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Abstract

Angle profiles are amongst the most common structural steel shapes for construction purposes. However, their
specific features clearly discern them from other types of common sections, what inevitably leads to the need for
the development of specific design provisions. In this paper, extensive numerical and experimental studies have
been conducted to propose a complete and duly validated set of design rules for resistance and stability of angle
members subjected to individual and combined internal normal forces and moments. The proposed rules are
written in the format of Eurocode 3 to allow a direct inclusion in forthcoming drafts.

1. Introduction

Angle sections belong to the most common structural steel shapes used in construction due to their easy production,
transportation, and ability to be connected. 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 and in sizes ranging from
small tolarge (20 to 300 mm). The preferred bolted connection of one leg to gusset plates lead to a most advantageous
application as truss or diaphragm members in structural applications such as telecommunication or power
transmission towers.

The equal-leg angle members considered here exhibit some properties that clearly distinguish them from the doubly
symmetric ones. More specifically, angles are (i) monosymmetrical sections, (ii) they are open profiles with very small
section constants in both torsion and warping, (iii) their bending capacity and radius of gyration around the weak axis
are substantially lower compared to those in respect to the strong axis, (iv) their legs are possibly susceptible to local
buckling, (v) their plastic resistances are significantly higher than their elastic ones and finally, (vi) due to the eccentric
connection in one leg, they are also subjected to bending when used as single members. The above-listed features
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confirm that the existing design rules for other mostly doubly symmetric types of sections cannot safely cover angle
sections, what inevitably leads to the need for development of specific design provisions for angle sections. In the
absence of unified consistent rules for angles, European specifications provide individual rules and recommendations
in various parts of Eurocode 3. More specifically, EN 1993-1-1 [ 1] as well as the forthcoming new version named prEN
1993-1-1 [2] provides general design rules for angles, EN 1993-3-1 [3] gives rules for the buckling resistance of angles
as members in towers when connected eccentrically with bolts in one leg, EN 1993-1-8 [4] provides rules for the
resistance of the above connection configuration, while the buckling resistance of class-4 angle sections is determined
by EN 1993-1-5 [5]. Another European specification, the CENELEC standard EN 50341-1 [6] covers overhead electrical
lines, addressing specific problems linked to such applications and providing specific rules for the verification of lattice
towers and their constituting parts. It has to be noted that, in this last document, the design methods for angle
sections may diverge from the rules provided in the Eurocodes as discussed in Ref. [7]. Unlike the European Codes,
American Codes have written down in a single document, AISC 2000 [8], all the rules related to the design of angles
and in addition separate specifications for the design of transmission towers [9].

Extensive research has been carried out to study the behavior 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. Schillo et al. [10] examine the buckling resistance rules of rolled angles to European standards
discussed before (i.e EN 1993-1, EN 1993-3, EN 50341-1), and 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 present comparisons with experimental results and provisions of European standards.

Nomenclature

Latin upper-case symbols

A cross-sectional area

Aert effective area of a cross-section

Cu, Cv equivalent uniform moment factors E - modulus of elasticity

L length (member length, span length etc.)

Ler buckling length

Mer elastic critical moment for LTB, based on the gross cross-sectional properties

Mu.ed, My ed design bending moment about u-u and v-v axis respectively

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

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

Nbu,rd design value of the buckling resistance about u-u axis of a member in compression

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

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

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

NEed design axial force

Nuit ultimate test resistance to axial force of the cross-section

Wet,u effective section modulus for bending about u-u axis
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Welu elastic section modulus for bending about u-u axis

Latin lower-case symbols

c outstand flange width (c = h-t-r)
fy yield strength

h width or depth of a cross-section
r radius of root fillet

t thickness of a cross-section

Greek upper-case symbols

0] value to determine the reduction factor x for flexural buckling

Our value to determine the reduction factor y: for lateral torsional buckling Greek lower-case
symbols

a imperfection factor

aur imperfection factor for lateral torsional buckling

ym1 partial factor for resistance of members to instability assessed by member checks that equals
1,0 as recommended by EN 1993-1-1

€ material parameter depending on fy, equals e = [235/f, [#]

LA, A, relative slenderness for flexural buckling

_p relative plate slenderness for plate buckling

Air relative slenderness for lateral torsional buckling

3 interaction factor depending on the cross-section class

P, Pu reduction factor for plate buckling

xr reduction factor for lateral torsional buckling

Xus Xv reduction factor due to flexural buckling about u-u and v-v axis, respectively

Y ratio of end moments in a beam

Hussain et al. [12] provide an interaction equation in the plastic range for the stability design of angles subjected to
compression and biaxial bending. Concerning the design of cold-formed angle members subjected to compression, a
considerable amount of innovative research work carried by Dinis et al. [ 13-15], led to the proposal of novel and more
rational design rules based on the Direct Strength Method (DSM). This design approach has been extended in Ref.
[16] to hot-rolled sections, applicable to short-to-intermediate angle columns under ideal support conditions
subjected to compression. Bezas et al. [17] report on experimental and numerical studies of large hot-rolled angle
members made of high strength steel (HSS) and give an extended literature review on relevant experimental
investigations on angles. Finally, extensive experimental investigations have been carried out by various authors [ 18—
20]; more details are given in section 4.

In the frame of the European RFCS-supported project ANGELHY [21], 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 have been developed and duly validated. They include
cross-section classification, cross-section design to individual internal forces and moments, for all ranges of response
(plastic, elastic- plastic or elastic including local buckling), as well as corresponding rules for member design. The
proposed design rules have been included as Annex F in the latest version of prEN 1993-3 [22] that is the part of
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Eurocode 3 dealing with towers, masts and chimneys, and as prEN, is subjected to discussion. Other parts, especially
the general part EN 1993-1-1, were progressed to a state that no more interventions were possible at the time the
rules were made available. The classification system and design rules for the cross-section resistance are given by
Bezas et al. in Ref. [23], while this paper presents the design rules and their justification and validation. Concerning
the resistance and stability of members, serving thus as a background document to Annex F of Ref. [ 22]. The proposed
design methods were validated by numerical investigations and experimental tests. The extensive numerical
parametrical studies were performed with the full non-linear software ABAQUS considering geometrical and material
non-linearities, as they are described in detail in section 3. Experimental results were considered from tests carried
out both within the current research project, as well as during previous experimental investigations. Most tests on
hot- rolled angle sections were performed with regard to applications in mast and towers. Consequently, the loading
and support conditions in the tests imitate the actual ones as found in those applications that obviously do not
correspond to ideal ones. These tests have been used, as done before in the relevant literature and by Code drafting
panels in order to develop and calibrate Code rules. The important influence of the support conditions should be
introduced in the relevant buckling lengths for which the relevant Codes make proposals, but are not the objective of
this paper.

