion predominates.
Similarly, when the member is loaded on V axis, a.>and a.3 are correlated again with the flexural-
torsional buckling along V axis as before, but a..; relates now to a flexural-torsional buckling
towards U axis, that becomes a pure flexural one when the load approaches the centre of gravity. It
can be seen through both graphs that out of the Vlassov’s circle — its boundaries are reported with
dot lines in the figures — a tensile load is requested to reach the flexural-torsional buckling where the
torsion prevails. Additionally, as the load is approaching the circle’s boundaries, the corresponding
critical load tends to become rather high (infinity). The Vlassov theory is therefore validated through
this study. Furthermore, from Figure 3.9 it can be 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 (see Figure 3.10) whether the force is applied on (up, v,) or (up, -vp).
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Figure 3.10: Analytical and numerical instability load factors for eccentrically loads on V axis

The results obtained analytically and numerically, through the elastic instability critical analysis, are
in very close agreement, as seen from both graphs and tables. From the comparison between the
analytical results and those estimated through the 2™ order elastic analysis (Table 3.2 and Table 3.3),
one sees a very good agreement for small load eccentricities, but slight differences when the load
eccentricity increases. This difference is explained by the “divergence of the equilibrium”
phenomenon, as there is not always strict stability limit, and it seems to be more relevant for an
eccentric load on U axis than V.

Figure 3.11 shows the load factor vs displacement curves obtained through a 2" order linear elastic
analysis for eccentrically loads on U axis. All the curves compared with the load factor obtained for
the centrally loaded column through the elastic instability analysis (N, /N = 0,9015) that is
illustrated with the orange horizontal line. The curves that correspond to the eccentricities u, equal
to 0,1, 0,15 and 0,2 are not shown in this graph due to the fact that their relevant buckling mode is a
flexural-torsional one along V axis. The values of all the load factors ac.nz- are reported in Table
3.2. For the cases where instability occurs due to a tensile load (i.e for u,=-0,15 or -0,2) according
to Vlassov’s theory (§3.3), even if the analytical solutions and the corresponding results from an
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elastic first order instability analysis are identical, it is not possible to verify their load multipliers
through a non-linear elastic analysis with a tensile load, because the member just elongates in these
cases.

20 — e up=-0.1

1,00
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Figure 3.11: Load factor — displacement curves obtained through a 2™ order linear elastic analysis for
eccentrically loads on U axis

Figure 3.12 shows the load factor vs displacement curves obtained through a 2™ order linear 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 displacement curve that should compared. As the section is symmetrical
in this direction, the 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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L od
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Figure 3.12: Load factor — displacement curves obtained through a 2™ order linear elastic analysis for
eccentrically loads on V axis

Complementary analyses have been finally performed in order to investigate the influence of the out-
of-straightness of the column to its critical load. Eight load eccentricities on U axis have been
considered, three positive and four negatives (see Figure 2.1 for the definition of the sine), and for
each eccentricity, an initial bow imperfection with shape similar to the first instability mode (a
deflection along U axis) is implemented. In terms of the imperfection’s magnitude, four cases are
also considered: = L/mm]/1000 and £ L/mm]/200. Then, 2" order linear elastic analyses were
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performed and the load factor — displacement curves are shown in Figure 3.13 and Figure 3.14 for
negative and positive eccentricities on U respectively.
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Figure 3.13: Load factor — displacement curves obtained through a 2" order linear elastic analysis (with
negative eccentricity on U axis and initial imperfections)
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Figure 3.14: Load factor — displacement curves obtained through a 2™ order linear elastic analysis (with
positive eccentricity on U axis and initial imperfections)

It can be seen that for the same loading eccentricity, the initial imperfections do not affect the critical
load of the column so much, but they have an impact at its stiffness, that tends to be negligible as the
load eccentricity increases. Roughly, if up < Se,,, then the influence of the initial out-of-straightness
becomes relevant for the response of the member until it reaches its critical load. On the contrary,
the critical load of the column is affected much more by the loading eccentricity and becomes smaller
as far as the 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 from the well-known profiles. It is known that, for a double-
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symmetric cross-section, the critical load is not affected by the load eccentricity while the buckling

modes are always decoupled and the critical one is a flexural one. This is different for angle sections;

their particularities are summarized below:

They mostly buckle along their weak axis with a flexural or a flexural-torsional mode,
depending on the load eccentricity.

The full decoupling of the buckling modes happens only for a very specific case, where the
member is loaded at the shear centre; this is also the only case that a pure torsional buckling
mode can be appeared.

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

The initial imperfections of the member, that in practise are rather small as they are limited
by fabrication standards, do not significantly affect the critical load in comparison with an
eccentricity of the applying load. However, they influence the stiffness of the member until
it reaches its critical load, as results from a 2" order linear elastic analysis.
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4. CLASSIFICATION OF EQUAL LEG ANGLES PROFILES

Cross-section classification is of importance for the selection of the analysis and design procedures
to employ: plastic, elastic or elastic with due account for local buckling. General rules for cross-
section classification (classes 1 to 4) are given in EN 1993-1-1, in combination with EN 1993-1-5
that gives rules for buckling resistance of class-4 angle sections prone to local buckling. Additional
rules for classification to compression can be found in EN 1993-3-1 for angle members used in lattice
towers, as well as in the CENELEC standard EN 50341-1 that provides specific rules for lattice
towers used in the field of overhead electrical lines. Amongst these normative documents, specific
provisions for classification to bending can be found only in EN 1993-1-1, while inconsistencies
between them are highlighted and presented for classification to compression, where four different
width-to-thickness ratios can be evaluated for a same class limit!

According to EN 1993-1-1, clause 5.5.2 (4) classification should be done for the compression parts
of the cross-section that are defined as follows: “Compression parts include every part of the cross-
section which is either totally or partially in compression under the load combination considered”.
However, a strict application of this rule requires a separate classification of the cross-section for
each combination of applied forces and moments. Since this rule is unpractical for design, a simpler
approach is proposed here, where the cross-section is classified separately for compression, strong
axis and weak axis bending. For the latter, the cross-section class may be different for positive or
negative moments due to the mono-symmetric shape of the profile, that leads to different classes
when the tip is in compression or in tension.

In the following, the limiting width-to-thickness ratios for compression parts of equal leg angle
sections are discussed and redefined through analytical considerations and numerical calculations,
for the above-referred loading conditions. The analytical derivations always follow the main
principles of Eurocodes, and especially EN 1993-1-1. As in the latest version of EN 1993-1-1, namely
prEN 1993-1-1 [26], no modification is contemplated regarding the classification of the cross-
sections, the former is used hereafter when a reference is made.

4.1 Description of the numerical model

The numerical models for the parametrical numerical studies were created with ABAQUS non-linear
finite element software [27] using volume elements. The samples have been modelled as pin-ended
with at least three volume linear elements over the thickness (see Figure 4.1). The selection of the
elements (linear instead of quadratic) does not influence the results. A denser mesh (i.e four volume
elements per thickness) gives better results by 1-2%, but increases substantially the required time of
the analysis, that is not desirable in combination with the high number of the numerical studies to be
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 finite element analyses were performed considering:

e a local leg imperfection equal to 4/100 (h is the width of the cross-section), based on the
tolerances defined in EN 10056-2 [28], with imperfection shape affine to the lower relevant
elastic instability mode obtained through an elastic instability analysis, that has been
performed with an axial force or a bending moment for compression or bending cases
respectively;
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e a linear elastic — perfectly plastic material behaviour law without strain hardening in
accordance with EN 1993-1-14,§4.3.2-(1a) [29], as it is shown in Figure 4.2.

Figure 4.1: Sample of the 3-D model used for the numerical analyses

Stress |

K

tan'!(E)

Strain ¢

Figure 4.2: Material law in accordance with [29]

Subsequently, parametrical numerical investigations on short column subjected to compression,
strong axis bending, and weak axis bending will be conducted in view of deriving appropriate
classification criteria. In all the numerical simulations, the applied load increasing up to failure. All
nominal dimensions of the cross-sections used in these studies are in mm.

4.2 Classification to compression

The resistance of sections subjected to compression is identical for classes 1, 2 or 3. Accordingly,
there is a need to define only 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 to torsional buckling 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 not coincide with the centroid in case of angles sections.
Accordingly, the relevant failure mode for class 1 to 3 angle sections is yielding, while, for class 4
sections, local plate buckling occurs in the legs.

Table 4.1: Samples for the analyses of the cross-section subjected to compression

No Cross-Section Steel grades

1 L45x45%3 S355/S460 / S550 / S690
2 L45x45x4 S355/S460 / S550 / S690
3 L70x70x5 S355/S460 / S550 / S690
4 L70x70x6 S355/S460 / S550 / S690
5 L250x250x17 S355/S460 / S550 / S690
6 L250x250x20 S355/S460/S550 / S690
7 L250x250x22 S355/S460/S550 / S690
8 L250x250x26 S355/S460/S550 / S690
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Table 4.1 presents the cross-sections and the steel grades that have been used for the analyses in
which the samples are subjected to compression. These samples have been selected in order to cover
a wide range of cross-section leg slenderness. In particular, even if 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 selected in such a way that A <
0,2, a slenderness below which the European buckling curves assume that no reduction associated
to buckling is required. This limitation leads to a value of the length of the samples equal to /8,5 £4i,:

1<02 = *.2<02 = Ly <1875-2+0, = L, =185 2.0, (Eq4.1)

ly 1

Figure 4.3 and Figure 4.4 show the ratio between the numerically obtained cross-section (CS)
resistance (N.;) and the plastic characteristic resistance (N, =A4:f;), versus the i/& and c/& ratio
respectively. It can be easily observed that the scatter is bigger when the results are correlated with
the /& ratio than the ¢/& one, that makes the latter ratio more suitable for classification purposes.
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Figure 4.3: Compression. Ratio between numerical results and plastic resistance vs. h/et ratio
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Figure 4.4: Compression. Ratio between numerical results and plastic resistance vs. ¢/et ratio

The samples that reach their plastic characteristic resistance even with a 3% deviation, that is
assumed as acceptable due to the selected mesh density, can be categorized as class 1 to 3. Therefore,
based on the numerical results, the class-3 limit for equal leg angles subjected to compression may
be set as ¢/t < 13,9¢.

In EN 1993-1-1, table 5.2 (sheet 3), two conditions are provided to distinguish Class 3 from Class 4
sections for equal leg angles:

h/t<11,5¢ and hit<15¢ so ht<1l5¢ (Eq. 4.2)
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For the available hot-rolled equal leg angles, it can be seen that the mean value for parameter c is
equal to 0,8h. So, in this case, eq. (4.2) may be rewritten and becomes ¢/t < 9,2¢&. This value is seen
to be quite conservative when compared to the obtained numerical results.

In the same table 5.2 (sheet 3) of EN 1993-1-1, a cross reference to sheet 2 is made for “outstand
elements”, from which the class-3 limit is:

c/t<14e (Eq. 4.3)

This limit may be also determined analytically by considering the risk of local plate buckling
resistance of the leg. Indeed, the reduction factor for outstand plated elements due to local buckling
is given in EN 1993-1-5 as below:

1,0  for A, < 0,748

=5 - _ Eq. 4.4
PTIREE for 7, > 0,748 (Eq-44)
14

where:

T _ |y b/t
Ap = /a = eaeli (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 expressed as /Tp <0,748,1.e. p = 1. In table 4.2 of EN 1993-1-5, the
buckling factor for outstand elements in compression (y = /) is defined as k, = 0,43. Additionally,
for equal leg angles EN 1993-1-5 defines b = h. Introducing the above values in the expression for
the limit slenderness, the class-3 limit in respect to local buckling may be calculated as:

h/t <13,9¢ corresponding approximatively to c¢/t<11,le (Eq. 4.6)

But in fact, looking to the obtained numerical results, it appears clearly now that b should be selected
as equal to ¢, and not to 4 as suggested in EN 1993-1-5.

As a conclusion, the class-3 to class-4 limit for equal leg angles subjected to compression may be
preferably set equal to:

c/t<13,9¢ (Eq.4.7)
This condition is in line with:

e the numerical studies;

e the current provisions of Eurocode 3 and more specifically with EN 1993-1-1, table 5.2,
sheet 2 for class-3 limit of outstand elements (¢/t < 14¢);

e EN 1993-1-5, in which b = ¢ instead of / (¢/t < 13,94);

e the standard EN 50341, mainly used in practice in central Europe for the design of lattice
towers made of angles (¢/t < 13,9¢);

e the recommendations of EN 1993-3-1 (¢/t < 13,9¢) in which the ¢/t ratio for angles defined
in EN 1993-1-1, table 5.2, may be replaced by the ratio (4-2¢)/t, in which the nominator is
not so far from the exact value c=h-t-r.

4.3 Classification to strong axis bending

The stress distribution for strong axis bending M, is such that only one leg is under compression and
needs classification. It may be seen from EN 1993-1-1 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 sections elastic methods 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 and 3 and 3 and 4 have been derived. Table 4.2 presents the cross-sections and the
steel grades that have been used for the numerical studies in which the samples are subjected to
strong axis bending moment M,. The selected parameters lead to ¢/« ratios below 25. However, in
order to extend the results to higher ratios, additional analyses were carried out for two cross-sections
(L 120x120x7 and L 130x130x8) with non-commercially available higher steel grades (S800, S900,
S1000 and S1100). In order to prevent lateral torsional buckling, the length of all samples has been
each time adapted so as the relative slenderness remains A, < 0,4 which is the limit slenderness under
which LTB does not reduce the bending strength according to EN 1993-1-1.

Table 4.2: Samples for the analyses of the cross-section subjected to weak axis bending M,

No Cross-Section Steel grades
1 L45x45%3 S355 /5460 / S550 / S690
2 L45x45x4 S355 /5460 / S550 / S690
3 L70x70x5 S355 /5460 / S550 / S690
4 L70x70x6 S355 /5460 / S550 / S690
5 L120x120x7 S355 /5460 / S550 / S690
6 L120x120x8 S355 /5460 / S550 / S690
7 L130x130x8 S355 /5460 / S550 / S690
8 L130x130x9 S355 /5460 / S550 / S690
9 L150x150x10 S355 /5460 / S550 / S690
10 L150x150x12 S355 /5460 / S550 / S690
11 L250x250x17 S355 /5460 / S550 / S690
12 L250x250x20 S355 /5460 / S550 / S690
13 L250x250x22 S355 /5460 / S550 / S690
14 L250x250x26 S355 /5460 / S550 / S690

Figure 4.5 shows the ratio between the numerical results for the cross-section resistance (M,,,,) and
the plastic characteristic resistance (M, =Wy fy=1,5Wea . fy), versus the ¢/« ratio. Details about the
evaluation of the elastic/plastic modulus in respect to the strong u axis can be found in Annex A.

1,05

100 |© A% daaapeyis/ct-16 : /et=27
3 % A L45x45xt
0,95 : 2 .
— 0,90 3 3 L70x70xt
- : ®A $
5 0,85 s : L120x120xt
= 0,80 : o :
= : : L130x130xt
30,75 : e
s 0,70 : o ® L150x150xt
0,65 s : O B L250x250xt
0,60 ' o O theoretical
0,55 . .
9,00 13,00 17,00 21,00 25,00 29,00 33,00
c/et[-]

Figure 4.5: Strong axis bending. Ratio between numerical results and plastic resistance vs. ¢/t ratio
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The samples that reach their plastic characteristic resistance (M,;.=1,5-M.;.), even with a 3%
deviation, can be categorized as class 1-2, while the class-3 limit can be easily found when M, is
equal to M., and then M,/ My, = 0,66. Subsequently, from the numerical results, the class-2 limit
for equal leg angles subjected to strong axis bending may be adopted as ¢/t < 16& while the class-3
limit can be setto ¢/t <27&

In the plastic domain, the leg is an outstand element subjected to uniform compression and then class-
2 limit may be obtained from EN 1993-1-1, Table 5.2, sheet 2 as ¢/t < 10&. The background of this
value may be found in ESDEP [30] where it is indicated that a class-2 limit can be obtained by
defining the value of the reduced plate slenderness m by eq. (4.8) as equal to 0,6:

-— c/t

_— c
Ty = somgregic = Apmm =7 =17,06ek, (Eq. 4.8)

The buckling factor &, is equal to 0,43 for simply supported boundary conditions. So, a ¢/t value of
11,2¢ is found (rounded to /0« in Table 5.2, sheet 2). If clamped boundary conditions are now
assumed, k, = 1,25 (see Ref.[31]-[32]) and this leads to ¢/t < 19,1 . By observing the numerical and
analytical results, it can be concluded that the actual class-2 limit is between the above two extreme
cases and finally the following limit may be adopted:

< 16¢ (Eq. 4.9)

[ e}

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 in compression, with an intermediate efficiency between fully pinned and fully
fixed boundary conditions.

O

h1

o)

ha ++

Figure 4.6: Elastic stress distribution for strong axis bending (M,)

For elastic behaviour (Figure 4.6), the compression leg is an outstand element subjected to a stress

ratio = 2 =22 = 12€ L 2O o 90, Based on EN 1993-1-1, Table 5.2, sheet 2, the class-3

61 h, h h

limit is equal to ¢/t < 15,3 &, which is smaller than the proposed class-2 limit. Again, it is based on an
assumption of simply supported boundary condition (i.e k&, = 0,54). If, now, clamped boundary
conditions are assumed, the corresponding buckling factor [31]-[32] may be taken as equal to &, =
1,57. Then, the class-3 limit may be obtained from the general formula of EN 1993-1-1, Table 5.2,
sheet 2:

=< 21e/1,57 = 26,3¢ (Eq. 4.10)

This value is quite close to the numerically obtained one (27¢) and is selected here as the proposed
class-3 limit.
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4.4 Classification to weak axis bending

When the cross-section is subjected to weak axis bending M,, the stress conditions for the two legs
are identical and then, classification refers to both legs. As before, only limits between classes 2 and
3 and 3 and 4 have been derived. Two cases are defined and checked afterwards: the leg tip is under

compression and under tension.

4.4.1 Tip in compression

Table 4.3 presents the cross-sections and the steel grades that have been used for the numerical
studies in which the samples are subjected to weak axis bending moment M,, with the tip in
compression. As before, the last 8 analysis, i.e. 15* and 16* in Table 4.3, are theoretical so as to

address slenderer cross-sections.

Table 4.3: Samples for the analyses of the cross-section subjected to weak axis bending M,

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 /5460 / S550 / S690
5 L120x120x7 S355 /5460 / S550 / S690
6 L120x120x8 S355 /5460 / S550 / S690
7 L130x130x8 S355 /5460 / S550 / S690
8 L130x130x9 S355 /5460 / S550 / S690
9 L150x150x10 S355 /5460 / S550 / S690
10 L150x150x12 S355 /5460 / S550 / S690
11 L250x250x17 S355 /5460 / S550 / S690
12 L250x250x20 S355 /5460 / S550 / S690
13 L250x250x22 S355 /5460 / S550 / S690
14 L250x250x26 S355 /5460 / S550 / S690
15* L120x120x7 S700 / S800 / S900 / S950
16* L130x130x8 S700 / S800 / S900 / S950
1,10
= 0,90
z c/<t=18,9
= 0,80
-y
23 0,70 —— [250%26-5550
—— L130x8-5460
0,60 L250x26-5355
L130x8-5690
0,50

Figure 4.7: Weak axis bending — tip in compression. Ratio between numerical results and plastic resistance

A number of numerical simulations have been performed to evaluate an optimal length value (L=
kh), so that yielding develops freely along the member while the cross-section resistance is

4 5 6 7 8 9

vs. the length parameter k
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independent of the length. It has been found that the value of the sample length L= 64 [mm)], is
working quite well (see Figure 4.7):

e for small ¢/« ratios which corresponds to class 1 or 2 profiles, the difference between L=
4-h and L= 6-h is less than 0,5%, what is acceptable.

o for large ¢/& ratios which corresponds to class 3 and 4 profiles, the difference between L=
6-h and L= 8-h is less than 1,8%, what is also acceptable.

The details and results of this specific parametric study are summarized in Table 4.4.

Table 4.4: Samples of the numerical simulations about the optimal length value

No h fy t c/et Kk L=k'h Mult,v Mpl,v Mult,v/Mpl,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 180,94 184,34 0,98

6 1500 180,57 184,34 0,98

1,5 375 281,90 285,6 0,99

3 750 277,57 285,6 0,97

2 250 530 26 1.7 4 1000 276,54 285,6 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 18,54 20,94 0,89

8 1040 18,53 20,94 0,88

1,5 195 28,96 31,42 0,92

3 390 25,92 31,42 0,82

4 130 690 8 24,6 4 520 24,65 31,42 0,78
6 780 23,32 31,42 0,74

8 1040 22,88 31,42 0,73

Figure 4.8 shows the ratio between the numerical results for the cross-section resistance (M) and
the plastic characteristic resistance (M, =W,i,f;), versus the ¢/ ratio. The analytical expressions
for the evaluation of ,;, can be found in Annex A. From the numerical results, one can observe that
the class-2 limit, where the samples reach their M, even with a 3% deviation, is ¢/f < /4 &, while the
class-3 limit (samples that reach their elastic resistance) is ¢/f < 26,9¢.