2. Design rules for angle members

In the following, formulae about the design resistance and stability of equal-leg angle members as derived during the
ANGELHY project, are presented, discussed and compared with the Eurocode 3 provisions. In absence of the
availability of analytical solutions for general application, they constitute Engineering approximations based on
following considerations:
- they should correctly represent the mechanical behavior and failure modes of cross-sections and members;
- they should cover stability checks under combined loading conditions, including compression and bending;
- they should smoothly adapt to specific cases, such as individual loadings and failure modes;
- they should be closely connected to analytical expressions for simple cases;
- they should remain simple and not too much overloaded with additional factors as a result of a calibration
procedure to allow transparency and easy “by hand” control checks;
- they should easily adapt to the format of the existing Eurocode 3 rules, especially those of prEN 1993-1-1 that are
applicable for other types of cross-sections and do not cover rolled angles.
The notations for the material properties, safety factors and other symbols follow those given in EN 1993-1-1. Fig. 1
illustrates the notations for the geometrical properties, including the geometrical and the principal axes.

2.1. Buckling resistance to compression

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

Xmin Ay forclass 1,2 and 3 profiles
Np ra = n (1)
T i 2L lass 4 profil
min 7, for class 4 profiles

where Aetis the area of the effective cross-section that equals:
4
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Aet= A-2ct(1 - p) (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 4, < 0,748
p- {3,-0188 3)
z for 2, >0748

considering the relative plate slenderness of legs equal to:

/Tp = \ xminﬁ (4)
The buckling reduction factor xm.is determined as a function of the relative slenderness 1 of the compression
member for the flexural buckling modes only:

Xwin = {Xu,Xv} (5)

The relative slenderness A should be taken for all cross-section classes as:

G centre of gravity

h,t,r  geometrical properties (c=h-t-r)
u-u  major principal axis or strong axis
v-v  minor principal axis or weak axis
y,z  geometrical axes

Fig. 1. Notations for geometrical properties.

1= |22
NCT

(6)

where N is the minimum elastic critical force for the flexural buckling mode based on the gross cross-sectional
properties and boundary conditions, i.e. Ner = min{Ncr,u; Ner,v}.

The value of the buckling reduction factors yu, x, for the appropriate relative slenderness 1,, 4,, should be determined
from buckling curve b for steel grades S235-S420, or buckling curve a for higher steel grades (25460).

It may be seen that the local plate slenderness 4, (eq. 4), is made dependent by the proposed design rules not only
on the geometric and material properties of the cross section (c/t-ratio and correspondingly €), but also on the overall
buckling reduction factor ymin. This means that 1, decreases, as the overall slenderness of the angle member increases.
As a result, the proposed design rules, in line with Ref. [24], correctly account for the fact that, in concentrically
compressed members, the effects of local buckling diminish as the length of the angle member, and the relevant
global slenderness, increases.

Furthermore, it may be seen that, as mentioned in Ref. [25], the ultimate strength Nyrq Of concentrically compressed
angle members is substantially influenced by the end support conditions. Indeed, the global slenderness 1 and the
relevant reduction factor ymin, introduced in eq. 1, depend on the Euler critical buckling loads and therefore on the
restraint that provide the support conditions. The authors work currently on the development of methods to define
the restraint conditions provided by various end detail configurations, typical in telecommunication and transmission
towers.
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2.1.1. Comparison with EN 1993-1-1 and prEN 1993-1-1 provisions

EN 1993-1-1, clause 6.3.1 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, clause 8.3.1, curve b is still used for steel grades
S235-5420 but curve a is proposed for higher steel grades (> S460). The proposed method adopts the same buckling
curves as in the provisions of prEN 1993-1-1.

Additionally, both versions recommend to 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. A pure torsional mode cannot be obtained for a centrally loaded angle column as explained
in Ref. [26]. Through numerical studies on angles in compression (see section 3.2) exhibiting 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. 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
includes torsional effects, as EN 1993-1-1, clause 6.3.1, and pr EN 1993-1-1, clause 8.3.1 prescribe.

The slenderness 4 is determined by eq. 6 introducing for class-4 section the plastic axial force of the gross instead of
the effective cross section that is used by EN 1993-1-1. This conservative assumption is counterbalanced by reducing
the plate slenderness to define the effective cross-section by eq. 4 as shown later on.

Finally, the interaction between local and global buckling are considered in the definition of the relative plate

slenderness A, via the term \/x,,;,, unlike in EN 1993-1-1.

2.2. 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, as it is also recommended by the current provisions of Eurocode 3.

The bending resistance of laterally restrained beams is derived considering a linear transition between plastic and
elastic bending resistances, as it is validated in Ref. [23], following the procedure for double symmetric cross-sections
that was proposed by SEMI-COMP project [27]; according to SEMICOMP, a smooth transition between cross-section
classes is allowed, removing thus any artificial stepwise prediction of resistance.

The design buckling resistance moment Mygrq Of a laterally unrestrained beam may accordingly be determined from:
Myra = XLrWu e (7)

Ym1

Where W, is the section modulus about the u axis:

Wy, =ai Wey i =2,3,4 8)
Where,

ayy =15 for class1or 2 9
a3 u=[1+ (2=l (15— 1) for class 3 (10)
Xyy = Weff,u / Wel,u = pz% fOT class 4 (11)
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The reduction factor p for outstand plated elements due to local buckling can be evaluated through eqg. 3, considering
areduced plate slenderness of the legs equal to:

[

Ao = uir 55 (12)

35,58¢

The reduction factor for lateral torsional buckling x.rshould be determined as a function of the relative slenderness
A of the member:

Wafy
MCT

At = (13)

The elastic critical moment for lateral-torsional buckling M is given by the following eq. 14 given in Ref. [8], with use
of Table 1:

0,46¢Eeh?et?