105 : c/et=14 i c/et=26,9
L00 | ¢4 xagnsi, :
0,95 Do : A L45x45xt
0,90 ; . .
= 0,85 : LS : L70x70xt
2 0,80 : o :
< o7 : = : L120x120xt
= 070 : : L130x130xt
5 065 : ®
2 (60 . 6" ® [150x150xt
' $ o)
0,55 : == L250x250xt
0,50 : :
0,45 T ? O theoretical
9,00 13,00 17,00 21,00 2500 29,00 33,00
c/et[-]

Figure 4.8: Weak axis bending — tip in compression. Ratio between numerical results and plastic resistance
vs. ¢/t ratio
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Figure 4.9: Stress distribution (compression taken as positive) for weak axis bending (My) — tip in
compression
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Figure 4.10: Stress ratio y for elastic stress distribution — tip in compression (angles from 70 to 300)

The stress ratio for elastic stress distribution (see Figure 4.9-a) is given by ¢ = e S (o IS

(21 h—e
is shown in Figure 4.10, the stress ratio w = -0,/ for usual angle sections. Therefore, the buckling
factor may be conservatively set equal to &, = 0,57 (valid for = 0) and according to EN 1993-1-1,
Table 5.2, sheet 2, the class-3 limit is:

c/t<159¢ (Eq. 4.11)

If now clamped boundary conditions are considered, as done for strong axis bending, the buckling
factor is equal to k, =1,65 (for stress ratio w = -0,1). Then, the class-3 limit may be obtained again
from the general formula of EN 1993-1-1, Table 5.2, sheet 2 as follows:

<218k, = 216,/1,65 = 26,9¢ (Eq. 4.12)

The class-3 limit may so be defined accordingly as it is in agreement with the numerical results.
ep—t—r
h—t-r
considering all the available angle sections, it can be seen that the value of a is ranging between 0,50

For the plastic stress distribution, the proportion of the leg in compression is a = 1 — . By

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 adopted. The class 2 limit may be accordingly obtained from the general formula of

EN 1993-1-1, Table 5.2, sheet 2, from:

10¢ 10&
< =0 = 166¢ (Eq. 4.13)

[ oY

The classification limits proposed currently by Eurocode 3, i.e. eq. (4.11) and eq. (4.13), are not at
all consistent as the c/t-ratio for class 3 (¢/t < 15,9¢) is lower than the one obtained for class 2 (¢/t <
16,6£). The reason is that the mechanical model for class 2 sections in Eurocode 3, when the tip is
in compression, is not correct because the outstand elements partially in compression are treated as
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elements fully in compression with a reduced width ac. This means that the hinge support is
introduced exactly at the position where the compression starts. This is questionable since tension is
beneficial to local buckling. For that reason, it is proposed here to keep the c/t limit for class 2 equal
to:

1o

< 14¢ (Eq. 4.14)

which is in good agreement with the numerical results.

4.4.2 Tip in tension

Table 4.5 presents the cross-sections and the steel grades that have been used for the analyses in
which the pin-ended samples are subjected to weak axis bending moment Mv-tip in tension. As
already explained for the previous cases, the last 8 analysis, i.e. 3* and 4* in Table 4.5, are theoretical
so as to investigate the behaviour of the cross-section and validate the limit between class 2 and class
3. The value L = 6-h [mm] for the length has been adopted in this case too, as explained in section
44.1.

Table 4.5: Details for the analyses of the cross-section subjected to weak axis bending Mv-tip in 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

Figure 4.11 shows the ratio between the numerically obtained values of the cross-section resistance
(M.u,v) and the plastic resistance, according to the ¢/&f ratio.

1,05 : :
° s c/et=27
—_ 1,00 L2 TS © &
e =0 L120x120x7
E‘:Z 0,90 3 ) 0x120x
< 085 : ® L130x130x8
EE 0,80 : o theoretical
0,75 .
0,70 :
15,00 20,00 25,00 30,00 35,00 40,00 45,00
c/et[-]

Figure 4.11: Weak axis bending — tip in tension. Ratio between numerical results and plastic resistance vs.
c/et ratio

From the numerical results, one can observe that the class-2 limit for equal leg angles subjected to
weak axis bending when the tip is in tension, equals ¢/t < 27¢&.

ep—t—r
h—t-r
= f as an approximation, it may be shown (Figure 4.12) that, for usual angle sections, it is o = 0,4.
Then, the class-2 limit may be obtained from the general formula of EN 1993-1-1, Table 5.2, sheet
2:

In the plastic domain, the proportion of the leg subjected to compression is a = and taking r

10e _  10¢
ava  0,4y/0,4

-< =39,52¢ (Eq. 4.15)
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Figure 4.12: Ratios a for tip in tension (angles from 70 to 300)

At the end, the class-2 limit may be kept as provided by the numerical results (¢/t < 27¢), which is
on the safe side concerning the normative approach. In any case, both limits are far from the highest

c¢/&t ratios obtained for available angles and steel grades. Therefore, all angle sections may practically

always develop their plastic moment for 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 summarized in Table 4.6. It

may be seen that, unlike in the current Eurocodes, the same geometric parameters, ¢ and ¢z, are used

for all cross-section loading situations.

Table 4.6: Maximum width-to-thickness ratios for compression parts of equal leg angle sections

L Section in Section in weak Section in weak
Section in . . . . .
. strong axis axis bending My —  axis bending Mv
compression . o . . . .
bending My tip in compression  — tip in tension
c c c
Class —<16¢ —<14¢ - <27¢
1-2 t t t
c c c
Class  Zo139e -<263¢ -<269¢
3 t t t

where £ = [235/f,[—]

4.6 Conclusions

From the present study, involving numerical and analytical approaches, the following conclusions

may be drawn:

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

Angle cross-sections are classified separately for compression, strong and weak axis
bending.

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

The classification boundary from class 3 to 4 of an angle cross-section 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.

The proposed classification rules are written in the format of the existing Eurocode 3, cover
all cross-section classes and remove inconsistencies of existing specifications.
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5. DESIGN RESISTANCES OF ANGLE CROSS-SECTIONS

In the following paragraphs, formulae for the evaluation of the cross-section design resistance of
equal leg angles are proposed and validated through the numerical results obtained in chapter 4
concerning the classification. The formulae were based on those given in EN 1993-1-1 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 between plastic and elastic bending resistances is adopted. This
smooth transition has been proposed and validated for double symmetric cross-sections in the SEMI-
COMP European funded project [33] and will be adopted for these sections in the forthcoming new
version of Eurocode 3 Part 1-1 (pr EN 1993-1-1 [26]).

5.1 Cross-section resistance to tension

The cross-section design resistance for axial tension may be determined from:

Nira =22 (Eq. 5.1)

YMo

The corresponding characteristic resistance N,z is given by eq. (5.1), removing ymo from the
equation. No modification is recorded here from the existing Eurocode 3, but is reported just for sake
of completeness.

5.2 Cross-section resistance to compression

The proposed cross-section design resistance for axial compression may be determined from:

YMo
aurety (Eq. 5.2)

YMmo

Aly for class 1,2 and 3 profiles
Ncpa =

for class 4 profiles

where,
Actr is the area of the effective cross-section defined as:
Agpr = A —2ct(1-p) (Eq.5.3)
p is the reduction factor accounting for plate buckling, equal to:
1,0 for A, < 0,748

= <A — — E . 54
PRIRE for R, > 0,748 (Eq-5.4)
P

considering a reduced plate slenderness of the legs equal to:

o _ &y et et
Ap = \ oo 2848043  186¢ (Eq. 5.5)

The corresponding characteristic resistance Nz is given by eq. (5.2), removing yump from the

equation.

In order to be in line with the classification limits as derived in section 4.2, the geometric property b
must be defined differently than in the current Eurocode provisions. Consequently, the statement of
EN 1993-1-5, §4.4(2) that b = h for equal leg angles should be replaced for this type of section by
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b = c. This constitutes the only difference between the current proposal and the existing Eurocode
3 provisions.

Figure 5.1 shows the ratio between the numerically determined cross-section resistance (M), and
the characteristic resistance (N.rx), versus the c¢/& ratio. It may be seen that the response is not
influenced by the cross-section size. Furthermore, it may be seen that, for stocky class 1 to 3 legs,
there is a small overestimation of resistance by the 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 .
. c/et=13,9
1,15 3
— 1,10 : L
= : A
% 1,05 : X A L45x45xt
2 oA
S 1,00 A Ao  X§ g kA L70x70xt
= 0,95 :
: L250x250xt
0,90 :
0,85 .
800 10,00 12,00 14,00 16,00 1800 20,00 22,00
c/et [-]

Figure 5.1: Cross-section resistance to compression. Ratio between numerical results and characteristic
compression resistance vs. c/gt ratio

Figure 5.2 illustrates the ratio between the numerically determined cross-section resistance (N.), and
the design resistance (V. ra), versus the c/&f ratio. The design resistances have been evaluated firstly
with the current proposal and then based on the existing provisions of EN 1993-1-1 in combination
with EN 1993-1-5 for class-4 sections. The vertical dot lines represent the class-3 limit as suggested
in chapter 4 (c¢/t < 13,9¢) and the one calculated using Eurocode 3 provisions (¢/t < 11,1£—eq. (4.6)).
It can be easily seen that the proposed model is less conservative for class-4 profiles while still
remaining on the safe side.
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Figure 5.2: Cross-section resistance to compression. Ratio between numerical results and design compression
resistance obtained from the current proposal and Eurocode 3 vs. c/¢t ratio

5.3 Cross-section resistance to strong axis bending
The proposed cross-section design resistance to strong axis bending M, may be determined from:

f;
My ra = Wuy—y (Eq. 5.6)

Mo
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where,
W, is the section modulus about u axis that equals:
W, = a;yWep, with 1=2,3,4 (Eq.5.7)
where,

o2u=1,5 for class 1 or 2 (Eq. 5.8)
3= [1 + (222,’338;:22) (1,5 - 1)] for class 3 (Eq. 5.9)
04u= Wettu /Weru =pu? for class 4 (Eq. 5.10)
Pu is the reduction factor for plate buckling, determined from eq. (5.4)

considering a plate slenderness of legs expressed by:
XP - \/zf::r - 28,42{5@ - 32{6: (Eq.-5.11)

For strong axis bending of class-4 sections, the effective cross-section becomes non-symmetric due
to the fact that only one leg is in compression (see Figure 5.3(b)). This changes the position of the
centroid, the directions of the principal axes and all cross-section properties. In order to avoid such
laborious calculation, an approximate solution for the effective section modulus is envisaged. This
may be achieved by reducing equally the other leg too, an approach that is on the safe side (see Figure
5.3(c)). The comparison of the ratio between the initial and the approximate effective cross-section,
is shown in Figure 5.4. It may be seen that the proposed approach, applied to a large number of cross-
sections, is on the safe side.

v T v T v
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o+ * T ter+— puC—+ T thr+— puc —+

h —t

(a) (b) (c)

Figure 5.3: (a) Initial cross-section, (b) actual effective cross-section and (c) Approximate effective cross-
section
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Figure 5.4: Ratio of the strong axis moduli between the initial and the effective cross-section

Figure 5.5 shows the ratio between the numerically determined cross-section resistance (M), and
the characteristic resistance (M, zx), versus the c¢/& ratio. It may be seen that the response is not
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influenced by the cross-section size. For stocky class 1 and 2 legs, the proposed formulae predict
almost exactly the resistance. For class-3 sections there is a small overestimation of resistance in a
very limited range of c¢/&-ratios, while for class-4 sections the proposed rules are always on the safe

side.
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Figure 5.5: Cross-section resistance to strong axis bending. Ratio between numerical results and
characteristic moment resistance vs. c/et ratio

Figure 5.6 illustrates the ratio between the numerically determined cross-section resistance (Mui.),
and the design resistance (M,,rq), versus the c¢/& ratio. The design resistances have been evaluated
both with the current proposal and the existing provisions of EN 1993-1-1. The vertical green and
blue dot lines represent respectively the class limits as suggested in chapter 4 (i.e ¢/t < 16 for class
2to3 and ¢/t <26,3¢ for class 3 to 4) and as calculated using EN 1993-1-1 provisions (i.e ¢/t < I10s
for class 2 to 3 and ¢/t < 15,3 s for class 3 to 4). The benefits and the improvements coming from the
proposals in terms of classification and cross-section resistance on the design of the cross-sections
under strong axis bending may be clearly observed.
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ic/et=10 ¢ c/et=16 *c/et=26,3
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9,00 13,00 17,00 21,00 25,00 29,00 33,00

c/et[-]
Figure 5.6: Cross-section resistance to strong axis bending. Ratio between numerical results and design

resistance obtained from the current proposal and Eurocode 3 vs. c/et ratio

5.4 Cross-section resistance to weak axis bending

5.4.1 Tip in compression

The design characteristic resistance of angle cross-sections to weak axis bending M, —when the tip is
in compression — may be determined from:
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Ty

My ra = WUE (Eq. 5.12)
where,
W, is the section modulus about v axis that equals:

W, = a; W, with i=2,3,4 (Eq. 5.13)

where,
o2y = Wpiy/Wely for class 1 or 2 (Eq. 5.14)
o3y = [1 + (22663: ;its) ( Ay — 1)] for class 3 (Eq. 5.15)
0y = Wetty /Wery=0,94-p, for class 4 (Eq. 5.16)
Py is the reduction factor for plate buckling, determined from eq. (5.4)

considering a plate slenderness of legs expressed by:

3 = & _ c/t o/t
Ap = o 284eVI65  365¢ (Eq. 5.17)

It should be noted that, for weak axis, Wy, #1,50-min(We,'*, We,'°), in contrast with the case of
strong axis bending. However, based on the numerically tested samples, it appears that W,;, = (1,65
~1,95) min(W,,"?, We;,'*) and so, a value o, = 1,75 could be possibly adopted as a rough estimation
for a preliminary design.

For class 4 cross-sections, a similar procedure than for strong axis bending is followed. Figure 5.7
shows that the modulus of the effective cross section is approximately equal to the modulus of the
initial cross-section multiplied with the factor 0,94:p,”. Therefore, a4, is fixed accordingly.

Determination of o,

— o © °
= e 2%, ° °

ey - )

30,95 o ° *
= o o° s °

> ° °
No_ [ 'Y [ ]
= °
S 0.9 °® * )
;:.-, °

0,85
0 100 200 300 400
h [mm]

Figure 5.7: Ratio of the weak axis section moduli between the full and the effective cross-section

Figure 5.8 shows the ratio between the numerically determined cross-section resistance (M,,), and
the characteristic resistance (M, rk using the exact value of W),,), versus the ¢/&-ratio. It may be seen
that the response is not influenced by the cross-section size. For stocky legs of class 1 and 2, entering
even in class-3, there is a small overestimation of resistance. This may be counterbalanced by strain
hardening effect not considered here. This is also observed for large ¢/&-ratios in the border between
class 3 and 4. However, such ratios are not corresponding to existing hot-rolled angle profiles.

Figure 5.9 illustrates the ratio between the numerically determined cross-section resistance (M),
and the design resistance (M,,rq), versus the ¢/« ratio. The design resistances have been evaluated
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both with the current proposal and the existing provisions of EN 1993-1-1. The vertical green and
blue dot lines represent respectively the class limits as suggested in chapter 4 (i.e ¢/t < I4 & for class
2 to 3 and ¢/t < 26,9<for class 3 to 4) and as calculated using EN 1993-1-1 provisions (i.e ¢/t < 16,6&
for class 2 to 3 and ¢/t < 16& for class 3 to 4 as explained in section 4.4.1, the profiles in between 26
and 16,6 are treated as class 4 sections for the calculations). The benefits and the improvements
brought from the current proposals (classification and cross-section resistance) on the design of the
sections is again clearly observed.
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Figure 5.8: Cross-section resistance to weak axis bending — tip in compression. Ratio between numerical
results and characteristic moment resistance vs. c/et ratio Tip in tension
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Figure 5.9: Cross-section resistance to weak axis bending— tip in compression. Ratio between numerical
results and design resistance obtained from the current proposal and Eurocode 3 vs. c/et ratio

5.4.2 Tip in tension
The design resistance of angle cross-sections to weak axis bending M, — tip in tension — may be
determined from:

Iy

U
YMmo

MTJ,Rd = Wpl (Eq 518)

As it is shown in Figure 4.11 for ¢/& ratio less than 27, the analytical approach for the cross-section
resistance subjected to weak axis bending, when the tip is in tension, is in good agreement with the
numerical results.

38 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

5.5 Conclusions

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

The proposed design rules are based on theoretical-analytical considerations and are duly
validated through extensive numerical investigations.

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 cross-section 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 cross-sections subjected to compression and bending, twelve buckling tests on such
columns have been performed at Lieége University. The experiments have 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 literature [11]-[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 accompanied by numerical simulations,
performed considering relevant imperfections as well as geometrical and material non-linearities.
The numerical results have been then compared and validated with the experimental ones.

6.1 Details of the tested specimens

For the experimental program, two profiles from large angle cross-sections (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 positions of load application for each
length. The selected points are (see Figure 6.1) the centre of gravity (G), which corresponds to pure
compression in the angle cross-section and the intersection point of minor principal axis v-v with the
middle line of the leg thickness (P:), 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
\

Figure 6.1: Definition of the axes and position of the load application points (G and P»)

Table 6.1: Details about the specimens

ID of Steel Length of angle Eccentricity
Specimen Profile grade member L [mm] [mm]
Spll L 150x150x18 S460M 2500 0,00
Spl2 L 150x150x18 S460M 2500 e,=48,74
Spl3 L 150x150x18 S460M 3000 0,00
Spl4 L 150x150x18 S460M 3000 ey=48,74
Spl5 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 ey = 66,64
Sp23 L 200x200x16 S460M 3500 0,00
Sp24 L 200x200x16 S460M 3500 ey= 66,64
Sp25 L 200x200x16 S460M 4000 0,00
Sp26 L 200x200x16 S460M 4000 ev= 06,64
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Table 6.1 summarizes all the details about the specimens. The reported length is the one of the angle
member, without considering the end plates. The system length is defined in §6.4. The name of each
specimen consists of two numbers Sp## (e.g. Sp12):

e the first number indicates the profile: 1 for L150x150x18 and 2 for 200x200x16;
e 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 procedure of the specimen 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 designed according to EN 1993-1-8 [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. Figure 6.2 shows the details of such end plates on which the specimens have been welded.

N N Section A-A Section Dy-D,
T 3 L150x150x18 i T & ; L200x200x16
g T ® ® % } ¢ &
o QL o +
§ 83 § =38
0 i
<
< % ® ) e ox
l 3 ot I
kR Ny * =
#—125—+* 230 +—125—* F—125—+ 230 +—125—
#—134 —+—106—+# 240 * #* 306 # 141 H—-32
480 ; * 480 ¥

Figure 6.2: Detail of end plates in case of centrally (left) and eccentrally (right) loaded specimens.

6.2 Test measurements

6.2.1 Actual dimensions of the cross-sections

The actual geometrical dimensions of each angle section — the width (%;) and the thickness (#;) of each
leg — have been measured at 3 points along the member: at 1/4, 1/2 and 3/4 of the angle member
length (L). The mean values of the measurements are reported in Table 6.2; the notations can be
found in chapter 2, while indexes A and B are determined in Figure 6.3. The length of the angle
member and the load eccentricity of each specimen has been also measured and reported in Table
6.2.

Table 6.2: Measurements of the actual geometry and dimensions of the cross-sections

spIe]c)ir(I)lfen L [mm] Ecc[enI:::'li]city ha [mm] hp [mm] ta [mm]  tg [mm]
Spll 2500 0,00 149,97 150,09 18,16 18,14
Sp12 2500 ey=48,71 150,07 150,12 18,18 18,04
Spl3 3000 0,00 150,11 149,92 18,04 18,16
Spl4 3000 ey=48,72 150,09 150,10 18,04 18,17
Spl5 3500 0,00 150,07 150,11 18,17 18,07
Spl6 3500 ey=48,70 150,11 149,95 18,16 18,19
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spilc)il(r)lfen L [mm] Ecc[e;i:;i]city ha [mm] hp [mm] ta [mm]  tg [mm]
Sp21 3000 0,00 200,31 200,41 16,32 16,34
Sp22 3000 ey= 66,60 200,36 200,39 16,39 16,29
Sp23 3500 0,00 200,25 199,92 16,32 16,28
Sp24 3500 ey= 66,65 200,05 200,01 16,42 16,10
Sp25 4000 0,00 199,96 200,27 16,33 16,35
Sp26 4000 ey= 66,63 200,06 200,39 16,32 16,31

hi= 1/3(hiLiathiviothiss) G=A,B) 5 ti=1/3(tiListtioietticss) 1= A, B)

6.2.2 Measurement 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 specimens. Figure
6.3 shows the details of the set-up. 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 start at 140 mm from the top end plate and finish at 140 mm from 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).