M¢ =Gy L

(14)
The value of the buckling reduction factor x.rfor the relative slenderness 1,7 should be derived from buckling curve
a, which can be determined by the eq. (6.57) of EN 1993-1-1: section 6.3.2.3 (1) for lateral-torsional buckling, using

Airo=0,4 and £-1,00 (see eq. 15 and eq. 16).

g = — but{ Zur =10 (15)
o T+ |dir—Air Xir S 1//1%T
bur = 015[1 + aLT(/TLT - 014) + /T%T] (16)

Table 1
Determination of the Cy-factor for LTB [8].
General case:

12,5M 0y T
= <15
25Myq, + 3M, + 4My + 3M, ; g ; A
For linear moment distribution:
__ 125, M [ L i
b= 75+ 5y with —1<¢ = M; st Ma =M Mg =M Mg =Ms
However, following in essence the limitations of EN 1993-1-1, lateral torsional buckling may be ignored (x.r= 1,0) when
one of the following conditions apply:

Cp

‘XLT < XLT,O (where XLT,O =04)

.Mu,Ed 2

MCT

= ALT,O

2.2.1. Comparison with EN 1993-1-1 and prEN 1993-1-1

The lateral torsional buckling resistance is in line with EN 1993-1-1, clause 6.3.2, eg. (6.55) or prEN 1993-1-1, clause
8.3.2, eq. (8.79). However, like in flexural buckling, the interaction between local and global buckling are considered
in the relative plate slenderness /Tp and not in the global slenderness A,7. Buckling curve d is recommended by both
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normative documents while, a is adopted in the proposal as a result of the validation procedure based on numerical
studies (see section 3.3).

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.

2.3. Resistance to weak axis bending

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 Ref. [23].

2.4. Buckling resistance to bending and axial compression

The proposal check requires to fulfil two conditions for buckling around one or the other principal axis 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

;
( Ned 4 b M”'Ed) T Ky 2 < (17)

vu
Npu,Rrd My Rd Rd

- weak axis check

g
N Mu MU
(ot b 3E2) 4 Ky 220 < 1 (18)

Npy,Rd Rd

where kj are the interaction factors that are provided in Table 2.
The é-factor is expressing a plastic, intermediate of elastic interaction and may be determined accordingly as follows:

c/t<16e: £€=2 (19)
Table 2
Determination of k;j factors.
kij factors
C —
kuu = 1_71;\]6(1 kuv - Cv
cru
kvu =Gy k. = %
v 1- Ned
Ncr,v
¢, =06+c, =06+04¥, ¢, =06+ 04¥,
1w, =t 1w, =
lu 1v
26,35~
16e < ¢/t <263¢: E=|1+|—— (20)
26,3e—16¢
c/t>263e: £=1 (21)
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Obviously, in the vast majority of cases the weak axis check (i.e. eq. 18) dominates, given the big difference of the
angle radii of gyration between the two principal axes. This is true, unless the bracing conditions are such that the
member is practically restrained in respect to weak axis buckling, or the load eccentricity that results a bending
moment Mygq around the strong axis is very large.

2.4.1. Comparison with EN 1993-1-1 and prEN 1993-1-1

The procedure exhibits similarities, but also differences with EN 1993-1-1, clause 6.3.3 and prEN 1993-1-1, clause
8.3.3. 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 § provided by eq. 19 to eq. 21, is introduced that makes the interaction
between the three terms to look as non-linear. Of course, it has to be pointed out that the interaction relations in
EN 1993-1-1 and prEN 1993-1-1 are also non-linear, despite they appear as linear. The quadratic term with § - 2,
given by eq. 19, tries to cover the cross-section resistance check of class-2 cross-sections as derived in Vayas et al.
[28], while £ -1 leads to a linear interaction as foreseen in elastic design. Furthermore, simpler expressions for the
terms C;and k;, but derived straightforward from the stability theory, are proposed. In fact, the terms k; represent
the magnification factors of bending moments for simply supported members subjected to compression forces and
end moments as derived by 2" order elastic analysis, while the terms Cirepresent the influence of a moment gradient
along the member.

2.5. General method for angle sections

The general method proposed in EN 1993-1-1, clause 6.3.4 and prEN 1993-1-1, clause 8.3.4 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 subject to compression and/or uni-axial bending in the plane, but which do not contain rotative
plastic hinges.

The authors suggest applying it as follows for members with equal leg angles. The out-of-plane buckling resistance
of the member is checked if the following equation applies: a

L2tk > 1.0 (22)

op Ym1

where,

Xopis the reduction factor corresponding to the non-dimensional slenderness /Top and aimed at accounting for weak
axis buckling only, as this is the predominate failure mode for angles. The selection of the buckling curve is based on
Ref. [2].

auitk IS the minimum load amplifier of the design loads to reach the characteristic value of elastic resistance of the
most critical cross-section of the structural component considering its in plane behavior without taking lateral or
lateral torsional buckling into account, but however 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:
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Quitk Omax = fy (23)

where omax IS the maximum elastic stress in the most loaded section along the member length, defined as the sum of
four terms:

Omax = ON t0e0 TOMu TOMy (24)

In this one:

- the first term (on) relates to the pure compression stress under the Ngq force;

- the second term (oeo), to the second order maximum stress resulting from the amplification of the first order
moment Neq-€o,ec3 (€ogc3is in-plane equivalent imperfection as defined in Ref. [2]), i.e. the moment Neg-eogc3[1/(1-
NEd/Ncr,u)];

- the third one (omu), relates to the second order maximum stress resulting from the amplification of the first order
moment Neq-ey (ev i the in-plane load eccentricity), which can be estimated as NEd-ev[1/(1-NEd/Ncr,u)];

- the fourth term (owmv) relates to the first order bending moment Neg-ey (eu is the out-of-plane load eccentricity).

The global relative slenderness Efor the structural component should be determined from the equation below, in
which the term acop is the minimum load amplifier for the design loads to reach the elastic critical load of the
structural component associated to weak axis buckling (ocr,op = oter, v).

Top = [quu (25)

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 - Nea/Neru) = 1) and eo may be taken equal to zero (in recognition of the rather
limited impact of this parameter, as a result of the significant difference of the elastic critical loads for the u and v
buckling axes respectively).