Figure 6.3: Measurement system for geometrical imperfections (left), detail and position of the displacement
transducers (right)

Different corrections had to be made on the so-obtained raw measurements:

e  Asthe chariot supporting the displacement transducers was moving onto a horizontal guiding
bar (see Figure 6.3), a small rotation of the metric system was occurring; this one has been
measured with an inclinometer, so allowing correcting the measurements accordingly.

e In addition, the specimen was not perfectly parallel to the set-up. To account for this effect,
the relative position of the specimen from a prestressed reference cable (see Figure 6.3) was
measured.
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e 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 140 mm 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 report [34]. An example of the initial
measurements and of the corrected geometrical imperfections for Sp15 are presented in Figure 6.4
and Figure 6.5 respectively.

3,00
2,00 Referehfe lelnltlal
M2_Initial Inclino_Y

1,00
0,00 re———
-1,00
-2,00
-3,00

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500
L [mm]

[mm or deg]

Figure 6.4: Initial measurements of geometrical imperfections for Sp15-face B

Imperfection [mm]

0 250 500 750 1000 1250 1500L[175? 2000 2250 2500 2750 3000 3250 3500
mm

Figure 6.5: Initial geometrical imperfections of both faces along specimen Sp15

An accurate comparison between the actual measured imperfections of the specimens and those
assumed in the Eurocode is difficult to perform as explained here after. The European norm EN
1090-2 [35] prescribes that the deviation from straightness should be 4 < L/mm]/750 while, in prEN
1993-1-14 [29], it is stated that 80% of the geometric fabrication tolerances given in [35] should be
applied. This leads to an initial bow imperfection of magnitude approximately equal to L/mm/]/1000
and, usually, a deformation shape similar to the first member instability mode is assumed. However,
in reality, the shape is more complex. For this reason, only a rough comparison can be done at this
level (see Table 6.3) through the evaluation of an experimental estimated value |Max|impers

obtained by taking into account the maximum value [M;c4, Mics, Maca, M>cp] and by assuming that
it is the same in both faces:

IMax|gnperr = max{M;ca, Maca, Micp, Macp) - V2 (Eq. 6.1)
where:
Mica is the M; maximum final corrected measurement on face A for specimen i;
Myca  is the M, maximum final corrected measurement on face A for specimen i;
Micg is the M; maximum final corrected measurement on face B for specimen i;

Mycg  is the M, maximum final corrected measurement on face B for specimen i.
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Table 6.3: Maximum values of the actual initial imperfections of the specimens compared with those
prescribed by the European regulations [29]-[35]

ID of specimen  L/1000 [mm] lMljzliI:]perf
Spll 2,5 0,4
Spl2 2,5 1,2
Sp13 3,0 1,3
Spl4 3,0 0,8
Spl5 3,5 2,4
Splé6 3,5 3,0
Sp21 3,0 1,6
Sp22 3,0 2,7
Sp23 3,5 1,7
Sp24 3,5 2,8
Sp25 4,0 1,5
Sp26 4,0 1,8

From this table, it can be observed that the measured imperfections are smaller than the geometrical
tolerances prescribed in European regulations for all specimens.

6.2.3 Coupon tests for the material properties

Coupon tests have been performed in accordance with ISO 6892-1 [36]. The samples for the tensile
tests have been extracted from one of the extremities of the angle member (see Figure 6.6) after the
buckling tests, based on ISO 377 [37].

+h/3+

x
\
!
:
+—2h/3—Fhi3+

Figure 6.6: Location of tensile samples for coupon tests based on [37]

..........
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100 e T S460/1 S460/2
r SA60/3 wevereees S460/4

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

Figure 6.7: Stain-stress curves from the coupon tests
Figure 6.7 shows the strain-stress curves obtained from few tensile tests and Table 6.4 provides the

characteristic values for all. The yield stress f, (engineering stress) is determined by the value of the
yield plateau in the curves and defers from the upper value yield stress ReH. It may be observed that
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while the actual ultimate stress was above the nominal values for all specimens, this was not the case
for the yield stress.

Table 6.4: Coupon test’s results

Measured Measured Measured Nmilel;:;al
ID of E yield ultimate strain at );r fy/fynom Characterized
material [MPa] stress fy stress fuit failure sf €8s [-1 specimens
0 y,nom
[MPa] [MPa] [%] (MPa]
12, Spl 14
S460/1 203155 4258 572,50 14,3 460,0 093  OP1Z5pl3.Spld,
Spl5, Spl6
21, Sp22, Sp2
S460/2 208947 487,6 604,64 13,7 460,0 1,06 Sp21, Sp22, Sp23,
Sp25, Sp26
S460/3 197317 4172 560,87 14,3 460,0 0,91 Spl1
S 460/4 203797 472,6 587,21 13,8 460,0 1,03 Sp24

6.2.4 Measurements 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 rotations about the minor and
major axes can develop freely, but no twist or warping is able to occur at the extremities. During the
tests, the following displacements illustrated in Figure 6.8 were measured:

o the vertical displacement C; (using two transducers: one at the front and one at the back side
of the specimen);

e four horizontal displacements C», Cs, C4 and Cs at the mid cross-section (1% position);

o four horizontal displacements Cs, C7, Cs and Co at the cross-section located at Y4L. from the
bottom (2" position).

Strain gauge notation g vy fesoe

|
} Zero moment level
g I 2 [ ]
RRGES . - ; L End plate
FACEA I =] | <l
] ; ] Specimen
L \ il
’ =1 CTES A =
152" pos. details Lew L o = = ; Tpos =y =+ Displacement
CCs = : - transducer
4 FACEB ™ ‘ 1
— Cg-Co| i L - Strain gauge
CyCr L FACEA L = =+ | [2" pos.—
= | e
1 A e |
p |
CafCa Cs/Cs aL — l _—— Connection plate
|
|
.

7 L —| — Zero moment level

Figure 6.8: Schemes of the Amsler 500 test machine and of the measurements during a test

All the displacement transducers have been placed 30 mm from the edges/corner of all cross-sections
and profiles. The set-up allowing the record of those displacements is illustrated in Figure 6.9. In
addition, four strain gauges (I to I4) have been placed at the mid-height cross-section of each column
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in order to check local yielding. The strain gauges have been positioned as close as possible to the
leg extremities, accounting for the curvature of the latter.

! =1l
| iy,

I

(a) (© (e

Figure 6.9: (a) General view of test rig with the measurement devices, (b) connection points of displacement
transducers on the cross-section, (c¢) vertical displacement transducer, (d) detail of the top bearing plate and
(e) detail of the bottom bearing plate

6.2.5 Mathematical interpretation of the measurements

The displacements of the corner of the angle (O point) as well as the twist of the cross-section, that
are reported in the graphs of section §6.3, have been evaluated using the following formulae (for the
definition of the axes and symbols, see Figure 6.10 left):

Yo = C3 +30 222 [mm] (Eq. 6.2)
Zp = Cy — 30 - CS;C‘* [mm] (Eq. 6.3)
o ; (amn (CS;cz) + atan (65;0;)) -1000 [mrad)] (Eq. 6.4)

where d = 90 or 140 [mm] for L150x150x18 or L200x200x16 respectively.

The formulae are given for the middle cross-section, but they may also be used for the lower one, by
replacing C,, Cs, C4 and Cs by Cs, C7, Cs and Co respectively.

To transform the displacements from the geometrical axes to the principal ones (see Figure 6.10
right), the following equations have been used:

~[§

u; = y;cos0 + z;sinf = (y; + z;) - (Eq. 6.5)

v; = z;c0S0 — y;sind = (z; — y;) - (Eq. 6.6)

~[§
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N

Figure 6.10: Definition of axis and symbols for the mathematical interpretation

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 and tables. Figure 6.11 and
Figure 6.12 show the load-axial displacement (shortening) curves for the profiles L150x150x18 and
L200x200x16 respectively. All the measurements (initial geometrical imperfections, rotations,
strains and deflections) for each specimen are available in the relevant technical report [34].

1050,00
900,00
750,00 e SzseaEmRREeccotREE
600,00
450,00
300,00
150,00

0,00

Load [kN]

Spll ——Sp12 Sp13
Sp14 Sp15 Sp16

0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 800 9,00
Axial Deformation [mm]

Figure 6.11: Load vs axial deformation of tested profiles L 150x150x18

1800,00
1500,00
1200,00
900,00
600,00

Load [kN]

——sp21 Sp22 Sp23
——Sp24 ——Sp25 Sp26

300,00

0,00
0,00 1,00 2,00 3,00 4,00 5,00 6,00 7,00 8,00 9,00
Axial Deformation [mm]

Figure 6.12: Load vs axial deformation of tested profiles L 200x200x16

Both figures indicate that the results obtained by experimentation are in line with the expectations
when the test campaign was defined, in particular in terms of influence of the member length and of
the eccentricity on the member stiffness and resistance.
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Amongst the specimens without nominal load eccentricity, three (Spl1, Sp15, Sp25) showed nearly
zero deflections transverse to the weak axis and three (Sp13, Sp21, Sp23) showed very small ones
(see Figure 6.13). For the latter, it may indicate that some limited unintentional eccentricity resulting
from installation tolerances were introduced as explained later. Nevertheless, for all these tests, the
deflections according to the weak axis increased significantly with the load until failure was reached
by weak axis buckling; towards the heel of the cross section for Specimens Spl3, Spl5, Sp25
(negative value of u — see Figure 6.10) and in the opposite direction for Sp11, Sp21 and Sp23
(positive value of u — see Figure 6.10). It can be concluded that specimens Spl1, Sp13 and Sp15
failed in a pure flexural buckling mode (see Figure 6.15(a)), while for specimens Sp21, Sp23 and
Sp25, twist rotations were recorded (see Figure 6.14) in addition to weak axis deflections, indicating

a flexural torsional buckling mode.

Specimen 11 Specimen 21
1200,00 1800,00
A\ —
1000,00 4 —— 150000 7
= 800,00 = 1200,00
= =
5 600,00 < 900,00
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— 400,00 ‘w VO, midH 3 600,00 Vo midh
200,00 | U0, lowH 300,00 Uo,lowH
VO,lowH VO,lowH
0,00 0,00
-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
e
1200,00 —
600,00 } !
—_ __ 1000,00
g 450,00 g 800,00
e} T
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-45,00 -35,00 -25,00 -15,00 -5,00 5,00 -5,00 5,00 15,00 25,00 35,00 45,00
Displacements u,v [mm] Displacements u,v [mm]
Specimen 15 Specimen 25
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—_— 1
500,00 1000,00 p— B I\
= 400,00 = 800,00
= =
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*U/Vomian 1s the displacement of the corner point O of the mid — height cross-section along u/v principal axis
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Figure 6.13: Load-deflection curves for centrally loaded specimens
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Centrally loaded specimens Eccentricaly loaded specimens
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Figure 6.14: Load-twist curves at mid-height cross-section for centrally loaded (left) and eccentrically loaded
(right) specimens

Figure 6.15: Final deformed shape of (a) Sp15 with a pure flexural buckling mode, (b) Sp26 with a flexural-
torsional failure buckling mode and (c) Sp14 with a mixed 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 were high while they were very small
in the other principal direction (see Figure 6.16 and green cross-sections in Figure 6.17); 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 failure (in Figure 6.17, the red cross-section
corresponds to the ultimate load and the blue cross-section is after buckling). In specimens Sp22,
Sp24 and Sp26, these deflections were accompanied by significant twist rotations indicating clearly
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a failure with a flexural-torsional buckling mode (see Figure 6.15(b)). On the contrary, twist rotations
were small for specimens Spl2, Spl4 and Spl6 indicating a mixed mode between flexural and
flexural torsional buckling (see Figure 6.15(c)). The most stressed mid-height cross section was
subjected to compression and bi-axial 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 buckling in all specimens should be also mentioned, although all Sp2#
specimens are categorized as class 4 according to the existing provisions of EN 1993-1-1; with the
proposed classification system they are also classified in class-4 for compression but in class-2 for

bending (c/et = 14,6).
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Figure 6.16: Load-deflection curves for eccentrically loaded specimens

Finally, Table 6.5 presents, for each specimen the measured failure load (N.y) as well as the
deflections about minor (vo) and major (uo) principal axes and the twist at the mid-height cross-
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section, all at the failure load. The sign of the deflections and the twist is in accordance with Figure
6.10.

u 1no- u -
v = P=1092 kN v | P=953 kN
P=1050 kN P=920 kN

Sp24 Sp26

Figure 6.17: Schematic movement of the mid-height cross-section along the loading for specimens Sp24 and
Sp26

Table 6.5: Deflections and twist at the mid-height cross-section at the failure load

Splel:i?nfen Profile  Nexp [kN] uo [mm] vo [mm] 0 [mrad]
Spll 1010,6 8,38 -0,01 -0,82
Sp12 % 767,3 -15,28 -16,39 -3,94
Sp13 S 7232 28,22 0,53 1,71
Spl4 = 628,3 -16,35 -17,05 2,05
Spl5s = 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 © 1341,4 2,48 -17,07 -44.92
Sp23 g 1228.0 20,49 1,53 3,51
Sp24 o 10923 16,87 -18,09 59,51
Sp25 5 1048,1 -38,43 0,62 7,77
Sp26 953,6 16,31 22,11 62,95

6.4 Comparison with FEM analyses

Subsequently, numerical simulations considering relevant imperfections as well as geometrical and
material non-linearities were performed and compared with the results of the experimental tests. The
numerical analyses were performed with the FINELG non-linear finite element 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 indirectly: the length (L) 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 (L) of the column (length between the zero 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 difference of member’s response (ultimate load and
deflections) is less than 1% ether the member is meshed in fifteen elements or thirty. The columns
were assumed as pin-end members with free rotations at their extremities, except the rotation that
leads to torsion along the length axis, which was blocked. All the other DOF at the extremities were
blocked, except ux at the 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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e An initial member imperfection (shape and magnitude in accordance with the measured
ones).

e Residual stresses resulting from the hot-rolling procedure; the selected pattern (Figure 6.18)
is chosen from previous studies [38]-[39] in which appropriate measurements had been
realized. It was shown that the residual stresses in hot rolled steel angle sections are
independent of the steel grade and therefore a magnitude of 70 MPa (corresponding to 0,3 -
fy. for steel grade S235) is used. The selected pattern is applied automatically by the software
to each beam element along the member length.

e A material law in accordance with the measured one (see Table 6.4).

-0,3fy
03f,

-0,3f, 0.3,

-0,3f; -0,3f

Figure 6.18: Assumed distribution pattern of residual stresses based on [38]-[39] with f, fixed to 235
MPa whatever is the actual steel grade
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Figure 6.19: 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 the results. 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 “no loading eccentricity” case. Figure 6.19 shows that an eccentricity equal to 1,5 mm (for
the angle section L200x200x16) changes the ultimate resistance by approximately 6%. The influence
of this small eccentricity of the applied load on the stiffness and the ultimate resistance has been also
observed in [40]. The eccentricity has been applied in u direction as it has been found, through the
numerical simulations, that the influence on the response of an eccentricity in the v direction is
negligible (see Figure 6.1 for the definition of the axes). The adoption of such a tolerance can be
justified as by the two following reasons:

e the nominal position of the load has been designed to coincide with the centre of the end
plates and, accordingly, with the centre of gravity of the cross section. In reality, due to small
differences in the cross-section geometry, the real centre of gravity does not coincide exactly
with the loading point;
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e the positioning of the specimen in the testing rig may also induce a small and unexpected
eccentricity.

Figure 6.20 and Figure 6.21 show the axial deformations (shortening) of the specimens versus the
load for both experimental tests (solid lines) and numerical simulations (dotted lines). Table 6.6
summarizes and compares 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. The mean value of the ratio
Nexp/ Nrpu is equal to 0,98 with a COV of 1%.

L 150x150x18

1050,00 Sp1ll
Sp11(Num
900,00 SElZ( )
750,00 | e R e Sp12(Num)
= Sp13
=, 600,00 Sp13(Num)
]
€ 450,00 Spl4
= A A ] e Sp14(Num)
300,00 Sp15
15000 |2 L] e Sp15(Num)
Spl6
00 ~—+n4»0o»n4¥#»0——»—4— . Sp16(Num)
0,00 1,00 200 3,00 4,00 5,00 6,00 700 800 900
Axial Deformation [mm]
Figure 6.20: Comparison between test and FEM results for Sp1#
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Figure 6.21: Comparison between test and FEM results for Sp2#

Figure 6.22 and Figure 6.23 show some characteristic load-deflections curves of the specimens for
both experimental tests and numerical simulations.

The numerical results provide similar responses for most of the specimens without nominal loading
eccentricity (same as Specimen Spl5 in Figure 6.22), as well as a good correspondence with the
tests. However, for two specimens (Sp21, Sp23), the numerical response appears to be more flexible
than the test one, at least in the initial phase of the test; but close to the failure, a rather good
agreement with the experiment is contemplated.

53 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

Table 6.6: Ultimate resistances obtained by experimental tests and numerical models

Buckling Additional
. Actual load
ID of Profile length in eccentricities assumed Nexp Nrem New/N
Specimen GMNIA (mm] eccentricities in [kN] [KN] exp/\FEM
[mm] GMNIA [mm]
Spl1 2607 0,00 ew=1,50 1010,6 1028,6 0,98
Spl12 *® 2607 ev=48,71 ew=0,50 767,3 774,1 0,99
Sp13 é 3107 0,00 ew =-2,00 723,2 739,3 0,98
Spl4 g 3107 ey=48,72 ew=-1,10 628,3 645,9 0,97
Spl5 = 3607 0,00 ew =-2,00 563,9 575,8 0,98
Spl6 3607 ey=48,70 ew=-1,00 519,8 536,0 0,97
Sp21 3107 0,00 ew=-1,50 1661,5 1690,6 0,98
Sp22 et 3107 ev= 66,60 ew=-0,80 13414 1361,0 0,99
Sp23 § 3607 0,00 ew=-2,00 1228,0 1267,4 0,97
Sp24 g 3607 ev= 66,65 ew =-0,50 1092,3 1107,6 0,99
Sp25 & 4107 0,00 ew=-1,70 1048,1 1082,2 0,97
Sp26 4107 ev= 66,63 e, = 0,00 953,6 959,1 0,99
50000 Specimen 15 1400,00 Specimen 23
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1000,00 :
— 400,00 = t
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Figure 6.22: Characteristic load-deflection curves at mid-height cross-section for centrally loaded specimens
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Figure 6.23: Characteristic load-deflection curves at mid-height cross-section for eccentrically loaded
specimens

Similar results, in terms of lateral flexibility of the columns, have been observed for eccentrically
loaded specimens (see Figure 6.23). This additional flexibility could be explained by the fact that 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 axis buckling 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 twelve tests on columns with large angle cross-
sections (L150x150x18 and 200x200x16) made of S460 or S420 steel grade. Accompanying
numerical studies have been carried out, considering relevant geometrical imperfections as well as
geometrical and material non-linearities. From the present study, the following conclusions may be
drawn.

e The centrically loaded specimens (Sp11, Sp13, 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.

e The centrically loaded specimens (Sp21, Sp23, Sp25) and the eccentrically loaded specimens
(Sp12, Sp14, Sp16) failed mostly in a flexural torsional buckling mode, which was more
pronounced.

e For the eccentrically loaded specimens that subjected to compression and strong axis
bending, it has been seen that at low levels of loading 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 the tendency of angles to buckle along weak axis.

e Local buckling was not visibly observed in any specimen, although all Sp2# specimens are
categorised as class 4 according to the existing provisions of EN 1993-1-1; with the proposed
classification system they are also classified in class-4 for compression but in class-2 for
bending.

e A very good agreement between the numerical GMNIA simulations performed with
FINELG and the experimental results in terms of axial stiffness and ultimate resistances has
been achieved, through the consideration of an unintentional small eccentricity. Indeed, a
small eccentricity of the position of the applying load can affect the ultimate resistance of
the member in comparison with the perfect “no loading eccentricity” case. For the current
study, an eccentricity equals to 1,5 mm may reduce the ultimate resistance by about 6%. At
the end of this comparative study, it may be concluded that the FINELG is appropriate
numerical tool to predict the response of angle profiles subjected to combined 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 leads to the need for the
development of specific design provisions for angle sections. Such specific design rules and
recommendations can be found in various parts of Eurocode 3. More specifically, EN 1993-1-1 [1]
as well as its forthcoming new version named prEN 1993-1-1 [26] provides general rules for angles,
while EN 1993-3-1[2] provides rules for the buckling resistance of angles as members in towers
when connected eccentrically with bolts on one leg. Another European specification, the CENELEC
standard EN 50341-1 [5] provides specific rules 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 parts, including members made of
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, highlighting the differences with the existing provisions of Eurocode 3. The proposed rules
were fully validated through numerical investigations and experimental tests. The extensive
numerical parametrical studies were performed by the full non-linear software ABAQUS.
Experimental results are coming from tests carried out in the framework of the thesis, as well as from
previous experimental investigations found in literature. Experimental results were also compared to
existing Eurocode 3 provisions for sake of comparison.

7.1 Design rules and recommendations

7.1.1 Buckling resistance to compression

The buckling design resistance for axial compression may be determined from:

S Xmin :Tfyl for class 1,2 and 3 profiles -
e ‘min A;;flfy for class 4 profiles (Fa-7.D)
where Ay is the area of the effective cross-section that equals:
Agrr = A—2ct(1—p) (Eq. 7.2)

The reduction factor p for outstand plated elements due to local buckling is given in EN 1993-1-5 as
below:

1,0 for A, < 0,748

= <A — — E . 73
P12 for 7, > 0,748 (Eq-7.3)
14

considering the relative plate slenderness of legs equal to:

[

/Tp =4 Xmin%’ﬁg (Eq. 7.4)

The buckling reduction factor y.., is determined as a function of the relative slenderness A of the
compression member for the flexural buckling modes only:

Xmin = Min{x,; X} (Eq.7.5)
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The value of the buckling reduction factors y,,, x,, are computed for the appropriate relative
slenderness 4, 4,, and considering buckling curve b for steel grades S235-S420, or buckling curve
a for higher steel grades (> S460).

The relative slenderness 4,, and 4,, should be taken as:

Ay Ay and A, = Ay (Eq. 7.6)

Nerw

where,

New  is the elastic critical force for the flexural buckling mode about u-u axis, based on
the gross cross-sectional properties;

Nev s the elastic critical force for the flexural buckling mode about v-v axis, based on
the gross cross-sectional properties.

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

EN 1993-1-1 recommends the use of buckling curve b whatever is the steel grade while, in the
forthcoming new version of this normative document, prEN 1993-1-1, curve b is still used for steel
grades S235-S420 but curve a is proposed for higher steel grades (>S460). For the purposed of the
thesis, the selection of the buckling curves follows the provisions of prEN 1993-1-1. However, both
versions recommend the use the “elastic critical load for the relevant buckling mode” for the
evaluation of the non-dimensional slenderness, i.e. the minimum eigenvalue amongst all flexural and
flexural-torsional buckling modes. As explained in §3.1, a pure torsional mode cannot be obtained
for a centrally loaded angle column. Through numerical studies on angles in compression (see §7.2.2)
considering various profiles, lengths and steel grades, it is seen that weak axis flexural buckling
always prevail at failure even for angles exhibiting a flexural-torsional elastic critical instability mode
as minimum eigenvalue. Therefore, it seems reasonable to calculate the member resistance of rolled
angles by using the slenderness for flexural buckling only and not by referring to the “relevant
buckling mode” which may include torsional effects, as EN 1993-1-1 and prEN 1993-1-1 prescribe.

Additionally, the interaction between local and global buckling are considered in the definition of
the relative plate slenderness /Tp via the term ./ Xmin, unlike in EN 1993-1-1.

7.1.2 Lateral torsional buckling resistance to strong axis bending

The bending resistance of laterally unrestrained beams is determined by application 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 derived in chapter 4, considering a linear transition between plastic and elastic
bending resistances, adopting thus the procedure for double symmetric cross-sections that was
proposed by SEMI-COMP [33].

The design buckling resistance moment M, zs of a laterally unrestrained beam may accordingly be

determined from:

1
My ra = X17Wy —— (Eq. 7.7)

YMm1

where W, is the section modulus about the u axis equals to:

Wu = ai,uWel,u s 1= 25 35 4 (Eq 78)
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where,
ou=1,5 for class 1 or 2 (Eq. 7.9)
_ 26,3e—c/t | _
3u= [1 + (—26,38_165) (1,5 1)] for class 3 (Eq. 7.10)
040 = Wetu/Weru =pu for class 4 (Eq. 7.11)

pu 1s the reduction factor for plate buckling, evaluated through eq. (7.3), considering a reduced plate
slenderness of the legs equal to:

[

)Lp = VXLT 35,t588 (Eq 712)

The reduction factor for lateral torsional buckling y;r should be determined as a function of the
relative slenderness A, of the member:

(Eq. 7.13)

where the elastic critical moment for lateral-torsional buckling M., is given by the following equation
[7], in combination with Table 7.1:

0,46'E-h?-t?

My =Gy, ;

(Eq. 7.14)

The value of the buckling reduction factor y.7 for the relative slenderness A, should be derived from
buckling curve a, which can be determined using eq. (6.57) of EN 1993-1-1:§6.3.2.3(1) for lateral-
torsional buckling, using A; 1t o = 0,4 and = 1,00 (see equations below).

Y= —————  but { fr =10 (Eq. 7.15)
o @7+ ’d’ir—ziT Xir S 1/A%T o
@ =0,5[1+ ayr (A — 04) + A7) (Eq. 7.16)

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

= 5 > Mgg _ 5 2
)\LT < )\LT,O (where ALT,O = 0,4) or M_cr < )\LT,O

Table 7.1: Determination of the Cy-factor for LTB [7]

General case:

12,5Mmax Mmax = Mm
Cp = <15 L L L
2,5M 0 + 3M, + 4Mg + 3M, | 7 L 4 | 7 |
I~ I~ T 1
s Lo s
For linear moment distribution: I\_/ 4
Ma =Mz Mg= Mg Mc=Mg4
125 . _ _ My
b= T5rew with 1S1/)—M1 <1

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

The lateral torsional buckling resistance is in line with EN 1993-1-1 eq. (6.55) or prEN 1993-1-1, eq.
(8.79). However, like in flexural buckling, the interaction between local and global buckling are
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considered through the relative plate slenderness /Tp and not through the global slenderness A, .
Buckling curve d is recommended by both normative documents while, a is adopted in the thesis as
a result of the validation procedure based on numerical studies (see §7.2.3).

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 the forthcoming one, at least for
doubly symmetric sections.

7.1.3 Resistance to weak axis bending

As already shown, the cross-section resistance of angles subjected to weak axis bending depend on
whether the tip is in tension or in compression, but not on the member length. Therefore, the member
resistance coincides with the cross-section resistance as provided in §5.4.

7.1.4 Buckling resistance to bending and axial compression

Following the procedures of EN 1993-1-1 and prEN 1993-1-1, 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 separately but is included in the local buckling
check.

> strong axis check

¢
( NEa + kyy, Mu,Ed) +k My,gq <1 (Eq. 7.17)

uv
Npu,Rrd My Ra My Ra

> weak axis check

£
( ALL I ZZZ) + ke 2224 < 1 (Eq. 7.18)

Npy,Rd v,Rd

where k;; are the interaction factors provided in Table 7.2;

Table 7.2: Determination of kj; factors

kij factors
kuu 1— Ngd kuv = Cv
Neru
ki, =Cy keyy = 1 — Nea
Nerp
Cu: 0,6+0,4\Vu CV: 0,6+0>4‘I/v
_MZu _MZV
'1 S\Vu Mluil '1 S\Vv M1v§1

The &-factor that depends on the cross-section class, is expressing a plastic, intermediate or elastic
design and may be determined accordingly as follows:
c/t < 16e: E=2 (Eq. 7.19)

l6e<clt<263s  E=|1+ <ZZ:%> ‘@2- 1)] (Eq. 7.20)
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c/t > 26,3¢: E=1 (Eq. 7.21)

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

The procedure exhibits similarities, but also differences with EN 1993-1-1,6.3.3 (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 axis, the 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.

In contrast, in the proposed check, the factor £ is introduced that makes the interaction between the
three terms non-linear (as in Eurocode 3, despite they appear as linear). The quadratic term with =2
tries to cover the cross-section resistance check of class-2 cross-sections as derived in Vayas et al. in
[8]. Furthermore, simpler expressions for the terms C; and &;;, straightforwardly derived from the
stability theory, are proposed.

7.1.5 General method for angles

The general method proposed in EN 1993-1-1 and prEN 1993-1-1 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 cross-sections, built-up or not, uniform or not, with
complex support conditions or not, which are subjected to compression and/or uni-axial bending in
the plane, but which do not contain rotated plastic hinges.

The general method can be interpreted as follows, for members with equal leg angles. The out-of-
plane buckling resistance of the member is checked if the following equation satisfied:

Xop 2k > 1,0 (Eq. 7.22)

YMm1

where,

Xop is the reduction factor corresponding to the non-dimensional slenderness E and aimed at
accounting for weak axis buckling only, as it is the predominant failure mode for angles. The
selection of the buckling curve is based on prEN 1993-1-1.

Ayiex 1S the minimum load factor to be applied to the design loads to reach the characteristic
resistance of the most critical cross-section of the structural component considering its in
plane behaviour without accounting for lateral or lateral torsional buckling, 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:

1 Omax oN Teq OMy IMy
_ Omax _ On | Oeo | OMy | Ouy Eq.7.23
Auitk fy fy 5 fy fy (Fa )

in which:
» the first term relates to the stress under pure compression;
» the second, to the second order maximum stress resulting from the amplification of

the first order moment Nga-eoecs (enrcs is the in-plane equivalent imperfection as
defined in prEN 1993-1-1), i.e. the moment Nzs-eorc3/1/(1-Nea/Nerw)];
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» the third one relates to the second order maximum stress resulting from the
amplification of the first order moment Ngqe, (e, is the in-plane load eccentricity),
which can be estimated as Neqa-e,[1/(1-Nga/Ner,i)];

» the fourth term relates to the first order bending moment Ngg-e, (e, is the out-of-plane
load eccentricity).

The global relative slenderness E for the structural component should be determined from the
equation below, in which the term a ;. o, 1s the minimum load factor for the design loads to reach

the elastic critical load of the structural component associated to weak axis buckling (&¢r op = Acr,y)-

— [am
Aop = /a—’“; (Eq. 7.24)

In case that the angle is connected by the leg, the "in-plane" instability effects may be considered as
negligible, 2™ order effects may be disregarded (1/(1-Nga/Ner) = 1) and ey may be taken equal to
zero (in recognition of the rather limited impact of this parameter in regard to the load eccentricity).

The cross-section resistance in bending may be evaluated by using eq. (7.8). Conservatively, the
elastic cross-section resistance (W.;) may be also used.

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

The difference with 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 a; oy, 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 simulations conduced
considering a wide range of parameters. The profile sizes, the member lengths and the steel grades
have been selected in order to obtain a large number of samples with properties that are commonly
used in steel towers (see Table 7.3). It has to be mentioned that the classification system used
hereafter follows the proposals of chapter 4.

Table 7.3: Cross-sections commonly used in steel lattice towers

Chords Braces
Cro-ss- Use Length  Steel Cro.ss- Use Length Steel grade
section [m] grade section [m]
Smallest cross-
. S355 For low S355
L70x70xt section for 1,0-2,0 S460 L80x80xt levels 1,0-2,0 S460
upper levels
Standard cross- S355 For S355
L150x150xt section 2,0-3,0 460 L70x70xt middle 1,0-2,0 $460
levels
For high pylons S355 For upper S355
L250x250xt at low levels 2,0-3,0 460 L45x45xt levels 1,0-2,0 $460

7.2.1 Description of the numerical models

The numerical models have also been performed with the finite element software ABAQUS. The
angle members were considered as pin-ended 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 extremities. In all the numerical simulations, all the applied loads increasing
simultaneously up to failure (or at least until reaching a maximum-ultimate load). In the cases where
second order effects are significantly affecting the response, the ultimate load is defined as in §3.6.
The model is similar to the one used in the numerical studies for classification, presented in §4.1.

The finite element analyses were performed considering:

e An initial bow imperfection of magnitude approximately equal to L/mm]/1000 with a
deformation shape similar to the first member instability mode.
This value combines (i) the recommendation from the European norm EN 1090-2 [35],
which prescribes that the deviation from straightness should be 4 < L/mm]/750, with (ii) the
provisions of prEN 1993-1-14 [29], which states that 80% of the geometric fabrication
tolerances given in Ref. [35] should be applied.

e Residual stresses resulting from the hot-rolling procedure as shown in Figure 6.18 .

Due to some technical difficulties to introduce residual stresses in the ABAQUS model, it has been
decided to use an equivalent imperfection ey that will represent the effect of the combined action of
both residual stresses and initial imperfections. To calibrate the value of the equivalent imperfection
e, some analyses have been performed with FINELG finite element software, using beam elements.
The angle members were considered as pin-ended with fictitious end plates at the extremities. The
selection of the FINELG software has been done due to its easy and automatic way of introducing
accurately residual stresses in the model. The profiles and the material and geometrical properties of
the studied samples are shown in Table 7.3.

Table 7.4: Details and results concerning the analyses to determine the equivalent imperfection eg

No  Cross.Section ~ length  Steel fr"o[;l“:;] =L/700 N Nuer  Nu/Nues
L [mm] grade (1.25) [mml] [kN] [-]

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 355 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 355 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  LI150x150x13 2000  S460 2,73 2,86 125942 1267,67 0,99
9 L250x250x20 2000  S355 2,87 2,86 31566 323649 0,98
10 L250x250x20 2000  S460 2,67 2,86 400527  3939,71 1,02

First, a full-non-linear 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 in Figure 6.18) for each of the 10 different samples provided in Table 7.3.
Through these analyses, the ultimate resistance N, has been predicted. By introducing this value
(Nur) in equation (7.25), a rough estimation of the equivalent imperfection ey to be introduced in
ABAQUS can be found; a value of ep = L/700 is fixed.

Ny Nyite
Omax = 3+ [ty = By (Eq. 7.25)
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Then, a second full-non-linear analysis has been performed using again FINELG software,
considering this time the equivalent imperfection (L/700) and an elastic perfectly plastic material law
for each of the 10 samples; the ultimate resistance Ny+ has been recorded and reported in Table 7.4.
The mean value of the ratio N,;/N.+ 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 full-non-linear analysis, considering the equivalent imperfection (L/700), has been
performed with ABAQUS using solid elements. The mean value of the ratio N abagus/Nui 18 equal to
0,96 with a COV of 3,3%, which can be acceptable considering the different types of finite elements
used in the two models (beam elements in FINELG vs. solid element in ABAQUS). Therefore, the
equivalent imperfection ep = L/mm]/700 accounting for both geometric imperfections and residual
stresses is finally used in the analyses performed with ABAQUS to validate the member resistance
formulae.

7.2.2 Members in axial compression

The profiles, lengths and steel grades have been selected from Table 7.3, but the thicknesses have
been chosen so as to have samples of different classes (class 1 and 4) but also different elastic
buckling modes as flexural or flexural-torsional. The details are summarized in Table 7.5, including
also the ratio between the elastic critical load for flexural-torsional buckling and the minimum one
obtained for flexural buckling.

Table 7.5: Details of the samples subjected to a uniform compression load

No Cross-Section L [mm] N /gmz] Class deg)irg;?(li“s)g:pe Ner,rr/minNerr [-]
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
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

L150x150x13 3000 460 1 Flexural 2,25
L150x150x14 2000 355 1 Flexural 1,46
L150x150x14 2000 460 1 Flexural 1,46
L150x150x14 3000 355 1 Flexural 2,44
L150x150x14 3000 460 1 Flexural 2,44
L150x150x15 2000 355 1 Flexural 1,63
L150x150x15 2000 460 1 Flexural 1,63
L150x150x15 3000 355 1 Flexural 2,61
L150x150x15 3000 460 1 Flexural 2,61
L150x150x18 2000 355 1 Flexural 2,11
L150x150x18 2000 460 1 Flexural 2,11
L150x150x18 3000 355 1 Flexural 2,98
L150x150x18 3000 460 1 Flexural 2,98
L250x250x17 2000 355 4 Flexural-torsional 0,32
L250x250x17 2000 460 4 Flexural-torsional 0,32
L250x250x17 3000 355 4 Flexural-torsional 0,69
L250x250x17 3000 460 4 Flexural-torsional 0,69
L250x250x20 2000 355 1 Flexural-torsional 0,45
L250x250x20 2000 460 4 Flexural-torsional 0,45
L250x250x20 3000 355 1 Flexural-torsional 0,99
L250x250x20 3000 460 4 Flexural-torsional 0,99
L250x250x22 2000 355 1 Flexural-torsional 0,54
L250x250x22 2000 460 1 Flexural-torsional 0,54
L250x250x22 3000 355 1 Flexural 1,11
L250x250x22 3000 460 1 Flexural 1,11
L250x250x26 2000 355 1 Flexural-torsional 0,75
L250x250x26 2000 460 1 Flexural-torsional 0,75
L250x250x26 3000 355 1 Flexural 1,48
L250x250x26 3000 460 1 Flexural 1,48

The samples have been modelled as explained in §7.2.1. However, for those where the first elastic

eigenmode is a flexural-torsional one, three cases were considered in terms of initial imperfections:

a.

equivalent imperfection ey rr = L/700 with a deformation shape similar to the first member
instability mode, i.e. the flexural-torsional one (which correspond to Nuiw);

equivalent imperfection egr = L/700 with a deformation shape similar to the first flexural
instability mode (which correspond to Nuim));

equivalent imperfection ey = egrr + egr (Which correspond to Nuiw): eorr = L/700 with a
deformation shape similar to the first member instability mode (flexural-torsional) and ey r
= L/700 with a deformation shape similar to the first flexural instability to counterbalance
the fact that, in most of these cases, the torsional component predominates in the flexural-
torsional mode. The combination of both modes is done automatically through the software.
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Even though, in case c, there is (i) a twist of the cross-section and (ii) an initial flexural deflection a
bit higher than in case b, the difference between the values Nuus and Ny is negligible (less than
0,5%).

Figure 7.1 illustrates the numerical results compared with the reference buckling curves a and b as
reported in prEN 1993-1-1. The buckling reduction factor yu.» of the numerically tested samples has
been evaluated as y,um = Nu: /Ny and the slenderness using eq. (7.6) For the samples with a flexural-
torsional eigenmode, two cases are distinguished in Figure 7.1: the numerical results reported with
blue/orange points have been evaluated using Nu = min{Nuyw, Nuuw), Nune}, while the results
presented with green points using N = Nuw).
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Figure 7.1: Comparison of numerical results with buckling curves of prEN 1993-1-1

According to prEN 1993-1-1, the obtained numerical results for the S355 steel grade should be
compared with curve b while with curve a for S460. It can be easily observed that all the results
referred to curve b are above the curve, while the results 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 on the 1% eigenmode (i.e. the flexural-torsional
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 as reported in §7.1.1.

7.2.3 Members in strong axis bending

For this load case, the profiles, lengths and steel grades have been again selected from Table 7.3,
while the thicknesses have been chosen to have samples of different classes (1 and 3). The details
are summarized in Table 7.6. As there are no hot-rolled angle profiles with S355 or S460 steel grades
that are categorized as class 4, a few analyses have been additionally considered (marked with * in
the mentioned table) with higher steel grades and member lengths so as to study some more slender
members. For each non-linear analysis, an initial imperfection of magnitude L/700 has been applied
with a deformation shape proportional to the first member instability mode to introduce a twist
imperfection at the middle cross-section (see Figure 7.2). It should also be noted that the application
of eq. (7.14) was checked numerically with satisfactory results. Indeed, the mean value of the ratio
My mum /My, anar 1s equal to 0,989 with a COV of 4%.