The cross-section resistance in bending may be evaluated by using eq.8. Conservatively, the elastic cross-section
resistance (Wer) may be also used.

N

2.5.1. Comparison with EN 1993-1-1 and prEN 1993-1-1

The difference with the present and forthcoming code versions (Ref. [1] and Ref. [2]) 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 acopis therefore adapted accordingly.

3. 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 of the member response for a wide range
of parameters. The profile sizes, the member lengths and the steel grades of the samples have been selected in order
to collect a large number of samples with properties that are commonly used in steel towers (see Table 3). However,
this is not limiting the range of application of the rules, as the parameters of the selected numerical samples shows
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that they can be easily used in other types of structures too. It has to be mentioned that the classification system used
hereafter, is the one proposed in Ref [23].

Table 3
Cross-sections that commonly used in steel lattice towers.
Chords
Cross- Use Legth Steel Cross- Use Legth Steel
section [m] grade section [m] grade
Smallest
Cross- S355 For low S355
L70x70xt section for 1,0-2,0 $460 L80x80xt levels 1,0-2,0 $460
upper levels
Standard
S355 For middle S355
L150x150xt cro§s- 2,0-3,0 460 L70x70xt levels 1,0-2,0 460
section
For high
S355 For upper S355
L250x250xt pylons at 2,0-3,0 $460 L45x45xt levels 1,0-2,0 $460
low levels

Fig. 2. Sample of the 3-D model used for the numerical analyses.

3.1. Description of the numerical models

The numerical models have been performed with ABAQUS [29] finite element software. The samples have been
modelled as pin-ended with at least three volume linear elements over the thickness (see Fig. 2). 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 analyses to be performed. Although the end plates
at the extremities of the samples have not been simulated, they have been considered indirectly 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. It has been shown in Ref. [30] that a considerable strength increase is observed when the
secondary warping is prevented at the extremities of equal-leg cold- formed angle members. However, a similar effect
has not been reported for hot-rolled angle sections.
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The finite element analyses were performed considering:

-70,5

70,5

70,5 /.
70,5

705/ 705

Fig. 3. Assumed distribution pattern of residual stresses in MPa based on Ref. [33-34].

- 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 the recommendation of the European norm EN 1090-2
[31], which prescribes that the deviation from straightness should be A <L[mm]/750, with the provisions of prEN
1993-1-14 [32], which state that 80% of the geometric fabrication tolerances given in Ref. [31] should be applied.
The direction of the imperfection has been implemented to lead the tip in compression.

- Residual stresses resulting from the hot-rolling procedure. The selected pattern (Fig. 3) is chosen from previous
studies [33-34] 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 0,3 - f,, that is
approximately equal to 70 MPa for steel grade S235, is used.

Residual stresses in ABAQUS software may be implemented (i) by creating a sub-routine code so that the software is
introducing them automatically, but the authors are not familiar to that, or (ii) by introducing an initial stress
distribution. The latter requires to make the equilibrium of the stresses at the root of the angle section by hand, which
is not desirable if considering the large number of analyses to be performed. Therefore, it has been decided to use an
equivalent imperfection eo that will represent the effect of the combined action of both residual stresses and initial
imperfections. To calibrate the value of the equivalent imperfection eo, a few analyses have been performed with
FINELG [35] 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 software has been done due to its easy and automatic
way of introducing residual stresses in the model. The profiles and the material and geometrical properties of the
tested samples are shown in Table 4.

First, a full non-linear analysis considering an initial imperfection (L/ 1000), an elastic perfectly plastic material law, as
well as residual stresses (using the pattern shown in Fig. 3) has been performed for each one of the 10 different
samples provided in Table 4 and the ultimate resistance Nurmge+ma has been reported. By introducing this value
(Nut,mge+ma) in €q. 26, a rough estimation of the equivalent imperfection eo can be found equal to e, = L[mm]/700
(initial calculated mean value L/757).

N Nyite
Omax = T4+ R — = f, (26)
A (1_ ult)W
Nerpw) ¥

Then a second full non-linear analysis, considering this time the equivalent imperfection (L/700) and an elastic
perfectly plastic material law has been performed for each one of the 10 samples and the ultimate resistance Nuitm,eq
has been recorded and presented in Table 4. The mean value of the ratio Nuim getma/Nuitimeq IS €qual to 0,99 with a
COV of 2,0%.
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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 Nuapaqus/Nuitim,ge+ma IS €qual 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 and solid element in ABAQUS). Therefore, the equivalent imperfection e, = 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.

3.2. Members in axial compression

The profiles, lengths and steel grades have been selected from Table 3, but the thicknesses have been chosen so as
to have samples of different classes (class 1 and 4) and different buckling modes as flexural or flexural-torsional. The
details are summarized in Table 5, including

Table 4
Details and results from FINELG concerning the analyses to determine the equivalent imperfection e.

No  Cross-Section LengthL[mm] Steelgrade eo[mm]fromeq.26 eo=L/700 [mm]  Nutimge+ma [KN] Nuttim,eq [KN] Nutt im ge+ma/Nuitim eq [-]

1 L70x70 x5 1000 S355 1,34 1,42 182,41 188,45 0,97
2 L70x70 x5 1000 S460 1,26 1,42 217,71 216,77 1,00
3 L70x70 x5 2000 S355 2,69 2,86 64,04 64,77 0,99
4 L70x70 x5 2000 S460 2,52 2,86 64,61 65,62 0,98
5 L80 x80 x 8 2000 S355 2,74 2,86 144,31 142,03 1,02
6 L80 x80 x 8 2000 S460 2,58 2,86 148,54 146,35 1,01
7 1150 x 150 x 13 2000 S355 2,89 2,86 1029,72 1077,83 0,96
8 1150 x 150 x 13 2000 S460 2,73 2,86 1259,42 1267,67 0,99
9 L250 x 250 x 20 2000 S355 2,87 2,86 3156,6 3236,49 0,98
10 L250x 250 x 20 2000 S460 2,67 2,86 4005,27 3939,71 1,02

also the ratio between the elastic critical load for flexural-torsional buckling and the minimum one obtained for flexural
buckling.

The samples have been modelled as explained in section 3.1. 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 eofr = L[mm]/700 with a deformation shape similar to the first member instability
mode, i.e. the flexural- torsional one as it is shown in Fig. 4(b), (c) (which correspond to Nui));
b. equivalent imperfection eor = L[mm]/700 with a deformation similar to the first flexural instability mode as t is

shown in Fig. 4(a) (which correspond to Nui));
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No Cross-Section L [mm] fy [N/mm?] Class Eigenmode deformed shape Ner £7/minNer [-]
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 L70x70x 6 1000 355 1 Flexural 1,43
6 L70x70x 6 1000 460 1 Flexural 1,43
7 L70x70x 6 2000 355 1 Flexural 3,01
8 L70x70x 6 2000 460 1 Flexural 3,01
9 L70x70x 7 1000 355 1 Flexural 1,82
10 L70x70x 7 1000 460 1 Flexural 1,82
11 L70x70x 7 2000 355 1 Flexural 3,25
12 L70x70x 7 2000 460 1 Flexural 3,25
13 L70x 70 x 10 1000 355 1 Flexural 2,71
14 L70x70 x 10 1000 460 1 Flexural 2,71
15 L70x70 x 10 2000 355 1 Flexural 3,53
16 L70x 70 x 10 2000 460 1 Flexural 3,53
17 1150 x 150 x 13 2000 355 1 Flexural 1,29
18 1150 x 150 x 13 2000 460 1 Flexural 1,29
19 1150 x 150 x 13 3000 355 1 Flexural 2,25
20 11150 x 150 x 13 3000 460 1 Flexural 2,25
21 1150 x 150 x 14 2000 355 1 Flexural 1,46
22 1150 x 150 x 14 2000 460 1 Flexural 1,46
23 1150 x 150 x 14 3000 355 1 Flexural 2,44
24 1150 x 150 x 14 3000 460 1 Flexural 2,44
25 1150 x 150 x 15 2000 355 1 Flexural 1,63
26 1150 x 150 x 15 2000 460 1 Flexural 1,63
27 1150 x 150 x 15 3000 355 1 Flexural 2,61
28 1150 x 150 x 15 3000 460 1 Flexural 2,61
29 1150 x 150 x 18 2000 355 1 Flexural 2,11
30 1150 x 150 x 18 2000 460 1 Flexural 2,11
31 1150 x 150 x 18 3000 355 1 Flexural 2,98
32 1150 x 150 x 18 3000 460 1 Flexural 2,98
33 1150 x 150 x 18 2000 355 4 Flexural-torsional 0,32
34 1150 x 150 x 18 2000 460 4 Flexural-torsional 0,32
35 1250 x 250 x 17 3000 355 4 Flexural-torsional 0,69
36 1250 x 250 x 17 3000 460 4 Flexural-torsional 0,69
37 1250 x 250 x 20 2000 355 1 Flexural-torsional 0,45
38 1250 x 250 x 20 2000 460 4 Flexural-torsional 0,45
39 1250 x 250 x 20 3000 355 1 Flexural-torsional 0,99
40 1250 x 250 x 20 3000 460 4 Flexural-torsional 0,99
41 1250 x 250 x 22 2000 355 1 Flexural-torsional 0,54
42 1250 x 250 x 22 2000 460 1 Flexural-torsional 0,54
43 1250 x 250 x 22 3000 355 1 Flexural 1,11
44 1250 x 250 x 22 3000 460 1 Flexural 1,11
45 1250 x 250 x 26 2000 355 1 Flexural-torsional 0,75
46 1250 x 250 x 26 2000 460 1 Flexural-torsional 0,75
47 250 x 250 x 26 3000 355 1 Flexural 1,48
48 250 x 250 x 26 3000 460 1 Flexural 1,48
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Fig. 4. Typical shape of the initial imperfection of a member with (a) flexural eigenmode and (b) flexural-tortional eigenmode; (c) middle cross-section of the
member for case (b).
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Fig. 5. Comparison of numerical results with buckling curves of prEN 1993-1-1.

S

c. equivalent imperfection eo = eger + €or (Which correspond to Nur «)); €or = L/700 with a deformation shape
similar to the first member instability mode (flexural-torsional) and eor = 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.

For all the cases, the amplitude e, = L[mm]/700 is measured at the more distant node of the deformed shape
(colourful) from the undeformed (grey) one, as illustrated in Fig. 4. 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 Nuip)
and Nui) Is negligible (less than 0,5%).
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Fig. 5 illustrates the numerical results compared with the reference buckling curves a and b as they are reported in
[2]. The buckling reduction factor ynum Of the numerically tested samples has been evaluated as xnum = Nnum/Npiand the
slenderness using eg. 6. For the samples with a flexural-torsional eigenmode, two cases are distinguished in Fig. 5;
the numerical results reported with blue/orange points have been evaluated using Nyt = Min{Nuit), Nuit), Nuito)}, while
the results presented with green points using Nuit = Nuit).

According to Ref. [1], the obtained numerical results for the S355 steel grade should be compared with curve b while
for S460 with curve a. 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 section 2.1.

3.3. Members in strong axis bending

For this load case, the profiles, lengths and steel grades have been again selected from Table 3, while the thicknesses
have been chosen to have samples of different classes (1 and 3). The details are summarized in Table 6. In order to
study some more slender members, a few analyses have been additionally considered (marked with * in the table)
with higher steel grades and member lengths. For each non-linear analysis, an initial imperfection of magnitude
L[mm]/700 has been applied with a deformation shape similar to the first member instability mode to introduce a
twist imperfection at the middle cross-section (see Fig. 6). It should be also noted that the application of eq. 14 was
checked numerically with satisfactory results. Indeed, the mean value of the ratio M num/Merana Was equal to 0,989
with a COV of 4%.

Fig. 7 illustrates the numerical results compared with the buckling curves a and a, for LTB as they are defined by eq.
(6.57) of EN 1993-1-1: 86.3.2.3. The reduction factor for lateral-torsional buckling xirnum Of the numerical samples has
been evaluated by the equation y.1num = Murtu/W.ufy and the slenderness by using eq. 13.

Itis seen in the graph that all the results are above curve a, while the most of them are below curve ay; this validates
the proposed buckling curve for LTB of angle sections. It can be also observed 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/et ratio quite close to the class-2 limit, and 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 aspects (where a smooth transition
between cross-section classes 2 and 3 is allowed), a profile classified as Class 3, but very close to Class 2, should be
characterized by a section resistance close to My. To set this clear, one should have in mind that a profile with a c/et
approximately equal to 16, could have a ratio Mut,u/Mp from 0,95 to 1,0. 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.