Figure 7.3 illustrates the numerical results compared with the buckling curves a and a, for LTB as
they are defined in §7.1.2, eq. (7.15) and eq. (7.16). The reduction factor for lateral torsional buckling
¥LT.num Of the numerical samples has been evaluated by the equation yrrmm = Mur. /W.f, and the
slenderness using eq. (7.13).
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Table 7.6: Details for the samples subjected to a major axis bending moment

No Cross-Section [mLm] N /Iflimzl Class No Cross-Section [mLm] N /Igmz] Class
1 L 45x45x3 1000 355 1 29 L 250x250x17 2000 355 1
2 L 45x45x3 1000 460 3 30  L250x250x17 2000 460 3
3 L 45x45x3 2000 355 1 31 L 250x250x17 3000 355 1
4 L 45x45x3 2000 460 3 32 L250x250x17 3000 460 3
5 L70x70x5 1000 355 1 33 L250x250x20 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 L250x250x20 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  L250x250x22 3000 460 1
13 L 80x80x5 2000 355 1 41  L250x250x22" 4000 355 1
14 L 80x80x5 2000 460 3 42 L250x250x22° 4000 460 1
15 L 80x80x5 3000 355 1 43 L250x250x22" 5000 355 1
16 L 80x80x5 3000 460 3 44 L250x250x22" 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  L250x250x22" 5000 55 1

20  L150x150x13 3000 460 1 48 L 250x250x22" 5000 690 3

21  L150x150x14 2000 355 1 49  L250x250x26 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 L250x250x26 3000 460 1

25  L150x150x15 2000 355 1

26  L150x150x15 2000 460 1

27  L150x150x15 3000 355 1

28  L150x150x15 3000 460 1

Figure 7.2: Typical shape of initial imperfection for a member subjected to strong axis bending

Figure 7.4 shows the ratio between the numerical member resistance (M.,;.) and the analytical
resistance (M, rs), versus the non-dimensional slenderness. The analytical resistance has been
evaluated by using the formulas proposed in §7.1.2 and validated through the numerical results.
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It is seen in Figure 7.3 that all the results are above curve a and below curve ao, and this validates the
proposed in §7.1.2 buckling curve for LTB of angle sections. However, it seems that the resistance
of some class-3 profiles is above curve ao. This could be explained by the fact that these cross-
sections are classified as class 3 but with a c/ef ratio quite close to the class-2 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 characterized by a section resistance close to M, To set this clear, one should have in
mind that a profile with a c¢/et approximately equal to 16, could have a ratio M., /M,; from 0,95 to
1,0 (see Figure 4.5). This justifies the small increased value of the numerical results. It should be also
noticed that for higher c/et ratios, the results conform to curve a.
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Figure 7.3: Comparison of numerical results with buckling curves for LTB of EN 1993-1-1
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Figure 7.4: Comparison between numerical and analytical results for the resistance of members subjected to
strong axis bending, related with the non-dimensional slenderness

7.2.4 Members in weak axis bending

The design resistance of angle cross-sections to weak axis bending My, either with the tip is in tension
or in compression, is independent of the member’s length. Therefore, just a few analyses have been
performed to validate the proposed formulas additionally with the analyses presented in §5.4. Again,
the profiles, lengths and steel grades have been chosen from Table 7.3, and the details are
summarized in Table 7.7.

Figure 7.5 and Figure 7.6 shows the ratio between the numerical results for the member resistance
(M,u:v) and the analytical resistance (M, zs) 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 to the numerical results, by accepting a 2%

deviation.
Table 7.7: Details for the samples subjected to a weak axis bending moment
Tip in compression Tip in tension
. L fy . L fy
No Cross-Section [mm] [N/mm?| Class No Cross-Section [mm] [N/mm?] Class
1 L70x70x5 1000 355 1 1 L45x45x3 1000 355 1
2 L70x70x5 1000 460 3 2 L45x45x%3 1000 460 1
3 L70x70x5 2000 355 1 3 L45x45x3 2000 355 1
4 L70x70x5 2000 460 3 4 L45x45x%3 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 bending - Tip in compression
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Figure 7.5: Comparison between numerical and analytical results for the resistance of members subjected to

weak axis bending with the tip in compression
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Figure 7.6: Comparison between numerical and analytical results for the resistance of members subjected to
weak axis bending with the tip in tension
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7.2.5 Members 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 and bi-axial bending, always in combination with an axial compression
force. The results are presented in the following sub-sections.

7.2.5.1 Axial force and weak axis bending

The numerical investigations have been performed considering a constant weak axis moment along
the member length caused by an eccentric axial force. The eccentricity is in u-u axis (point P; in
Figure 7.7(a)), and ranges between 5 and 35 mm; the value have been chosen randomly for each
sample. The details of the numerical samples are presented in Table 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 SCeI:t)ls(fn [mLm] [N/rfximz] [nt:lrln] No  Cross-Section [mLm] [N/lgmz] [n::n]
I L45x45x3 1000 355 10 17 L150x150x14 2000 355 12
2 L45x45x3 1000 460 10 18 L150x150x14 2000 460 12
3 L45x45x3 2000 355 10 19 LI150x150x14 3000 355 20
4 L45x45x3 2000 460 10 20 LI150x150x14 3000 460 20
5 L70x70x5 1000 355 5 21 LI50xI50xI18 2000 355 10
6  L70x70x5 1000 460 5 22 LI50x150x18 2000 460 10
7 L70x70x5 2000 355 20 23 LI50x150xI18 3000 355 32
8  L70x70x5 2000 460 20 24 LI50x150x18 3000 460 32
9  L70x70x6 1000 355 35 25  L250x250x17 2000 355 8
10 L70x70x6 1000 460 35 26 L250x250x17 2000 460 8
11 L70x70x6 2000 355 35 27 L250x250x17 3000 355 12
12 L70x70x6 2000 460 35 28 L250x250x17 3000 460 12
13 L80x80x5 2000 355 25 29 L250x250x22 2000 355 5
14 L80x80x5 2000 460 25 30 L250x250x22 2000 460 5
15  L80x80x5 3000 355 25 31 L250x250x22 3000 355 5
16 L80x80x5 3000 460 25 32 L250x250x22 3000 460 5

s

(a) (b) (c)

Figure 7.7: Position of the load application point for the samples subjected to N+M, (b) N+M, (c) N+M,+M,

Figure 7.8 presents the ratio between numerical and analytical (§7.1.4) resistance loads according to
the weak axis non-dimensional slenderness A,,. 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 samples, the weak
axis check was the critical one.
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Figure 7.8: Ratio between numerical and analytical loads for N+M,

The mean value (m) of the ratio Nyum /Nanar 1s equal to 1,03 with a standard deviation of 3,18%. The
analytical approach is validated by accepting a 2% deviation from the numerical results.

7.2.5.2 Axial force and strong axis bending

The details (profiles/lengths/steel grades) of the numerical samples that have been used are the same
than those presented in Table 7.8. The axial force is applied at the intersection point of the minor
principal axis v-v with the middle line of the leg thickness (point P, in Figure 7.7(b)) and ranges
between 14,57 and 84,00 mm, depending on the profile geometry.

() (b)

Figure 7.9: Movement of a profile subjected to an axial force and strong axis bending: (a) during initial
loading steps and (b) at the failure load

Figure 7.10 presents the ratio between numerical load resistances and the analytical ones derived
through the current proposal using the weak axis slenderness 1,,. 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 (y.r = ,0) due to one of the four conditions described in §7.1.2, and
therefore the member buckles due to the axial load. Numerically, it can be shown from Figure 7.9
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 of the ratio

70 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

Nyum /Nanar 18 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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Figure 7.10: Ratio between numerical and analytical loads for N+M,

7.2.5.3 Axial force and bi-axial bending

In this case, the axial force is applied at the mid-height of the leg at the middle line of the leg thickness
(point P3 in Figure 7.7(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 previous cases. Figure 7.11 illustrates the ratio between numerical and analytical (§7.1.4)
resistance loads according to the weak axis slenderness A,,. The weak axis check was the critical one
for this loading case too, and the member buckles towards weak axis.
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Figure 7.11: Ratio between numerical and analytical loads for N+M+M,

The mean value of the ratio Nyum /Nana is equal to 1,15 with a standard deviation of 8,77%; these
values are higher than for the previous studied cases, but it can be observed on Figure 7.11 that all
the analytical predictions are on the safe side. Accordingly, the analytical approach for the combined
resistance can be assumed as validated.

7.2.6 General method for angle sections

The validation of the proposed method has been done through comparison with numerical results
obtained using the same analyses than those performed in §7.2.5.3. Therefore, the axial force is
applied at the mid-height of the leg at the middle line of the leg thickness.
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Three cases were considered for the validation:

A. Case l:

- "In-plane" 2" order effects and bow imperfections are accounted for, in o

- eo is taken from prEN 1993-1-1:2019-§7.3.3.1 for relevant buckling curve (elastic
verification);

- elastic cross-section resistance is used (We)).

B. Case2:
"In-plane" instability effects are considered as negligible;

- 2" order effects are disregarded (k,=1/(1-Nes/N..)=1) and ey is taken equal to zero (in
recognition of the rather limited impact of this parameter) - such an assumption should be
limited to angles connected by one leg as, in this case, the strong axis moment and its
influence remains limited;

- elastic cross-section resistance is used (We.)).

C. Case3:

- Same assumptions as in Case 2, but taking into account the actual cross-section resistance

using W,=aW,,., as defined in §7.1.2.

Figure 7.12 presents the ratio between numerical and analytical resistances obtained for the three
different cases as a function of the weak axis slenderness 4,,. The analytical resistance corresponds
to the maximum load that satisfies eq. (7.22). 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 be seen that the analytical approach for all the three cases is on the safe side, with Case 1 to
be the safest. Therefore, each one may be used but the 3™ is closer to the numerically determined

actual behaviour.
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Figure 7.12: Ratio between numerical loads and the analytical ones, obtained through the general method, for
N+Mu+Mv

7.3 Experimental validation

In the following, the design formulas given in §7.1 are checked against tests that have been performed
by various universities and are available in the literature, as well as with the tests performed in the
framework of the present thesis. For all the tests, the analytical load was determined using the actual
geometrical and material properties without safety factors. A comparison with Eurocode 3 provisions
is also reported.
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7.3.1 Centric compression tests at Tsinghua University

At Tsinghua University, 66 tests were carried out on axially loaded pin-ended columns from equal
angle sections and reported in Ref. [13]. The cross-sections ranged from L125x125x8 to
L200x200x 14 and the material was high strength steel (HSS) S420. All the profiles were categorized
as class 4. For each section, the nominal slenderness of the angle columns, defined as the ratio of the
column length to the gyration radius of cross-section around the principal minor axis, were selected
as approximately 30, 40, 50, 60 and 80.
170 Tests Tsinghua University
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1,50
I‘z 1,40

o
£1,30

2
21,20
Z 1,10
1,00
0,90

20 30 40 50 60 70 80 90
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Figure 7.13: Ratio between experimental and analytical load for the Tsinghua University tests

Figure 7.13 presents the ratio between the experimental resistances and the analytical ones obtained
using current proposal (see §7.1.1) according to the weak axis nominal slenderness A,. Figure 7.14
presents the mean value of the ratio between the experimental load resistances and the ones predicted
by prEN 1993-1-1 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
except for one group of samples (L160x160x10) that exhibited a yield strength of 460,7 MPa; so
curve a has been selected for the latter. It may be seen that the current proposal gives a better
prediction of the resistance compared to the Eurocode 3. The conservative character of prEN 1993-
1-1 may be explained by the fact that, in this case, the non-dimensional slenderness is determined
from the weakest buckling mode (which is a flexural-torsional one in most of the cases according to
the experimental tests), while, in the proposed model, the non-dimensional slenderness is always
determined from the flexural mode.

Tests Tsinghua University

0,80 —— meankEC3 mprop
(m-s)EC3 (m-s)prop

30,00 40,00 50,00 60,00 70,00 80,00
Nominal slederness A, [-]

Figure 7.14: Ratio between experimental and analytical loads for the Tsinghua University tests, mean values
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7.3.2 Centric and eccentric compression tests at ULiége

At the University of Liege, 12 tests were carried out on axially loaded pin-ended columns with or
without eccentricity in the framework of the present thesis; they are reported in detail in chapter 7.
The cross-sections were L150x150x18 and L200x200x16 with three different 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 rotation in- and out-of-plane.

The ratio between the experimental load and the buckling resistance from prEN 1993-1-1 (noted as
EC3 in the graph) as well as the resistance of the current proposal (see §7.1.1) for the tests without
eccentricity are reported in Figure 7.15. As for all centrally loaded specimens, the first instability
mode was a flexural one, the value for the computed non-dimensional slenderness is the same for
both procedures. Therefore, the difference of the ratios reported in Figure 7.15 which are only
observed for class 4 cross-sections are due to the evaluation of the plate slenderness for class 4
profiles, which differs in both procedures.
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Figure 7.15: Ratio between experimental and analytical loads for the Liege University tests
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Figure 7.16: Ratio between numerical loads and the analytical ones, obtained through the general method, for
Liege University tests

In the following, the general method, adapted for angles (see §7.1.5), is applied for the eccentrically
loaded specimens and compared with the provisions of prEN 1993-1-1. The results are illustrated in
Figure 7.16; two cases (Case 1 and Case 3 as defined in §7.2.6) were considered for the determination
of the analytical load, based on the current proposal. It may be seen that the analytical method
provides less conservative and safe side predictions for all test subjected to compression and bending.
It should be noted that the specimens Sp22, Sp24 and Sp26 are categorized in class 4 according to
prEN 1993-1-1 and therefore the W,y value is used for the determination of the maximum stress. In
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contrast, according to the current proposal, all the profiles reach their elastic resistance in bending
and so the W, value is used.

7.3.3 Eccentric compression tests at NTUA

At the National Technical University of Athens, 33 tests were carried out on axially loaded pin-ended
columns with or without eccentricity and reported in Ref. [14]. The cross-sections were equal angle
profiles L70x70x7 in S275 steel. The profile was categorized in class 1. The load was introduced
through supports that correspond to fully hinged boundary conditions, allowing free rotation in- and
out-of-plane. The experimental results are compared with the resistance formulae of the current
proposal as outlined in section 7.1.4, as well as with the resistance formulae for members as described
in prEN 1993-1-1, eq. (8.88)-(8.89), in combinations with Annex C where interaction factors for
mono-symmetric sections are given.
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Figure 7.17: Ratio between experimental and analytical loads for the NTUA tests

Figure 7.17 presents, for all tests (except one for which the achieved experimental load was higher
than its critical load) the ratio between the experimental resistances and the analytical ones obtained
using current proposal (see §7.1.4) according to the weak axis non-dimensional slenderness.
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Figure 7.18: Ratio between experimental and analytical loads for the NTUA tests, mean values

Figure 7.18 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 seen that the current proposal gives a better prediction for the column capacity compared to the
existing version of prEN 1993-1-1 and is always on the safe side.
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7.3.4 Eccentric compression tests at TU Graz

At the Technical University of Graz, 27 compression tests were carried out and reported in Ref. [11]
on equal angle sections: 24 on L80x80x8 and 3 on L120x120x12 profiles. The 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 rotation in- and out-
of-plane (series BC3). The load was introduced to the profile through one leg by a bolted connection;
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, the member 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 length L., for all cases except for
support conditions BC1 with connection by two bolts, where the buckling length was set equal to
Lyys/2.

The results of the current proposal are compared with the provisions of EN 1993-3-1 and not the
ones of prEN 1993-1-1 as before, so as to account for the effect of the bolted connection. In 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 connection. Buckling is checked in
respect to the weak (v) and geometric (y) axes. The relevant effective slenderness is determined from
the following equations:

Aefrp=1035+07"1, (Eq. 7.26)

_ 0,404+ 0,7+ 4, for connection with 2 bolts
effy = (Eq.7.27)

0,58+ 0,7 - /Ty for connection with 1 bolt

The design resistance, where y = min{x., x,}, may be obtained as follows:

x4ly for connection with 2 bolts
Npga =1 ™, (Eq. 7.28)
0,8- y—y for connection with 1 bolt
M1

The member resistance is the lowest between the resistances according to the v- and y-axes.
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Figure 7.19: Ratio between experimental and analytical loads for the TU Graz tests with two bolts
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Figure 7.20: Ratio between experimental and analytical loads for the TU Graz tests with one bolt

Figure 7.19 and Figure 7.20 illustrate the ratio between the experimental and the analytical loads for
connection with two bolts and one bolt respectively and provide the mean minus one standard
deviation value for all tests. It may be seen that the EN 1993-3-1 method largely overestimates the
angle capacities and is on the unsafe side. The conclusion of the authors in Ref. [11] is therefore
confirmed who recommends, in absence of appropriate design formulae, to design through a 2™ order
system analysis accounting for member imperfections. In contrast, the proposed method provides
safe predictions for all tests with two bolts, and all 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.

7.3.5 Eccentric compression tests at TUBraunschweig

At the Technical University of Braunschweig, 40 compression tests were carried out and reported in
Ref. [15] on equal leg angle L.50x50x5 profiles. The specimen 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.

Figure 7.21 presents, for all tests, the ratio between the experimental resistances and the analytical
ones obtained using current proposal (see §7.1.4) according to the weak axis non-dimensional

slenderness 4,,.
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Figure 7.21: Ratio between experimental and analytical loads for the TU Braunschweig tests
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Figure 7.22: Ratio of experimental to analytical loads as determined by the proposed method and the
provisions of EN 1993-3-1, mean minus one standard deviation values

Figure 7.22 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 section, the
analytical load was determined by the proposed method, under consideration of the moments that
result from the loading eccentricity, and by the provisions of EN 1993-3-1. The buckling length was
set in all cases equal to the system length as for the TU Graz tests, since all the specimens are
connected through one bolt at their extremities. It may be seen that the proposed method gives best
results for the hinged support conditions while, for the clamped support, the buckling capacity at
larger slenderness is underestimated. In contrast, the provisions of EN 1993-3-1 appear to
overestimate the capacity, especially for hinged support conditions. The conclusion of the authors in
Ref. [15] is therefore confirmed that: “....the simplified method of EN 1993-3-1 for the one screw
joint in the existing form is not wise to be used in practice”.

7.4 Conclusions

This chapter presents design rules to predict the stability and resistance of members made of rolled
equal leg angle profiles subjected to combined forces and moments. The main features of the
proposed design rules are as follows:

e Existing Eurocode provisions are adapted for angle profiles.

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

e The proposed rules account directly for the presence of applied moments resulting from the
connection eccentricities.

e The rules are generic for the referred profiles and do not apply only for lattice towers.

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

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

e The proposed design rules 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 capacity 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.
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8. STRUCTURAL TYPOLOGIES OF TRANSMISSION TOWERS

Transmission towers have been being built since the very beginning of the 20" century with the
upcoming need to transport electrical energy from the production location to the consumers. The first
regular transmission tower in Europe was erected in 1905 between Moosburg and Munich in
Germany. A transmission tower consists in a tall self-supporting structure, which carries electrical
overhead lines. These lines are part of high-voltage CD or AC systems. The function of the
supporting structures consists on one hand in the safe transfer 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
lines and generally varies in a range between 15 m for low voltage (< 1 kV) and 70 m for extra-high
voltage lines (> 110 kV). However, for special purposes as to span obstacles in the axis of the power
line such as forests or rivers, supporting structures exceeding a height of 100 m are realized. The
tallest transmission towers in Europe, with a height of 227 m, are a group of four lattice transmission
towers in Schleswig-Holstein (Germany), known as the Elbe Crossing 2.

The typologies and the functions of transmission towers, 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 different materials, and they can have
several typologies: tubular steel towers, lattice steel towers, wooden and concrete pylons (Figure
8.1). The selection of the type of the transmission tower is mainly based on the voltage circuit (low,
medium, high or extra-high voltage) that it should support. Lattice towers are used for all ranges of
voltages and therefore they are the most common types of towers for high-voltage transmission lines.
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Figure 8.1: Typical structure for a (a) wooden pylon, (b) concrete pylon, (c) tubular steel pylon and (d)
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 dead-end 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 conductors (Figure 8.2 left). The
tower is subjected to gravity loads coming from the conductors and the tower itself as 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 for dead-end towers.

Figure 8.2: Suspension tower (left) and dead-end tower (right)

Dead-end towers are located at the extremities of the power line, for long spans, at the places where
the line changes its direction and in regular distance of a straight line to reduce the cascading tower
failures after an unexpected conductor failure. A dead-end tower uses horizontal strain insulators at
the end of the conductors (Figure 8.2 right). As dead-end towers are subjected to tension loads
obtained from the conductors additionally to the self-weight and wind loads, their structures are
heavier and more expensive than those required for suspension towers.

8.3 Steel lattice towers

8.3.1 The tower’s structure

Steel lattice towers for transmission lines are mainly made of hot-dip galvanized steel angle profiles
that are used as single members and/or as parts of built-up members. The galvanization of the angle
profiles ensures a corrosion protection over the whole lifetime of the tower, generally from 80 to 100
years.

) e
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b

Figure 8.3: Modular construction with bolted connections.

The bolted connections and gusset plates allow a modular construction (Figure 8.3) 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 operators. Alternatively, the whole
tower can be mounted in lying position and then be raised by cable pull. This operation requires a
big assembling area, and it is therefore only rarely applied. In mountains area, the different modules
are often placed by helicopter since the mounting area is too confined for cranes. Welded connections
are not used in lattice towers, as they would complicate its erection.

In general, the tower structure can be subdivided into four main parts which are described in detail
below.

(o) The tower body

The body is the main structure of the tower. It is consisted, in general, of 4 leg members connected
together through a primary and a secondary bracing system in the vertical and horizontal plane
(Figure 8.4).

Insulators

Horizontal bracing

Staggered primary
bracing

[ ]
Crossing diagonals

Leg connection
Bolted spice

Figure 8.4: Tower body with description of the different elements

The legs, made of single equal leg angle profiles or built-up ones in star-battened configuration, run
from the foundations to the top of the tower. They mainly transfer the self-weight of the structure
and therefore the profile size continuously decreases from the lower to the upper modules. 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 the tower.

The primary bracing system is constituted of diagonals often made of single equal or unequal angle
profiles and built-up angle profiles in a back-to-back configuration. It reduces the buckling length of
the legs and helps stabilizing the framework structure (e.g. triangulation) of the tower. It also transfers
the horizontal forces coming from the wind forces acting on the tower body. The secondary bracing
members are also redundant members; they are used to reduce the unsupported length of the main
legs and of primary bracing members, so increasing their buckling 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 on
the tower’s height, and commonly varies over the height of the tower. Different layouts are given in
Figure 8.5. For standard tower geometries as used in Europe, the K-bracing and X-bracing are usually
applied for the bottom and the second section of the tower respectively. The upper modules are often
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braced by a crossing diagonal system. The advantage of the crossing diagonal system is that the
compression diagonal is stabilized by the tension one, as the lateral displacement of the latter is

P4 N

avoided.
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Figure 8.5: Different primary and secondary vertical bracing systems as illustrated in EN 1993-3-1

Between two modules the tower is usually stiffened by a horizontal bracing system (Figure 8.6), also
called diaphragm bracing. This system takes the horizontal forces from wind loading on the tower
and transfers it to the legs. In addition, the horizontal bracing system absorbs the torsional moments
generated by an accidental unbalanced loading on the structure (e.g. rupture of one conductor).

A £ Aiﬁx’ \

Figure 8.6: Common horizontal bracing systems as illustrated in EN 1993-3-1

Figure 8.7: Cross arms of a lattice tower

(B) The cross arms

The cross arms (Figure 8.7) support the insulators and the conductors of 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 arms depends on
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the type of tower and 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 380-kV circuit are installed on one single cross arm, the length of the cross arm is 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 and horizontal system of angle profiles. The size
of the angle profiles strongly depends on the tower type and the conductor loads.

(y) 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 transmitter.

The usual heights of the support, where the legs taper, vary between 5,0 m and 8,0 m in function of
the tower height and operating voltage of the line. The legs are commonly braced by a single lattice
staggered systems of small single angle profiles.

(0) The foundations

The foundation of the tower depends on the form of the tower, the loading, the type of the soil and
the available space. The types which are mainly used in practice are strip or step foundations, pile or
driven pipe pile foundations (Figure 8.8). The legs are anchored by friction or by separate elements
into the concrete. The elements are usually sticking angles made of common angle profiles.

Figure 8.8: Step foundation of a lattice tower

8.3.2 Typologies of lattice towers

Depending on the terrain typology, different lattice tower structures are used to overcome the several
obstacles (e.g. forests, rivers, railways, etc) encountered along the grid. Different typologies of lattice
towers are currently used all over the world. The typology differs between the continents and the
corresponding operating voltage of the power lines. In this section, on overview of the different types
of lattice towers used on the European market is given. The different configurations are illustrated in
Figure 8.9 and described below:

(a) Anchor portal tower

Anchor portal towers are gantry structures supporting the conductor in a switchyard. The internal
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 used to span 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 by a V-shaped fork, which offers space for a conductor
in the centre line of the tower. They are commonly used to support one single circuit (i.e. 3 phases).
The delta tower is widely spread in the US, Canada, France, Spain and Italy. The name originates
from the fact that 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 one in the middle,
which is again longer than the upper cross arm. This form 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. For a 380-kV circuit
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 strip (i.e. the strip of land set aside for a safety corridor distance
between the power line and nearby structures and vegetation and which is used to construct, maintain
or repair the power line) is 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 small (e.g. forests).

(d) Single plane tower

Single plane towers only have one single cross arm and carry one or two circuits. The phases are
supported by the cross arm on the two sides of the tower body. The Single Plane tower is used in
areas with reduced height prescription like airports. The disadvantage of the tower typology is the
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 for 220-kV and 380-kV
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 phases are ordered in a triangular
shape. The upper cross arm carries one phase while the lower one carries two phases.

(f) Barrel tower

Barrel towers have a similar typology than Fir Tree towers. They have three cross arms in three
planes and they commonly carry two circuits. The median cross arm is longer than the lower and
upper cross arms and each cross arm supports 2 phases on each side of the tower body. As for Fir
Tree towers, Barrel towers are tall with a reduced span of the cross arms, and they are applied in
areas where big heights and reduced protection strips widths are required (e.g. forests). It is the
standard tower typology in the UK National Grid.
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(a) Anchor portal tower

(c) Fir tree tower (d) Single plane towers at the airport of Karlsruhe,
Germany

(e) Danube tower (f) Barrel tower

Figure 8.9: Different typologies of transmission towers
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9. ASSESSMENT OF THE DESIGN OF A TRANSMISSION TOWER

In Europe, the design of transmission towers for overhead electrical lines is carried out according to
EN 1993-3-1, in combination with EN 1993-1-1 which providing general rules, and for electrical
lines exceeding 1 kV, according to the CENELEC standard EN 50341. Based on these normative
documents, the tower is modelled as a simple truss structure where all the steel element connections
are considered as hinged and the forces are only applied to the truss nodes. Such models do not
adequately reflect the actual tower behaviour of the structure, as loads and especially wind ones are
directly imposed on the entire member length and introduce bending moments in members.
Furthermore, the design of lattice towers is classically carried out through a first order linear elastic
analysis, neglecting the significant second order effects developing in these structures.

In this chapter, a typical electric transmission steel lattice tower made of angle section members has
been selected. The tower has been initially designed by means of the commercial software TOWER
[41], in accordance with the current normative requirements, based on a first-order linear elastic
structural analysis of a truss structure. For the assessment of the design, the tower is then simulated
with FINELG non-linear finite element software using beam elements, considering relevant
imperfections as well as geometrical and material non-linearities. In this model, every single member
has been properly simulated, in terms of orientation and eccentricities at its extremities.

Both software were firstly compared by the results of the frame analysis in the elastic range. Then,
and to have a global overview of the actual tower’s response, an elastic instability analysis has been
performed and was complemented-validated by a second order linear elastic one. The importance of
considering second order effects in the analysis is underlined. However, as material and geometrical
non-linearities combined with imperfections (member out-of-straightness and structural out-of-
plane) are affecting the response of the tower, a full non-linear analysis has been performed to check
the validity, in terms of resistance and stability, of the initial design made with the TOWER software.
The results of all the analyses are presented and discussed in the following.

9.1 Details of the studied tower

The Danube tower is the most spread tower typology for transmission lines in Europe. Moreover,
many transmission lines are currently in planning throughout Europe, in the framework of the
conversion from 220 kV to 380 kV lines, where this typology of tower is the preferable one of both
designers and owners. As a result, the Danube tower (Figure 9.1) is the typical typology for current
and future transmission lines and is therefore selected for the case study presented in this chapter.

Figure 9.1: Danube tower for a transmission line of 380 kV
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9.1.1 Geometry of the tower and the line

The considered tower is a suspension one (i.e. hanging insulators), with a height of 50 m, made of
steel equal-leg angle profiles; its geometry is shown in Figure 9.2. The structure is supposed to be
erected in Erzgebirge in Saxony (Germany) and is part of a straight transmission line.
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Figure 9.2: Geometry and annotation of the different segments of the studied Danube tower
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Figure 9.3: Definition of wind span and weight span

Even if only one lattice tower is considered, the design requires some basic information of the line,
in order to quantify the conductor loads acting on the pylon. Thus, the studied tower is part of a 380-
kV straight transmission line with a distance between the towers of 350 m. The segment of the line
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is in a mountain area with significant height differences, what leads to the following line spans
(Figure 9.3):

e Wind span: Ly=350m
e  Weight span: L, =1,5350 m = 525 m (according to [42])

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

spans of the tower.

9.1.2 Conductors and insulators

The tower carries two 380 kV circuits, each one consisting 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 the earth wire are made of steel
fibres enveloped by several fibres of aluminium (Figure 9.4-a). The steel fibres reinforce the
conductors and allow a safe transfer of the conductor loads while the aluminium fibres increase the
conductivity of the conductor. Based on EN 50182 [43], the following conductors have been selected:

o 4%264-A1L1/34-ST1A for the conductors;
e 1*94-AL1/15-ST1A for the earth wire.

Important mechanical data of the conductors and the earth wire can be found in Table 9.1.

I PR P EODRE R OB D b ab b a1

(b)

Figure 9.4: (a) Aluminium-steel conductor, (b) Quadri*Sil insulator

Table 9.1: Mechanical data for the conductors

Areas N(.)' of 'ere Mass per  Final  Coefficient
Code wires diameter unit modulus of linear
Al Total Al  Steel Al Steel [kg/gm] [N/mm?] 1/K
[mm* [mm? [-] [[] [mm] [mm]
94'%1“111415' 94.4 109,7 26 7 2,15 1,67 380,6 77000 1,89E-05
264;};14,1%/34_ 263,7 297,7 24 7 3,74 2,49 994,4 74000 1,96E-05

Each conductor is connected to a suspension insulator, which transfers the conductor loads to the
cross arms of the lattice tower. The insulators (Figure 9.4-b) are made of silicone rubber (Quadri*Sil
Insulator from the company Hubbell); their length is about 5 m to ensure a safe distance between the
conductors and the tower structure.

88 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

9.1.3 Initial design of the studied tower

The initial design of the tower has been done by TOWER finite element software, which is dedicated
to the design of transmission and telecommunication steel lattice towers, according to different
international standards. The tower has been designed under gravity and wind loads following mainly
the recommendations and requirements of EN 50341-1 and EN 50341-2-4 [44]. The design is carried
out through a first order linear elastic analysis of a truss structure.

The angle profiles are made of steel grade S355J2; the steel material law is linear elastic without any
plastic yield plateau (nominal values). The eccentricities of the connections are not modelled, but
their influence is considered via an effective non-dimensional slenderness At in the member
buckling checks. More details about the design of the tower can be found in [45] and [46].

The cross-sections resulting from the design checks based on a linear elastic global analysis
performed by TOWER are presented in Table 9.2. For the annotations of the different segments of
the tower, see Figure 9.5. The total weight of the structure is 166,73 kN.

Table 9.2: Angle profiles for the different sections of the tower

Group name Cross-Section Steel grade
Bottom-legs L 150x150x13 S355)2
Segment 2 L 140x140x15 S355)2
Segment 3 L 120x120x16 S355)2
Segment 4 L 80x80x10 S355)2
Segment 5 L 80x80x6 S355J2
Segment 6 L 75x75x4 S355J2
Segment 7 L 45x45x3 S355J2
Diagonal 1 L 75x75x4 S35512
Diagonal 2 L 75x75x4 S35512
Diagonal 3 L 90x90x5 S355J2
Diagonal 4 L 90x90x6 S35512
Diagonal 5 L 60x60x4 S355J12
Diagonal 6 L 45x45x4 S355J2
Cross 1 — bottom L 150x150x12 S355)2
Cross 1 — top L 120x120x7 S355)2
Cross 1 — base L 130x130x8 S355J2
Horizontal 1 L 80x80x5 S355]2
Horizontal 2 L 90x90x5 S355]2
Horizontal 3 L 100x100x7 S355]2
Horizontal 4 L 76x76x4,8 S355J2
Horizontal 5 L 75x75x6 S355]2
Horizontal 6 L 65x65x4 S355]2
Horizontal 1 base L 80x80x5 S355]2
Horizontal 2 base L 80x80x5 S355]2
Horizontal 3 base L 76x76x4,8 S355J2
Horizontal 4 base L 60x60x4 S355J2
Cross — Horizontal L 45x45x3 S355)2
Cross 2 — bottom L 120x120x7 S355J2
Cross 2 — top L 75x75x5 S355J2
Cross 2 — base L 90x90x5 S355J2
Redundant 1 L 90x90x5 S355]2
Redundant 2 L 60x60x4 S355)2
Redundant 3 L 90x90x5 S355]2
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Figure 9.5: Annotations of the different segments of the tower

9.2 Numerical simulation of the tower with FINELG

9.2.1 Description of the finite element model

For the validation and the assessment of the initial design, the tower has been simulated with FINELG
finite element software, using beam elements with 7 degrees of freedom, as plate buckling
phenomena in the angle legs are not to be contemplated. The model of the tower is represented in
Figure 9.6. It is worth noting that FINELG has been already successfully used in the past to simulate
a lattice tower [22]; and it has also been used on the framework of the present thesis to predict
successfully the failure load of full-scale experimental tests, 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 possible. As a result, the elements are not only subjected to axial
forces but also to bending moments. At the 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, but their global response has been simulated through appropriate hinges/constraints at the
ends of the elements. Moreover, their self-weight has been considered as referred in §9.2.2(Al).

The tower structure is modelled using the following assumptions:
e the main legs are modelled considering continuity over their total length;

e the bracing members and horizontal members are considered as pinned at their ends
connected to the main legs and to the horizontal members;

e the secondary bracing elements are also considered as pinned at their ends.
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For the members that are assumed as continuous over their total length (main tower legs), the 7 DOF
are blocked at the extremities of the finite beam elements. For the pin-end members (i.e horizontals,
primary and secondary bracings), all the rotations are free, except the torsion about the beam axis
which is blocked; all the other DOF are blocked too. The foundations are assumed as pinned.

Figure 9.6: 3-D model from FINELG software

All the members of the tower are made of steel grade S355J2. Two cases have been considered in
terms of material law: a linear elastic one and a non-linear perfectly plastic one. Nominal values for
the material properties have been used (E=210.000 MPa, v=0,3 and p=7850 kg/m?), while the yield
stress is taken equal to 345 MPa, as for the initial design checks. For each element, residual stresses
originating from hot-rolling are considered in material non-linear analyses; the pattern is in
accordance with Ref. [39], as it shown in Figure 6.18 too. Furthermore, for the analyses where initial
imperfections have been applied, those are in accordance with the 1% instability mode, calibrated so
as to reach an amplitude of L/71000 (L is the length of the member/segment where instability occurs).

The conductors and the insulators have not been modelled. However, the wind loads acting on them,
as well as their self-weight have been calculated apart and introduced in the model as point loads
acting at the top of the insulators.

9.2.2 Applied loads

The gravity (self-weight) and wind loads acting on the tower, the conductors, the earth wire and the
insulators are presented in the following. Tension loads in the conductors are not considered since it
is a suspension tower in a straight line.

A.1 Self-weight of tower

The self-weight of the tower itself is calculated automatically from the analysis program according
to the geometry, considering the specific weight of steel y = 7850 kN/m’. Bolts and gusset plates are
not modelled in FINELG, but their self-weight is taken into account by an adjustment factor equal to
1,20 which artificially increases the dead loads of the tower; this approach has been used also for the
initial design of the tower. This leads to a total weight of the tower of 172,60 kN.
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A.2 Self-weight of conductors, earth wire and insulators

The self-weight V.; of the conductors and the earth wire cable are evaluated according to EN 50182
[43] and summarized in Table 9.3.

Table 9.3: Self-weight of conductors and earth wire

m gc No of Vi No of Ve,tot
Type / Code [k /klm] Lg[m] =mig bundles =mp'ge'Lg  conductors =nc'Veci
& [N/m] o [kN] ne [KN]
1 Conductor
264-AL1/34-ST1A 9944 525 9,755 4 20,49 6 122,91
Earth wire 3806 525 3,734 I 1,96 I 1,96

94-AL1/15-ST1A

The weight of one insulator is about 0,087 kN. Consequently, for the six insulators which have been
used, the total weight equals 0,522 kN.

B.1 Wind loads at the tower’s body

The calculation of the wind loads on the tower is based on EN 1993-3-1/Annex B and EN 1991-1-4
[47]. The tower is subdivided into several segments, as illustrated in Figure 9.2, and for each segment
a mean wind load is evaluated. The mean wind load in the direction of the wind on the tower, for a
segment, should be taken as:

qp(2)
Fm,W(Z) = 1+I7JI,,(Z) x CfAref (Eq.9.1)

where z is the height above the base at which the load is calculated. All the notations not explained
here are provided in chapter 2. The above equation may be transformed to the following one:

Fow (2) = 5 air Vi X S Ares = Qm(2) X CpArey (Eq.9.2)
The mean wind velocity at the height z is:
Vin(2) = ¢(2)¢o(2)CairCseasonVi,] (Eq.9.3)
where:
¢-(z) 1is the roughness coefficient;
co(z) is the orography coefficient, equal to 1,0 according to EN 1991-1-4/§4.3.3;
cqir 1 the directional factor, equal to 1,0 according to EN 1991-1-4/§4.2;
Cseason 18 the season factor, equal to 1,0 according to EN 1991-1-4/§4.2;

Vpo  is the fundamental value of the basic wind velocity, taken as 25,0 m/sec according
to the German national annex of EN 1991-1-4 & EN 50341-2-4.

It is assumed that the tower is located in a category II terrain, according to EN 50341-2-4 (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 the mid-height of each segment and for two different
wind directions (see Figure 9.7 for the direction):
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e wind loads perpendicular to the cross arms W, (+X direction);

wind loads in the direction of the cross arms W, (+Y direction).

Back Face (43%W)

Front Face (57%W) ’

T Wind load (Wx)

Figure 9.7: Definition of wind direction

Table 9.4: Mean wind loads on the tower body for wind perpendicular to the arms (6=0°)

Part Zm [m]  qm(z) [N/m?] [‘2;25 ces [-] F“il”(”Nf]“ F"EIZN"]“‘
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.down-mid 15,20 460,901 6,09 2,97 4,756 3,588
Segment 3.mid-up 24,20 538,936 5,29 2,93 4,769 3,597
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

Table 9.5: Mean wind loads on the tower body for wind parallel to the arms (6=90°)

Part Zm [m]  qm(z) [N/m?] [An;;’; cis -] F“EI‘ZYN‘]‘ F“E;{”lyv"]“
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.down-mid 15,20 460,901 6,09 2,97 4,756 3,588
Segment 3.mid-up 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 directions —X and —Y and +X and +Y are respectively
the same (geometry and loads) and they are not considered as different load cases. Then, the mean
wind load in each direction is distributed on the front and back face of the tower — 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 43% (see Figure 9.7). 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 simulation of the action.

Table 9.4 and Table 9.5 summarise the mean wind loads acting on the tower body and the cross arms,
for both wind directions (W, and W,,) and for the two faces of the tower (front and back faces).

B.2 Wind loads on the conductors and the insulators

The calculation of the wind loads on the conductors is based on EN 1993-3-1/Annex B. The
maximum wind loading on the cables in the direction of wind F(z) should be taken as:

_ ap(2) [1+71,(2)]csCq—1
F(2) = 1+7I,,(z)2 ¢r.6Ag [1 + o (@) ] (Eq. 9-4)

where z is the height above the base of the support of the conductor/cable and c4c, is the structural
factor that equals 1,0 according to EN 1991-1-4/§6. Table 9.6 shows the calculation of the wind load
on the conductors/earth wire for both different wind directions.

Table 9.6: Wind loads on the conductors

In direction Perpendicular

Wind vl Z [m] qm(z) CtG,0 Iv(z) d
direction [N/m?] [-] [-1 [mm] Fey(z) [KN] Fex(z) [KN]
2870 569,081 0157, 20,631 0
Paralleltothe 5006 6606 110 0150 22212 0
Cross-arm axis
5020  673.663 0,145 13,6 7,100 0
. 2870 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 5020  673.663 0,145 13,6 0 0

According to EN 1993-3-1/Annex B, the wind loads on the insulators are these reported in Table 9.7.

Table 9.7: Calculation of wind loads on the insulators

Each direction

Position of 2 [m] qm(ZZ Crao Ce  Ains [m?]
insulator [N/m?| [-] Fins(z) [KN]
Insulator at the 28,70 569,081 1,20 1,0 0,150782 0,216
lower arm
Insulator at the 39,70 628,696 1,20 1,0 0,150782 0,233

upper arm

One could argue here that, as the wind loads have been evaluated with different standards in TOWER
and FINELG, no comparison is possible. Indeed, there are some differences between both standards
but the total acting wind force per direction does not differ so much; according to EN 50341-2-4
wind loads are bigger for the tower’s body but are smaller for the conductors. However, the way that
the loads are applied on the pylon (i.e linear loads along the bars in FINELG in comparison with the
concentrate forces at the nodes used in TOWER) influences more the response of the tower; and for
sure the assumption made in FINELG simulation is much closer to the reality.
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9.2.3 Load combinations

Twelve different load combinations regarding the wind direction and the definition 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 selected for the assessment, which correspond to
unfavourable actions:

e X direction: gravity loads (G) and wind forces perpendicular to the cross arms (W5).
e Y direction: gravity loads (G) and wind forces parallel to the cross arms (/}).