3.4. 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.
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Table 6
Details for the samples subjected to a major axis bending moment.

No Cross-Section L [mm] Fy [N/mm?] Class No Cross-Section L [mm] Fy [N/mm?] Class
1 L45x45x 3 1000 355 1 29 L45x45x 3 2000 355 1
2 1000 460 3 30 2000 460 3
3 2000 355 1 31 3000 355 1
4 2000 460 3 32 3000 460 3
5 L70x70x5 1000 355 1 33 L45x45x 3 2000 355 1
6 1000 460 1 34 2000 460 1
7 2000 355 1 35 3000 355 1
8 2000 460 1 36 3000 460 1
9 L70x70x 6 1000 355 1 37 L45x45x 3 2000 355 1
10 1000 460 1 38 2000 460 1
11 2000 355 1 39 3000 355 1
12 2000 460 1 40 3000 460 1
13 L80x80 x5 2000 355 1 41 L45x45x 3 4000 355 1
14 2000 460 3 42 4000 460 1
15 3000 355 1 43 5000 355 1
16 3000 460 3 44 5000 460 1
17 L150 x 150 x 13 2000 355 1 45 L45x45x 3 4000 550 1
18 2000 460 1 46 4000 690 3
19 3000 355 1 47 5000 55 1
20 3000 460 1 48 5000 690 3
21 L150 x 150 x 14 2000 355 1 49 L45x45x 3 2000 355 1
22 2000 460 1 50 2000 460 1
23 3000 355 1 51 3000 355 1
24 3000 460 1 52 3000 460 1
25 2000 355 1
26 2000 460 1

L150 x 150 x 15

27 3000 355 1

28 3000 460 1

00B: Instal odb  Abaqus/Standard 6.14-1 Wed Oct 28 10:19:14 GTB Standard Time 2020

Fig. 6. Typical shape of initial imperfection for a member subjected to strong axis bending.
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Fig. 7. Comparison of numerical results with buckling curves for LTB of EN 1993-1-1 [1].

3.4.1. Axial force and weak axis bending

The numerical investigations have been performed by considering only a constant weak axis moment along the
member length caused by an eccentric axial force. The eccentricity lies on u-u axis (point P in Fig. 8(a)), and ranges
between 5 and 35 mm; the value has been chosen randomly for each sample. The details of the numerical samples
are presented in Table 7. All the analyses are for the tip in compression, which is more critical than the tip in tension.
Fig. 9 presents the ratio between numerical and analytical (section 2.4) resistance loads according to the weak axis
slenderness 4,,.. The analytical load is determined as the maximum load that satisfies both eq. 17 and eq. 18, without
safety factors. For all the samples, the weak axis check was the critical one, justifying the selection of 4, in the abscissa.
The test points represent besides the slenderness, different load eccentricities and, therefore, different contributions
of the compression or bending terms to the design equations. Accordingly, different analytical- to-numerical ratios are
achieved, for the same slenderness.

The mean value (m) of the ratio Nnum/Nanai IS equal to 1,03 with a standard deviation of 3,18%. There are only very few
results where the analytical solution predicts lower values, with a maximal deviation of 3% in one test, while the (mean
— ) value of all tests is close to 0,5%. This is completely acceptable, considering that strain hardening was neglected
in the numerical analyses.

(a) (b) (c)
Fig. 8. Position of the load application point for the samples subjected to N + M, (b)
N+ My (c) N + My+ M,.
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Table 7
Details for the samples subjected to an eccentric axial force causing a weak axis moment.
No Cross-Section L [mm] Fy [N/mm?] ey [mm] No Cross-Section L [mm] Fy[N/mm?] ey [mm]
1 L45x45x 3 1000 355 10 17 L150x 150 x 14 2000 355 12
2 1000 460 10 18 2000 460 12
3 2000 355 10 19 3000 355 20
4 2000 460 10 20 3000 460 20
5 1000 355 5 21 2000 355 10
6 1000 460 5 22 2000 460 10
7 L70x70x5 2000 355 20 23 L150x 150 x 18 3000 355 32
8 2000 460 20 24 3000 460 32
9 1000 355 35 25 2000 355 8
10 1000 460 35 26 2000 460 8
1 L70x70x6 2000 355 35 27 1250250 x 17 3000 355 12
12 2000 460 35 28 3000 460 12
13 2000 355 25 29 2000 355 5
14 L80 X 80 x5 2000 460 25 30 L250 x 250 X 22 2000 460 5
15 3000 355 25 31 3000 355 5
16 3000 460 25 32 3000 460 5
1,12
1,10 .
° L]
1,08
h'gl 1,06 e ] REL
2 104 o T
}é 1,02 frresemedgereeesd | RN .-.A..,.....; ............... 0 9 P S
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Fig. 9. Ratio between numerical and analytical loads for N + My.
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Fig. 10. Ratio between numerical and analytical loads for N + My
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3.4.2. 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. 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 P2in Fig. 8(b), which represents the case when the bolts can be placed on the v-axis)
and ranges between 14,57 and 84,00 mm, depending on the profile geometry.

(a) (b)

Fig. 11. Movement (indicated by the yellow arrow) of a profile subjected to an axial force and strong axis bending: (a) during initial loading steps and (b) at the failure load.

Fig. 10 presents the ratio between numerical load resistances and the analytical ones derived through the current
proposal in accordance to the weak axis slenderness 2,,. For all samples, weak axis check was again the critical one,
as the member finally buckles along weak axis. This can be justified by the analytical approach, as lateral torsional-
buckling is ignored (x.r= 1,0) due to one of the two conditions described in section 2.2; therefore, the member buckles
only due to the axial load. Numerically, it can be shown from Fig. 11 that the member starts to move laterally (along
strong axis) but finally buckles towards weak axis; the movements are indicating by the yellow arrows. This again
justifies the tendency of angles to buckle along weak axis. The mean value of the ratio Nnum/Nana iS equal to 1,05 with
a standard deviation of 5,90%, and the validation of the analytical approach is effective if one accepts a 2% deviation
from the numerical results.