The design action is therefore the following one:
Eq =vcGk +ywQw (Eq.9.5)
where:
Ed total loads;
Gk dead loads of conductors, insulators and body of the structure;
Qw wind forces.

Same safety load factors have been used for the applied loads as the ones used in the initial design
of the pylon, i.e y¢ = yw = 1,35 for unfavourable actions according to EN 50341-2-4. For all the
analysis, gravity loads are applied first, and then in the deformed due to gravity loads tower, wind
loads are increased [/,35G+a(1,35W)] until failure occurs. This load sequence simulation is closer
to the reality.

9.3 Comparison of FINELG and TOWER models in the elastic range

Before validating and drawing conclusions about the initial design of the tower, it is important to
compare the model created by FINELG with the initial model created through the TOWER software.
First of all, the self-weight of the structure has been compared to the one provided by TOWER. Then,
the maximum displacements for three different load cases have been evaluated, again in view of this
comparison.

As already referred in section 9.1.3, the total weight of the structure reported from TOWER is 166,73
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 value for total weight load from FINELG software is 172,60 kN.
The difference between two models is 3,40%, while both self-weights should be a priori the same.
This can be justified by the eccentricity of each bar and its actual position in FINELG, which changes
slightly the length of the bar, while in TOWER all the members are connected centrally. This small
length difference can explain the difference of both self-weight evaluations.

Table 9.8: Maximum displacements for linear elastic analysis

. Maximum Maximum
Node with . . . .
Load case maximum Direction of displacement displacement
. displacement  from TOWER from FINELG
displacement
software [m] software [m]
1,35G Edge of lower arm Z (vertical) -8,14-1073 -9,61-1073
1,35G+1,35Wx 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 summarized in Table 9.8. It should be noted that:

e load case 1,35G includes only the self-weight of the tower without the conductors and
insulators;

e the wind load calculations in TOWER and FINELG being based on different norms (EN
1993-3-1 for FINELG and EN 50341-1 for TOWER), it is normal to see a difference
between those displacements;

e the wind loads in FINELG are introduced as linear loads along the bars while in TOWER
they are introduced as loads at the nodes;

o the wind loads on the body of the tower are bigger according to EN 50341-1 than EN 1993-
3-1, what justifies the difference in load case 1,35G + 1,35W,;

e the wind loads on the conductors are smaller according to EN 50341-1 than EN 1993-3-1,
what explains why the difference in load case 1,35G + 1,35W, is smaller than in load case
1,35G + 1,35W/,.

Regarding those values, one notices that they are high. However, the displacements are appearing at
the failure limit state (applying loads with 1,35 load factors) and not at the service limit state
(applying loads without load factors). Additionally, there is no special indication or limitation
specified in both main norms (EN 1993-3-1 or EN 50341-1) in terms of maximum displacement at
service limit state. The only reason to provide displacements here is to compare the order of
magnitude — not even the exact value — between TOWER and FINELG software. However, due to
the big difference of the maximum displacements of both software, complementary analyses have
been performed to investigate the stiffness of the two models. The comparison has been achieved
through a first order linear elastic analysis, where a horizontal load of 1 kN has been applied (i.e. the
same loading in TOWER and FINELG) at the top of the tower in the two following situations:

e the load is applied perpendicularly to the cross-arm axis (X direction);
e the load is applied parallelly to the cross-arm axis (Y direction).

The results are summarized in Table 9.9. The difference between the displacements is less than 5%,
what means that both models have almost the same stiffness. This seems to indicate that a simplified
modelling of the members at their extremities (as in TOWER) could be accurately contemplated for
a first order analysis.

Table 9.9: 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.=1kN X 9,019:10% 9,455-10 4,61 105,76
Fy=1 kN Y 9,021-10% 9,438-107 4,42 105,95

9.4 Numerical results

In order to investigate the tower response and validate the initial design method, different types of
complementary analyses have been performed by means of FINELG and the results are presented in
the next paragraphs.
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9.4.1 Elastic instability analysis

The critical load multipliers a.- are summarised in Table 9.10, while the deformation shape of the
first instability mode is shown in Figure 9.8 and Figure 9.9 for wind loads acting on X and Y direction
respectively.

Node 1648

Figure 9.8: First buckling mode for load combination 1,35G+ ar1,35Wy

Main or exterior leg ==X rinkle

Figure 9.9: First buckling mode for load combination 1,35G+ o 1,35Wy

Table 9.10: Results from elastic instability analysis

Load 1,35G+ aerl,35Ws 1,35G+ aerl,35W,y
combination
Load Type of Load Type of
No of mode factor der instability factor a.r instability
1% 3,056 Member 1,015 Segment
2nd 5,853 Member 1,179 Member
3 6,764 Member 1,205 Member

The instability mode observed in Figure 9.9 has been baptized as “segment instability” and is further
investigated in chapter 10, where two analytical prediction models are proposed.

9.4.2 Second order elastic analyses

A geometrically non-linear elastic analysis with elastic material law but without considering initial
imperfections has been performed, to complement-validate the elastic buckling analysis. The results
are summarized, for each direction, below.

For the load combination 1,35G+ 0.cr,n1,35 Wy, the load-displacement curve is reported in Figure 9.10.
The first branch of the curve represents the loading with the gravity loads while the second one, with
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the wind loads. The abscissa represents the global vertical displacement (see Figure 9.6 for the
definition of the axis), while the horizontal dot line corresponds to the critical load multiplier a.,

resulting from the elastic buckling analysis. For both analyses, instability occurs in the same bar (see
Figure 9.8).

3,50
3,00
2,50
2,00
1,50
1,00
0,50
0,00

a . or acr,nl [']

-0,09 -0,075 -0,06 -0,045 -0,03 -0,015 0
Displacement u, [m]

Figure 9.10: Displacement u, versus load factor for different types of analyses - wind perpendicular to the
arms (X direction)

Table 9.11: Internal forces at node 1648, for the two analyses

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 [kKNm] 0,05 0,413
Bending M, [kNm] 3,56 10,19
Bending M, [kNm] -0,24 -5,08
Load factor o Or Olerni 3,06 1,71

It is a priori surprising to see that the critical load obtained by the instability analysis (a.- = 3,056) is
significantly higher than the maximum load factor obtained by the geometrically non-linear elastic
analysis (oen~ 1,71). When checking the internal forces at the middle node of the bar (node 1648)
in both cases (see Table 9.11), one realises that the failure 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 also observed
for isolated angle members in §3.6, but now the complexity and the scale of the structure are really
amplifying the P-0 phenomena. This explains why the buckling load multiplier is so much smaller
than the one obtained through the elastic instability analysis.

1,20
— 1,00

2 0,80

E 0,60
o

& 0,40
0,20
0,00
-0,005 0,005 0,015 0,025 0,035 0,045
Displacement u, [m]

Figure 9.11: Displacement uyx versus load factor for different types of analyses - wind parallel to the arms (Y
direction)
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When the wind forces acting on Y direction, a segment instability again appears, as shown in Figure
9.9. The graph in Figure 9.11 shows the horizontal displacement u, (direction of global X axis -
Figure 9.6) at the middle of diagonal 2 versus the load factor. The horizontal dot line represents the
critical load multiplier obtained from the elastic instability analysis. The difference between the
critical instability load factor and the maximum one reached through a 2™ order linear elastic
analysis, that is about a..m = 0,68, could again be explained by the different loading situations
(relative axial force and bending moments) in the critical bars.

9.4.3 Full non-linear analyses

The validation of the initial design requires a full non-linear analysis, considering an elastic-perfectly
plastic material, distributions of residual stresses and an initial imperfection of the structure in
accordance with the 1% instability mode. The details are presented in §9.2.1.

Figure 9.12 represents the vertical displacement u, (direction of global Z axis) at the node 1648 versus
the load factor for the load combination 1,35G+ a,1,35W,. The failure occurs in the same bar as in
the previous analyses due to combined plasticity (see Figure 9.13) and instability. The load factor (a.
= [,17) for this load combination is bigger than 1,0 with comparison to the design factored loads. As
aresult, the initial design appears to be safe. Furthermore, it is observed that the tower remains elastic
for load factors o, < 1,0, so confirming the TOWER design assumptions.

1,40

=
N
o

$ 1,00
0,80
0,60
0,40
0,20
0,00
-0,06 -0,05 -0,04 -0,03 -0,02 -0,01 0,00

Load Factor a [-]

Displacement u, [m]

Figure 9.12: Displacement versus ultimate load factor — 1,35G+1,35W (X direction)

Plastification
MOTO

*1.000

Node 1648
Figure 9.13: Results (plasticisation) from the 2" order non-linear plastic analysis (X direction)

Figure 9.14 shows the horizontal displacement u, (direction of global X axis) at the middle of
diagonal 2 (see Figure 9.9) versus the load factor, for the load combination 7,35G+ a.1,35W,. It can
be seen that the load factor is about o, ~ 0,66. Contrary to what is seen before, the maximum 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

development, in reality, of an instability mode in one of the main tower legs, called “segment
instability” and which is not covered by TOWER; but more importantly, it is also not addressed
properly by the reference European normative documents EN 1993-3-1 and EN 50341 (more
information are provided in chapter 10).

1,20
1,00
0,80
0,60
0,40
0,20

0,00 /
-0,005 0,005 0,015 0,025 0,035
Displacement u, [m]

Load Factor o, [-]

Figure 9.14: Displacement versus ultimate load factor — 1,35G+1,35Wy (Y direction)

9.5 Conclusions

An assessment of the current design approach used for lattice transmission towers has been achieved
through numerical studies, and from the results, the following conclusions may be drawn:

There are different norms for the design of transmission towers, mainly EN 1993-3-1 & EN
50341-1. For some aspects, for instance the amplitude of the wind loads, both norms provide
slightly different recommendations. In the present chapter, EN 1993-3-1 has been used for
evaluation of the wind loads.

There is no special indication or limitation in the norms (EN 1993-3-1 & EN 50341-1) about
the maximum displacements of the tower at the serviceability limit state.

A reasonable agreement is seen between FINELG and TOWER elastic analyses. The
differences may be explained by modelling aspects.

The buckling load obtained by a 2" 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 cases differ, so affecting the member buckling load in the case of non-symmetrical
cross-sections. Moreover, these effects are amplified by consideration of actual member
support conditions (eccentricities for instance).

The second order effects should be considered in the analysis as they affect the global
response of the tower and its ultimate limit state.

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 unconservative for the application of wind loads
in the other direction. The reason is due to the development in the second case of an
instability mode that is not properly recommended to be checked by the present norms.
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10. THE SEGMENT INSTABILITY MODE

In chapter 9, an instability mode for lattice towers not properly covered by the norms, that has been
named “segment instability”, was observed through numerical simulations. In the following, two
analytical models for the prediction of the critical load of the new buckling mode are proposed,
accompanying by their numerical validation. Comparisons with the existing norms are also provided.

10.1 Definition of segment instability

A “segment instability” is defined as a global instability mode associated to the buckling of more
than one member forming a segment. As shown in Figure 10.1, the instability is associated to the
buckling of the two diagonals of the leg in the present case, and therefore could also be named “leg-
segment instability”. More precisely, the leg is made of three vertically orientated members: the main
or “exterior” leg and the two diagonals that are connected with a number of horizontal bars and
bracing members forming “triangles”. In fact, each of the two diagonals and the exterior leg
constituting the segment are stable individually and can resist to the applied maximum forces, as they
have been initially designed for that. However, the simultaneous buckling of the diagonals over the
whole leg height, involving a longitudinal rotation of the main leg member, represents a “new mode”
which has been seen to be relevant in various usual design situations.

Main or exterior leg = Finkin
Figure 10.1: Segment elastic instability mode
< 7,() Initial position

a ;o ———— Deformed position
( ’ L . Displacement of the

Figure 10.2: Deformation of the members through a horizontal cut in the leg

Figure 10.2 shows a horizontal cut in the leg and indicates how the constitutive elements deform in
the instability mode. It is seen that:

o The diagonals move laterally and bend about an axis parallel to one of their angle legs.

e The main leg rotates about its longitudinal axis.

e The elements which form the “horizontal leg triangles” (not represented on the picture in
Figure 10.2) do not undergo any deformation; they are just translated.
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10.2 Proposed analytical models

Two models, a simplified one and a refined one, to predict the critical loads of the segment instability
mode are first presented. Then, a model to predict the buckling resistance of the leg is described.

10.2.1 Simplified model

The equivalent model illustrated in Figure 10.3 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 elements forming the horizontal leg triangle. Both diagonals are
assumed to be made of the same profile, as it happens in practice in most of the cases. The 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 from the actual continuity of the diagonals at the top
is neglected. The modal deformed shape of the system is illustrated on the right side of Figure 10.3.

PI\L le

Figure 10.3: Equivalent model of the leg (left) and modal deformed shape (right)

For the simplified model, the critical load may be given by the following equation:

N, = @ (Eq. 10.1)
where,
Iya is the moment of inertia about y-y geometrical axis of the diagonal’s cross-section;
L is the buckling length of the diagonal.
Thus, the critical load multiplier may be determined as follows:
A = Pi";gz (Eq. 10.2)

where,
Ner is the critical load given by eq. (10.1);
Py, P, are the axial compression forces at the diagonals (see Figure 10.3).
This model is independent of the number of horizontal “rigid triangles”, and therefore may be

generally used for segments with pyramidal configuration.

10.2.2 Refined model

In the proposed refined model, 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 to be locally stable. If it would not be the case, then the buckling of the
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exterior leg determines the failure and limits the pylon resistance. Therefore, considering the fact that
the buckling resistance of an individual member in compression follows a flexural mode and not a
torsional one, it can be 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 the exterior leg length (L..;) where the “triangles” are here assumed to be located. The first step
consists in the evaluation of the torsional restraint offered by the rigidity of the exterior leg member

Lc\l ;I

A Mz —rotation @
XT Lext/3
Y

Figure 10.4: Schemes for the calculation for the torsional restraint brought by the exterior member

in torsion.

Mt —rotation @

The torsional moments (see Figure 10.4) can be evaluated as follows, considering that Mr; and Mr;
are equal to Mr:

Lext
_ Rext _ 3¢
(p—f03 —dx = Mr=

@ (Eq. 10.3)

Lext

The torsional rigidity C of the cross-section is given in Annex A. Then:

3C
M+ = F=RA A=d
T~ Lext "’} 5 X p=2Fd = 2£p=2RAd == 3%y =2Rd%p (Eq 10.4)
MT — ZFd ext ext ext

where F is a force applied at each diagonal in direction of 4 and which causes torsional moment at
the exterior member of the leg (Mr=2Fd where d is defined in Figure 10.4), while R is the lateral
restraint of the diagonal (R=F/4). By solving eq. (10.4), the lateral restraint of the diagonal is
obtained:

3¢ 1
T 2Ly d?

R (Eq. 10.5)

The torsional restraints evaluated at 1/3 or at 2/3 of the member length (where the rigid triangles act)
are different as different values of d are met at these locations, what implies different values for Mr;
and Mr;in Figure 10.4 and invalidates de facto the use of eq. (10.3). But, for sake of simplicity, the
actual values of R at L/3 and at 2L/3 are substituted by a mean value of R.., defined as follows:

3C 1 1
Rinean = ET ) ;Z?:l d_LZ (Eq. 10.6)

This is illustrated in Figure 10.5. To simplify it further, both restraints are merged into a single one
called Kr, as illustrated in the right sketch of Figure 10.5. For this case, Gardner proposes in Ref.
[48] an analytical expression of the critical load for a column of flexural inertia /:

16m2El
L3

_ m2El
=0

N,, +=Krl  with Kp < (Eq. 10.7)
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2
If Kr reaches a value of 16:3 £l the column will buckle in the second eigenmode (two half sine

waves); further increases of the Kr values will not produce a corresponding increase in the critical
4m?El

T (see

Figure 10.6). In the specific case of pylons, the restraints remain quite low, and for sure much lower

load. The column therefore effectively becomes restrained at its mid-height, and N, , =

16m2EIl
than ——.
L3
Pl\l/ P> Pi+P> PP,
l v v
2R2L 3:2R L’J SI ZRmenu
Kr
2Rr3=2R
L 2Rme:m

Figure 10.5: Initial (left), intermediate (middle) and final (right) proposed design model

Ner Ncr,Z
K;-6/2
, \‘ <
o
3
K:®
4 L 5+ T -
Stiffness K+
o
-
K;-6/2
s e -
Ner Ncr.z
(a) Braced first mode (b) Second mode

Figure 10.6: Column with a single discrete restrain [48]

The determination of the spring stiffness Kr may be contemplated referring to the literature (p.474-
475 of Ref.[31]), from which it may be deduced that, for few discrete supports, the term m%l3 is

constant. In this expression, m is the number of zones of length / = L/m separated by rigid triangles
in the leg, C = 2Ryuean and EI = 2EI, where I, is the value of the flexural rigidity of one diagonal.

c L\3 L\3
mo 13 =const = M- 2Rean- (=) =2-Kr-(5) (Eq. 10.8)
This being, the equivalent spring stiffness Kr may be evaluated as follows:

4
Kr = (2Rmean) (Eq. 10.9)

m?2

The critical load of the equivalent column is finally given by:
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2Ely o 3
N, = L—;” + KL (Eq. 10.10)
where,
Iyt is the total moment of inertia about y-y geometrical axis of both diagonals (i.e

Iy,totZZIy,d);

L is the buckling length of the diagonal;
Kr is the stiffness of the unique spring restraint, equal to % (2R mean);

Rumean  can be evaluated using eq. (10.6);

m is the number of zones of length / in the leg (/ = L/m separated by rigid horizontal
triangles in the leg); the accuracy of the formulae for Kr is sufficient for a value of
m < 6 (i.e for maximum 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
Figure 10.4).

Finally, the critical load multiplier can be evaluated using eq. (10.2).

10.2.3 Ultimate resistance of the leg

The ultimate buckling resistance of the leg may be determined by the current provisions of EN 1993-
1-1, as follows:

ymi (Eq. 10.11)

Aderfl
X effly
YMm1

)(M for class 1,2 and 3 profiles
Npra =

for class 4 profiles

where the effective area of the diagonal is given using eq. (7.2). The buckling reduction factor y is
determined as a function of the relative slenderness:

Toeg = |2t (Eq. 10.12)

NCT

where,

Ner is the critical load of the segment determined by one of the proposed models
(simplified or refined);

Ny is the plastic design resistance of one diagonal (Ny=Aq fy).

The value of the buckling reduction factor y can be determined from the European buckling curve d
for any steel grade. It is suggested to safely use the lowest buckling curve due to the lack of studies
showing that a higher one could be safely used. The selection of the buckling curve could be further
investigated in the future.

10.3 Validation of the proposed models

The validation of the proposed formulae (simplified and refined) has first been achieved through
comparisons to results obtained through 2D numerical simulations of the proposed models
(illustrated in Figure 10.3 and Figure 10.5-right) by means of the OSSA2D software [49], and then
through the use of the whole tower model described in chapter 9, using FINELG software. The
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reference codes for the constitutive elements of the tower leg simulated in FINELG are illustrated in
Figure 10.7, while details about the members are reported in Table 10.1.

For the refined model, the mean value of the lateral restraint R of the diagonals and the stiffness
K of the spring are:

n
3C 121 _3-1,69761-1010 1( 1 1
n

Rooan = —— - + ) =382N
mean = 57— d? 25000 2\9132 " 18272 fmim

4 4
Kr = m2 (ZRmean) = 32 (7,64) = 3,39 N/mm

Table 10.1: Details of the leg members

Member CS code Cross-section 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 0913

——— Horizontal level 1

—* Horizontal level 3

Main leg

Figure 10.7: Notations of the constitutive elements of the tower leg

By using the OSSA2D software and performing an elastic buckling analysis, the values of the critical
load multipliers (0crossa2p) for both models are obtained and reported in Table 10.2. The
corresponding analytical values craa = Ne/(P1+P3) are also reported (Ocranars and der,anat for the
simplified and refined models respectively) and fit quite well with the numerical ones. Obviously,
the lower values obtained with the simplified model when compared to the refined one, results 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 of o, have been achieved for the transmission 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 Table 10.3, the obtained numerical results (a..7v) are compared with the analytical ones for both
proposed models.
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Table 10.2: Results obtained through the OSSA2D software and the analytical prediction models

P P2 Simplified model Refined model

[kN] [kN] Oler,0SSA2D ['] Olcr,anal,s ['] Oler,0SSA2D ['] 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

Table 10.3: Results obtained for the whole tower model through FINELG and the analytical models

Load PrtP; Oler,FIN No of Oer,s ['] Oer,r ['] Oer,s/ Oer,FIN ['] Oer,r/ Oler,FIN [']
combination [kN] [-1 eigenmode ’ ’ T T

G+W,y 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
Giower 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, but is still on the safe side. Obviously, 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

2-204,585

slenderness is A = = 3,363, while, with the refined one, the slenderness slightly changes

cr
A = 3,198, but remains significantly high. With so high slenderness values, the ultimate resistance
of the leg is almost equal to its critical one. So, in this specific situation, 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 main documents are used to design steel lattice transmission
towers: EN 1993-3-1 and the CENELEC document EN 50341-1. 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 accordance with the provisions of Annex J.4 of EN 50341, only if full-scale tests are
performed. In practise, full scale tests on towers are rarely performed and so the use of Annex J.4 of
EN 50341 is rarely met. Accordingly, the remaining question is to see if the above-mentioned
annexes of EN 1993-3-1 cover segment instability design check.