1,35
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1,25 (s

1,20 LR pi® o .

115 el e b FEsmsEmL=
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1,05 .
1,00 2
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0,30 0,70 1,10 1,50 1,90 2,30 2,70 3,10 3,50
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Fig. 12. Ratio between numerical and analytical loads for N + My + My.

3.4.3. Axial force and bi-axial bending

In this case, the axial force is applied on its mid-height of the leg on its mid-plane (point Pzin Fig. 8(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. Fig. 12 illustrates the ratio between numerical and
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analytical (section 2.4) resistance loads according to the weak axis slenderness 1,,. The weak axis check was the critical
one for this loading case too, and the member buckles towards weak axis.

The mean value of the ratio Nnum/Nanais equal to 1,15 with a standard deviation of 8,77%. It can be seen that the
analytical approach for the combined resistance is validated through the numerical results.

3.5. General method for angle sections

The validation of the proposed general method in section 2.5 was done by referring to the numerical results in section
3.4.3. Therefore, the axial force is applied at the mid-height of the leg at the middle line of the leg thickness.
Three cases were considered, depending on the influence of some parameters, for investigation and validation:

e Case 1:

- “In-plane” 2" order effects and bow imperfections are accounted for, in ayix;
- gois taken from prEN 1993-1-1:2019-87.3.3.1 for relevant buckling curve (elastic verification);
- elastic cross-section resistance is used (We).

e Case 2:

- “In-plane” instability effects are considered as negligible;

- 2"9order effects are disregarded (ky= 1/(1-Nea/Neru) = 1) and eoiis taken equal to zero (in recognition of the rather
limited impact of this parameter); probably such an assumption should be limited to angles connected by one leg
while, in this case, the strong axis moment remains limited, as its influence;

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

= Case 3:
- Same assumptions as in Case 2, but taking into account the actual cross-section resistance using Wy = aWe ..

Fig. 13 presents the ratio between numerical and analytical resistances obtained for the three different cases as a
function of the weak axis slenderness 1,,. The analytical resistance corresponds to the maximum load that satisfies
eq. 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, with Case 1 to be the safest.
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Fig. 13. Ratio between numerical loads and the analytical ones, obtained through the general method, for N + My + My.
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Case 3 is seen to be the closer to the reality. This results from the consideration of a higher cross-section resistance
for class 1 and 2 cross-sections (in comparison to Case 1 and Case 2) and from a more reasonable assumption in terms
of geometrical imperfection (in Case 1, eois jointly applied in both planes: explicitly in the plane through the omax value
and implicitly out-of-the-plane through the yop value).

4. Experimental validation

In the following, the design formulas given in section 2 are checked against tests that have been performed by various
universities and are available in the literature. For all 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.

4.1. Axial compression tests at Tsinghua University

At Tsinghua University, 66 tests were carried out on axially loaded columns from equal angle sections that were hinged
at both extremities and reported in Ref. [18]. The cross-sections ranged from L 125x125x8 to L 200x200x14 and the
material was high strength steel (HSS) S420. All the profiles were classified in 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. Although actual dimensions of
the tested specimens have been measured, the authors are referring to the nominal slenderness so as to conform
with the specimen labels used in Ref. [18].

Fig. 14 presents, for all tests, the ratio between the experimental resistances and the analytical ones obtained using
current proposal (see section 2.1) according to the weak axis nominal slenderness Ay. Fig. 15 presents the mean value
(m) 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 (m-s). There are only very few results where
the analytical solution predicts lower values, with a maximal deviation of 5% in two tests, while the (mean - s) value
of all tests with nominal slenderness 30 and 40 is 0,8% and 3,2% respectively. This is completely acceptable,
considering again that strain hardening was neglected in the numerical analyses. It may be also seen that the current
proposal gives a better prediction for the column capacity compared to the Eurocode 3. The conservative character
of prEN 1993-1-1 may be explained by the fact that the non- dimensional slenderness is determined from the relevant
buckling mode (in this experimental campaign the most were flexural-torsional ones), while as proposed, they should
be based only on the flexural mode.
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Table 8
Comparisons for the centrally loaded ULiege tests.
No Specimen Z Class Nexp/NRd,prEN1993»1»1 Nexp/NRd,prop
label [-] [-] [-]

1 Spll 1,31 1 1,13 1,13
2 Sp13 1,56 1 1,04 1,04
3 Sp15 1,81 1 1,04 1,04
4 Sp21 1,12 4 1,12 1,06
5 Sp23 1,30 4 1,02 0,99
6 Sp25 1,48 4 1,08 1,05

4.2. Angelhy compression tests at ULiege

At the University of Liege, 12 compression tests were carried out on axially loaded pin-ended columns with or without
eccentricity in the frame of the ANGELHY project; they are reported in Ref. [17]. Amongst them, 6 were loaded at the
centre of gravity and 6 at the point P2, as this is illustrated in Fig. 8(b). The cross-sections were L 150x150x18 and L
200x200x16 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 as well as the resistance
determined by the current proposal (see section 2.1) of the tests without eccentricity, are reported in Table 8. As for

23



Published in : Journal of Constructional Steel Research (2022), vol. 189, 107092, pp. 1-15 =
DOI: 10. 1016/} jcst.2021.107092 mrL I EG E
Status : Postprint (Author’s version) % universite

all centrally loaded specimens, the first instability mode was a flexural one, the value for the non-dimensional
slenderness is the same for both procedures. Therefore, the difference of the ratios reported in Table 8 are due to
the way to incorporate local buckling, which differs in both procedures.

In Ref.[17], the conservative character of the general method for angle members was highlighted. In the following,
the general method, as adapted for angles (see section 2.5), is applied for the eccentrically loaded specimens and
compared with the provisions of prEN 1993-1-1. The results are summarized in Table 9; two cases (Case 1 and Case 3
as defined in section 3.5) were considered for the determination of the analytical load.

Table 9

Comparisons for the eccentrically loaded ULiege tests _general method.
No  Specimen Nexp/ NRd prEn1993-1-1 Nexp/ Nprop,c1 Nexp/Nprop,c3

label [-] [-] [-]

1 Sp12 1,88 1,46 1,11
2 Spl4 1,77 1,38 1,09
3 Spl6 1,72 1,33 1,10
4 Sp22 2,62 1,60 121
5 Sp24 241 1,47 1,14
6 Sp26 2,30 1,39 1,12

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 Wes value is used for the determination of the maximum stress. In
contrast, according to the current proposal, all the profiles reach at least their elastic resistance in bending and so the
We value is used.

4.3. Eccentric compression tests at NTUA

At the National Technical University of Athens, 33 compression tests were carried out on axially loaded pin-ended
columns with or without eccentricity and reported in Ref. [19]. The cross-sections were equal-leg angles L 70 x 70 x 7
and the material S275. The profile was classified by EN 1993-1-1 in class 1. The load was introduced through supports
that correspond to spherical hinged boundary conditions. The experimental results are compared with the resistance
formulae of the current proposal as outlined in section 2.4, as well as with the resistance formulae for members as
described in prEN 1993-1-1, egs. (8.88)—(8.89), in combinations with annex C where interaction factors for mono-
symmetric sections are given.

Fig. 16 presents the ratio between the experimental resistances and the analytical ones obtained using current
proposal (see section 2.4) versus the non-dimensional slenderness 1,,, for all tests except one that its experimental
load was higher than its critical one. Such a phenomenon was observed in similar angle tests of other Laboratories. It
should be the result of very small geometrical imperfections, which are in opposite direction to those corresponding
to the fundamental buckling mode that leads the angle tips to compression.

Fig. 17 presents the mean value (m) 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 (m-s). 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.

24



Published in : Journal of Constructional Steel Research (2022), vol. 189, 107092, pp. 1-15 ’ =
DOI: 10. 1016/} jcst.2021.107092 mrL I EG E
Status : Postprint (Author’s version) 4% universite

4.4. 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 L 80 x 80 x 8 and 3 on L 120x120x12 profiles. The material was S275 for all specimens. The boundary
conditions varied from clamped supports (13 tests in series BC1), to knife supports allowing rotation in the loading
plane (5 tests in series BC2) and fully hinged support allowing free rotation in- and out-of-plane (9 tests in series BC3).
The load was introduced to the profile through one leg by the bolts; the introduction point is the centre of the hole
for connection with one bolt (13 tests), or the centre between the two holes for connection with two bolts (14 tests).
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Fig. 17. Ratio between experimental and analytical loads for the NTUA tests, mean values.

For this experimental campaign, the member capacity was calculated firstly by the proposed method, checking the
angle member to compression and biaxial bending that results from the loading eccentricity. The buckling length was
set equal to the system length Lsysfor all cases, except where both following conditions were met: support conditions
BC1 and connection by two bolts; in the latter case, the buckling length was set equal to Lsys/2.

The results of the current proposal are compared with the provisions of EN 1993-3-1, Annex G 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 provided 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 (Table G.2 of EN 1993-3-1, Annex G):

25



Published in : Journal of Constructional Steel Research (2022), vol. 189, 107092, pp. 1-15 =
DOI: 10. 1016/ jcsr.2021.107092 i LIEGE
Status : Postprint (Author’s version) b université
Aefrp =035+07+ 1, forconnection with 2 bolts (27)
_ 040+ 071, o
effv = = for connection with 1 bolt (28)
v |058+07+1,

The design resistance, where y - min{y, x,}, may be obtained as follows:
A
))(/—Jy for connection with 2 bolts
Nb,Rd = ! (29)

XAf, . .
08- YM1y for connection with 1 bolt
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The member resistance is the lowest between the resistances in respect to the v-v and y-y axes.

Figs. 18 and 19 illustrate the ratio between the experimental and the analytical loads for connection with two and
correspondingly one bolt and provide the mean minus one standard deviation value for all tests. It may be seen that
the proposed method provides safe predictions for all tests with two bolts, and all but 3 tests with one bolt. In
contrast, the EN 1993-3-1 method largely overestimates the angle capacities and is on the unsafe side. The authors in
Ref. [11] conclude that the existing EN 1993- 3-1 method for compression angles connected with one bolt is unsafe
and that consequently they should be designed as simply supported members by 2" order analysis accounting for
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geometrical imperfections in respect to the weak axis and subsequent cross-section check. This statement is
confirmed by the present study.

4.5. Eccentric compression tests at TUBRaunschweig

At the Technical University of Braunschweig, 40 compression tests were carried out and reported in Ref. [ 20] 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 by the authors in Ref. [20] as clamped and hinged. In the former the
angle was connected with one preloaded bolt to a steel tab, in the latter through a pin to a fork bearing. The load was
introduced through one bolt M12.

Fig. 20 presents, for all tests, the ratio between the experimental resistances and the analytical ones obtained using
current proposal (see section 2.4) according to the weak axis non-dimensional slenderness A.. Fig. 21 presents the
ratio (mean minus one standard deviation) of the experimental to analytical loads as a function of the relative weak
axis slenderness.
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Fig. 20. Ratio between experimental and analytical loads for the TU Braunschweig tests.
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Fig. 21. 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.

Similarly to the previous section, the analytical load was determined either by the proposed method, under
consideration of the moments that result from the loading eccentricity, or by the provisions of EN 1993-3-1. As in Ref.
[20], the buckling length was set in all cases equal to the system length, even in the case of the “clamped” support
conditions, due to the free rotation of the specimen around the one supporting bolt. This was a conservative
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assumption since the bolts were preloaded and provided some rotation restraint. In fact, the experimental loads were
up to 20% higher for the largest slenderness in the “clamped” support conditions. It may be seen that the proposed
method gives best results for the hinged support conditions while for the clamped support seem to underestimate
the buckling capacity at larger slenderness. 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. [20] 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”.

5. Conclusions

In the paper, a full set of design rules for members is provided which may directly lead to the revision of present
existing Eurocode provisions. These rules are written in the Eurocode format and will be included in the forthcoming
version of prEN 1993-1-1 in Annex F. Their main features are as follows:

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

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

- They represent the mechanical behavior and failure modes of cross- sections and members.

- They account directly for the presence of applied moments resulting from the connection eccentricities.
- Appropriate European buckling curves for flexural and lateral torsional buckling of angles are proposed.

All the design rules were validated by extensive numerical analyses and numerous experimental tests. Experimental
results were also compared to existing Code provisions. It was shown that the proposed method predicts well the
member capacity and may be used as an alternative to existing Code provisions.
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