In fact, EN 1993-3-1, Annex H, clause H.3.7 recommends a buckling check of two members (one in
each of two adjacent faces) against the algebraic sum of the loads in the two members connected by
the diagonal brace over length Lay (see Figure 10.8) on the transverse axis, for cross bracing systems.
For this case, the total 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 sufficiently clearly addressed for K bracings and therefore it is
not sure that it is properly applied in practice. Besides that, in figure H.2, the member could also
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buckle along L, what means that the two extremity points of the bar with length equal to L4, are 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.

<

Figure 10.8: Figure H.2(b) from EN 1993-3-1

10.5 Application 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 defined in §9.2.3, where
1,35G is applied first and then the wind load parallel to the cross arms is progressively increased
1,350Wy (o being the 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 in Figure 10.1 appears far before the instability mode that would be detected
according to EN 1993-3-1, i.e. the member instability of a single individual element (this instability
takes place in diagonal 2 for a., = 1,66 and in the main leg for a.. = 4,30), and therefore is tends to
be rather relevant.

Table 10.4: Load factors and critical loads for elastic critical instability

Bucklin Load Corresponding
Elastic critical instability & factor compression Level of accuracy
mode
Oler [-] load [kN]
FINELG (0ler,Fin) Segment 1,02 41,88 EN 1993-3-1:
. . chr, /acr, = 1’66
FINELG (0erpivasg) | Di280nalin 1,66 66,30 He3 Rk
between Proposed simplified model
N roposed simplified model:
EN 1993-3-1 (0 restraints 1.6 67.41 .

993-3-1 (0ler,EC3) weak axis ,69 7, Oeranals / OerFin = 0,86 |
Segment inst. models: Proposed/reﬁned_n(l)ogigl.
Simpl. model (Oter.anats) Segment 0,87 36,19 Ocr,anals / OerFIN = U,
Refined model (0lcranal,r) Segment 0,97 40,01

Table 10.5 presents the ultimate load factors and the corresponding ultimate resistances that have
been obtained from a full second-order elastoplastic GMNIA analysis (by progressively increasing
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the value of a). 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. Then, the load factor has been derived numerically from a second order elastic analysis
without initial imperfections to correspond to a force in the diagonals just equal to the ultimate one.

Table 10.5: Load factors and ultimate loads at the ultimate state

Ultimate state Buckling Load Correspgndmg
mode factor o compression load Level of accuracy
: [kN]
FINELG (ow,riv) Ségment 0,66 (4,49+31,55)=36,04 EN 1993-3-1-
.Dlagonal Oy, EC3/ Oy FIN = Unknown
EN 1993-3-1 (ouw.ec3) n betyveen See comment below.!
restraints — Proposed simplified model:
weak axis Oy, anal,s / Oy, FIN = 0,86
Segment inst. models: Proposed refined model:
Simpl. model (0tuanars) | Segment 0,57 0,072-409,17=29,46 Owanalr / Ourin = 0,92
Refined model (0tuanaly) | Segment 0,61 0,079-409,17=32,32 o
IThis value cannot be evaluated through a second order elastic analysis, as the segment instability occurs
before the diagonal buckles. But it may be seen that, when segment instability occurs (a, = 0,66), the force
in diagonal 2 is equal to 31,50 kN while the ultimate buckling resistance between intermediate restraints
according to EN 1993-3-1 (using buckling curve b for a slenderness 1,742) is equal to
Nra=¢Npi=0,27-204,59=55,24 kN. Subsequently, the unconservative character of the present EN 1993-3
is seen to be rather significant.

By performing a first order linear elastic analysis (o = /,0), the compression force in the main leg of
the segment equals 535,3 kN, while in diagonals 1 and 2 are 0,80kN and 40,50kN 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 indicating the need for 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.

10.6 Conclusions

A new buckling instability mode named “segment instability” and involving more than one member
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 analytical models (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 European normative
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

11.1 Conclusions

Angle profiles, and more specifically equal leg ones investigated in the present thesis, exhibit some
properties that clearly distinguish them from the well-known profiles. It is known that, for a double-
symmetric cross-section, the critical load is not affected by the load eccentricity while the buckling
modes are always decoupled and the critical one is flexural. However, this is not the case for angle
sections, as they mostly buckle along their weak axis with a flexural or a flexural-torsional mode,
depending on the load eccentricity. The full decoupling of the buckling modes happens only for a
very specific case, where the member is loaded at the shear centre; this is also the only case for which
a pure torsional buckling mode can appear. Furthermore, the critical load is affected by the type of
loading; an instability can even occur for an eccentric tensile load, depending on the cross-section
geometry.

These particularities shows that existing design rules for other types of sections, mostly doubly
symmetric ones, cannot straightforwardly and safely cover angles, what inevitably leads to the need
for the development of specific design provisions for angle sections. A need that is clearly enhanced
by the lack of unified consistent rules for angles in the existing European normative documents;
design rules for angles can be currently found in EN 1993-1-1, EN 1993-3-1, EN 1993-1-5 and EN
50341-1 as explained in the introduction, but all these documents are sometimes in contradiction. In
the thesis, the existing European specifications on rolled equal angle sections were reviewed and a
complete and consistent set of design rules covering all aspects of design have been developed and
fully validated scientifically, clearing the design process for angles in contrast to the existing code
approaches.

A proposal for the classification of equal leg angle profiles, fully consistent with the Eurocode
normative documents, have been developed and validated through extensive numerical
investigations and analytical methods. The numerical investigations have been performed with the
full non-linear software ABAQUS using volume elements and are in very good agreement with the
analytical developments. Angle cross-sections have been classified separately for compression,
strong and weak axis bending, while the classification boundaries from class 3 to 4 have been
determined through the slenderness of the compression leg and not the torsional instability mode as
usually considered for other common profiles. Additionally, rules for cross-sections design
resistances including all important loading conditions (compression, weak and strong axis bending),
have been developed and validated numerically. These rules allow a smooth transition between cross-
section classes, removing any artificial stepwise prediction of resistance, as already proposed in the
new draft of Eurocode 3 for doubly symmetric sections which is presently under finalisation; they
are also less 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 combined normal forces and moments have also been proposed and validated through
numerical investigations and experimental tests. The extensive numerical parametrical studies were
again performed with ABAQUS software using volume elements. Experimental results are coming
from tests carried out in the framework of the thesis on large angle profiles made of S460 high
strength steel, as well as from previous experimental investigations found in literature. Appropriate
European buckling curves for flexural and lateral torsional buckling of angles have been detected
and proposed. From the experimental results, it has been shown that the proposed method 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 towers has also been
achieved through numerical studies. From the numerical results, it can be seen that the buckling load
obtained by a 2" 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 cases differ, so affecting the
member buckling load in the case of non-symmetrical cross-sections. Moreover, these effects are
amplified when considering the actual member support conditions. Consequently, the second order
effects should be considered in the analysis as they affect the global response of the tower but also
its ultimate limit state. In addition, an instability mode for lattice towers not properly covered by the
norms has been detected and defined. Two analytical models (a simplified and a refined one) for the
prediction of the critical load of the new buckling mode have been proposed and validated
numerically. Both proposed design models are easy to apply, clearly indicate the required check to
perform and fill the gap in the existing provisions of the European normative documents. The current
provisions of Eurocode 3 have been used for the prediction of the resistance of the member associated
with this instability mode.

Concluding, all the proposed design rules and methods 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 Research contribution and innovation

The innovations and contributions of the present dissertation to the advancement of engineering
science and design practice can be summarized as following:

— Results of experimental tests on large angle high strength steel columns were presented, providing
qualitative understanding and quantitative evaluation of the member response.

— Detailed numerical simulations of the experimental tests were performed, demonstrating useful
modelling features that can prove beneficial for researchers.

— Existing European specifications on hot-rolled equal angle sections were critically reviewed,
highlighting the inconsistencies and the lack in the design approaches in these normative documents.

— A complete and full consistent set of design rules covering all aspects of design for angles was
developed, clearing thus the design process. They 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.

— Extensive experimental, analytical and numerical studies were conducted to validate the proposed
set of design rules. The validated rules can be directly applied in structural engineering design
practice involving angle profile members.

— Appropriate buckling formulas and corresponding buckling curves were proposed for flexural and
lateral-torsional buckling of angles. The buckling formulas and curves can be reliably implemented
in the structural design practice according to modern structural design standards.

— 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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— An instability mode for lattice 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 apply, clearly indicate the
required check to perform and fill the gap in the existing provisions of the European normative
documents.

— All the developed rules of the present dissertation were written in Eurocode 3 format to allow a
direct possible inclusion in forthcoming drafts.

11.3 Perspectives for future research

Based on the present dissertation, some suggestions for future research are summarized next:

— Numerical parametrical studies to find out if the application of the proposed design rules developed
for equal-leg angles, could be extended to unequal leg angles too.

— 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 covered by the provisions
of EN 1993-3 through the definition of an equivalent bucking length.

— 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 the lowest one (curve d) due to the
lack of studies showing that a higher one could be safely used.

— The segment instability mode detected in the framework of the thesis, was associated with a certain
tower configuration and has been observed in the tower’s leg. Consequently, further numerical and
experimental investigations are needed to check if a similar instability mode could occur in other
parts of the tower (for instance in the arms), and how this could be affected by the configuration of
the tower. Finally, the accuracy of the proposed models for other possible segment instabilities may
be checked.

112 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

12. ANNEX A: GEOMETRICAL PROPERTIES OF ANGLE PROFILES

Annex A includes formulae for the geometrical properties of angle cross-sections that are not
reported at the commercial cross-section catalogues, such as the elastic and plastic modulus about
strong and weak axis and the torsional and warping constants.

12.1 Elastic and plastic modulus about strong axis

The elastic modulus about u axis, Wi, can be derived from the following formula:

I

Wel,u = m (Eq 121)

The plastic modulus about u-u axis can be evaluated equal to Wy, =1,5-W.;.. The factor of 1,5 is on
the safe side as the mean value for all available angle profiles is 1,58 with a standard deviation of
2%. The exact analytical expression for the plastic modulus about u-u axis can be found in Ref. [50].

12.2 Elastic and plastic modulus about weak axis

For the angle cross-section, due to its asymmetry, the W, is different for a top fibre (at the tip) or a
bottom fibre (at the toe). For the design of the cross-section, the most distant fibre from centroid is
considered when calculating the elastic modulus (i.e at the toe of the leg), which results in higher
stress calculations. Therefore, the elastic modulus about v axis can be derived from the following
formula:

I
Werw = =5 (Eq. 12.2)

The plastic modulus about v axis can be estimated through the following equation by assuming that
the radius at the toe of the cross-section is equal to zero (#=0). The notation of the following formulas
are supplemented by Figure 12.1 below.

A
Wy =5+ (c +d) (Eq. 12.3)

where,

c is the distance between the centre of gravity of the sub-cross-section 2 and the plastic
neutral axis (pna), and it can be calculated by the equation:

c=vV2-(Z-ys,) (Eq. 12.4)

d is the distance between the centre of gravity of the sub-cross-section 1 and the pna,
and it equals:

d=VZ - (yg, — 2 (Eq. 12.5)

ho=h-h, is the width of the sub-cross-section 2 (Eq. 12.6)

hi=A/4t is the width of the sub-cross-section 1 (Eq. 12.7)

Ye, is the distance between the centre of gravity of the sub-cross-section 1 and the point

0(0,0) along y’ axis and it can be estimated by the equation:

h h t
Yo, =5 +t5+; (Eq. 12.8)
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Yé, is the distance between the centre of gravity of the sub-cross-section 2 and the point
0(0,0) along y’ axis and it given by the equation:

_ hZ+hyt-t?
Y6, = Tan,zt (Eq. 12.9)
-t
-+ + 1
£ % u
G
= pna | #
G
Fs G~ °
oy -+
T T +

2 1

Figure 12.1: Notation for the calculation of the plastic modulus about v axis

Formulae, in which the radius at the toe of the cross-sections is taken into account, can be found in
Ref. [50].

12.3 Torsional and warping constant
The torsional constant Cr of the cross-section is approximately equal to:

Cr=3Xht*=%-2-(h— 0,503 (Eq. 12.10)

The warping constant C,, of the cross-section is approximately equals:

__ (h—0,50)3¢3

C
w 18

(Eq. 12.11)

114 Marios-Zois BEZAS



Design of lattice towers made of large hot-rolled high strength steel angles

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 full-scale tests performed on lattice towers at the National Technical University of

Athens and reported in Ref. [51] and [52].

13.1 Details of the tests

The experimental program consists of six full-scale tests on cell network telecommunication lattice
towers subjected to horizontal forces at their tops, increased gradually until failure occurs. Three
specimens have been subjected to orthogonal loading and three to diagonal loading as shown in
Figure 13.1. In order to transfer the horizontal force evenly to the top level, a 6 mm thick steel plate
of 100 kg weight acting as diaphragm was placed and bolted to all the beams of the top level (Figure
13.2). Amongst the tested towers, two have been strengthened with FRP strips; they are not

considered here.
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Figure 13.2: Tested tower with diagonal loading [51]

The geometry of the specimen-tower is illustrated in Figure 13.3. The overall external dimensions
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 with a height of 1,70 [m]. All the members of the tower are
made of single angle profiles and are detailed in Table 13.1; their actual material properties are
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summarized in Table 13.2, while, for those that no tensile test has been performed, the nominal values
of steel grade S275 are used.

horizontal bracing system - final level

plate t=5 mm

o
."‘
7

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

Figure 13.3: Tower dimensions in plan and side view

The columns run continuously over the height of the towers, while the bracing members were bolted
at their extremities with 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 horizontal internal members to gusset plates 210x140x5 mm at both extremities. The
experimental failure load and the corresponding mode are reported in Table 13.1.

Table 13.1 Results of the tested towers

Test Loading Profiles for Profiles for Experimental Experimental
code direction legs braces/horizontals  failure load [kN] failure mode
0-1 Orthogonal L 70x70x7 L 45x45x5 39,00 Buckling of
diagonals
02 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 Buckling of
lower legs
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Table 13.2 Measured material properties of the tested angle profiles

No Profile Yle;;i[;f[l;;gth strenl:ttlllnflua ;;lpa]
1 L 70x70x7 308,3 435,7
2 L45x45x5 286,7 4167
3 L40x40x4 325,7 435,4
4 L 60x60x6 280.0 403.9

13.2 Description of the numerical model of the tower

The ultimate resistance and the failure mode of the tested towers are predicted through full non-linear
analyses. The tower is modelled with FINELG finite element software [25] using beam elements
with 7 degrees of freedom. The members have been considered in their exact position in terms of
orientation and eccentricities (Figure 13.4). The main legs have been simulated as continuous
elements along their length. The tower is assumed to be clamped at the ground, so as to reflect the
actual support conditions of the laboratory tests.

The bracing members were connected through bolts and gusset plates. At the level of the connections,
the bolts have been represented by fictitious elements possessing a very low torsional stiffness, as
recommended in Ref. [53]. In Figure 13.4(b), one may observe that the gusset plate have been
modelled through a beam finite element. Consequently, the eccentricity between the horizontal
member and the diagonals is also accounted for. The gusset plates, welded to the horizontal members
in the specimens, have been simulated as clamped to the horizontal members. The diagonals have
been connected to the gusset plate using fictitious elements with a low torsional stiffness reproducing
a pinned “one bolt” connection.

(b)

(©

Figure 13.4 (a) 3-D tower model, (b) Detail of the connection between horizontal and vertical bracings, (c)
Detail of the connection between vertical bracings and leg

The self-weight of the structure (W) has been calculated automatically by the software, while the
horizontal loads (H) were introduced at the extremities of the legs at the top level. The steel plate on
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the top level has been modelled with plate elements and its weigh introduced as a uniform surface
load. The FINELG finite element analysis adopting the GMNIA method is performed considering:

e an initial imperfection with a shape in accordance with the first buckling mode and an
amplitude determined using eq. (7.17) of prEN 1993-1-1-§7.3.6.(1);

e a linear elastic - perfectly plastic material law without strain hardening, based on the
measured yield stresses (see Table 13.2).

e residual stresses as shown in Figure 6.18.

13.3 Numerical results

For each specimen, an elastic buckling analysis has been performed so as to determine the buckling
mode. Then, a full non-linear analysis is realised, in which the gravity loads (W) are first applied and
then the horizontal load is increased up to failure (W + a..H) in full agreement with the experimental
loading sequence. The results for all towers are provided in the following figures and tables.

Tower O-1: Table 13.3 provides the results for the Tower O-1. The first buckling mode (shape and
critical load) of Tower O-1, associated to a minor-axis flexural buckling of the lower compressed
diagonals, is presented in the first column of the table. The following columns represent the deformed
shape of the tower at the ultimate limit state, the failure load and the distribution of yielding in the
members of the tower. The numerical failure load equals 40,7 kN and is a bit higher (4,17 %) than
the one obtained experimentally (see Table 13.1) but is acceptable due to the complexity of the
structure as it is remains less than 5%. Finally, failure occurs at the lower compressed diagonals as
for the experiment.

Table 13.3 Tower O-1 — numerical results

Elastic instability analysis Full non-linear analysis
Shape of 1% Buckling mode Deformation shape at ULS Level of yielding

Critical load = 62,01 kN Failure load= 40,70 kN

(0e1,590) [ UNINEEEEEN

Tower O-2: Table 13.4 represents the results obtained for Tower O-2 failing through a leg buckling.
It should be noticed that the tower fails by inward leg buckling during the laboratory test in contrast
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with the numerical prediction that shows an outward leg buckling. The failure load is equal to 101,6

kN and is close to the experimental one (106,5 kN).

Table 13.4 Tower O-2 — numerical results

Elastic instability analysis

Full non-linear analysis

Shape of 1% Buckling mode

Deformation shape at ULS

Level of yielding

Q7 WA HY

Critical load = 162,41 kN
(0e=1,525)

Failure load= 101,62 kN

Tower D-1: For the Tower D-1, the results are summarized in Table 13.5. The failure occurs due to
a diagonal buckling. The numerical failure load is 38,6 kN and is almost equal to the experimental

one.

Table 13.5 Tower D-1 — numerical results

Elastic instability analysis

Full non-linear analysis

Shape of 1* Buckling mode

Deformation shape at ULS

Level of yielding

Critical load = 58,83 kN
(0e=1,528)

Failure load= 38,50 kN
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Tower D-2: The results for the Tower D-2 are reported in Table 13.6. The tower fails due to a
buckling of the most compressed diagonal for a design load equal to 74,7 kN to be compared to the
experimental one equal to 78,5 kN. The buckling is developing to the inside of the tower as observed
during the experimental test. It can be observed that analyses predicting a diagonal buckling failure

give results rather close to the tests.

Table 13.6 Tower D-2 — numerical results

Elastic instability analysis Full non-linear analysis
Shape of 1* Buckling mode Deformation shape at ULS Level of yieldin

| TR T

Critical load = 119,16 kN Failure load= 74,68 kN
(0e=1.518)

Table 13.7 summarises both experimental and numerical results. It can be seen that the numerical

simulation gives very satisfying results that are quite close to the tested ones.

Table 13.7 Results of different design approaches

Experimental Experimental Numerical Numerical
Tower  ultimate load P ultimate load . Difference [%]
failure mode failure mode
[kN] [kN]

0-1 39,00 Bupkhng of 40,7 Bupkhng of 417
diagonals diagonals

0-2 106, Buckling of lower 101.6 Buckling of 4,58
legs lower legs

D-1 38.50 Bu'cklmg of 38.6 Bupklmg of -0.34
diagonals diagonals

D2 78.50 Buckling of lower 747 Buckling of 4.86
legs lower legs
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