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Abstract

This thesis is concerned with open questions relating to the accuracy and safety of buckling design
rules for steel members. It identifies a series of inconsistencies in the current practice of design of

these members against instability and comes up with novel solutions to overcome them.

The accuracy of design rules is addressed for the buckling modes of lateral-torsional, torsional-
flexural and in-plane beam-column buckling. It is shown that the load-carrying capacity of steel
members for these modes can be assessed with great accuracy on the basis of simple, case-specific
second order (Ayrton-Perry) equations. Thereby, it is of paramount importance that the proposed
design equations are calibrated to accurately reflect the results of materially and geometrically non-
linear GMNIA FEM calculations. For the purposes of determining how accurately a formulation
reflects the true mechanical behaviour of a certain member in a buckling mode, these GMNIA
calculations are inevitably of deterministic nature, but are conveniently carried out on “model
members” that inherently reflect a certain,desired safety level through their assumptions regarding
imperfections and geometry. By doing so, the same, consistent procedure was finally adopted for
the development of design rules for these buckling modes as for the most-studied and best-
understood benchmark case of flexural column buckling. Accordingly, also the resulting design

formulae are both formally and mechanically consistent with the benchmark case.

Aspects of safety were addressed both implicitly through the above-mentioned development
procedure and explicitly by the use of reliability assessments on the basis of Monte Carlo
simulations and First Order Reliability Methods. Random number generation and numerical tests
were used to answer some questions related to the nexus between fabrication tolerances and
specified imperfections for design. Specifically, the impact of changes to the curvature tolerances of
compression members was quantified by the use of these methods. Additionally, the possibility was
addressed to move away from “semi-deterministic” buckling rules calibrated onto “model member”
GMNIA calculations, and to directly base the calibration of buckling rules on “constant reliability
curves”. Such curves can be obtained from a combination of numerical GMNIA and probabilistic
FORM calculations.

Finally, a systematic development procedure for buckling design rules for steel members is
proposed, which allows for a consistent expansion of the findings of this thesis to other buckling

modes.







Kurzfassung

Diese Dissertation befasst sich mit offenen Fragen zur Genauigkeit und Sicherheit von
Bemessungsregeln fiir stabilitdtsgefdhrdete Stahlbauteile. In ihr werden eine Reihe von
Inkonsistenzen in der jetzigen Bemessungspraxis ausgewiesen und mittels innovativer

Losungsansétze behoben.

Die Genauigkeit der Bemessungsregeln wird fiir die Stabilitdtsfdlle des Biegedrillknickens, des
Drillknickens und des Biegeknickens unter kombinierter Beanspruchung untersucht. Es wird
gezeigt, dass die Tragfiahigkeit von Stahlbauteilen gegeniiber diesen Versagensfillen mit Hilfe
einfacher, aus der Theorie II. Ordnung hergeleiteten Formeln erfolgen kann (Ayrton-Perry
Formulierungen). Dabei ist es von besonderer Bedeutung, dass die vorgeschlagenen Formeln an die
Ergebnisse von materiell und geometrisch nichtlinearen GMNIA Berechnungen kalibriert werden.
Diese GMNIA Berechnungen sind zundchst zwangsweise deterministischer Natur, um die
Genauigkeit einer Formulierung im Hinblick auf die Vorhersage der Tragfahigkeit eines
bestimmten ,,Modell-Balkens® beurteilen zu konnen. Sie sind aber vorteilhaft in ihren
Imperfektions- und Geometrieannahmen fiir den mit einem gewiinschten Vertrauensniveau
abgestimmt. Durch diese Vorgehensweise wird volle Konsistenz mit der Entwicklung des
Referenzfalles fiir alle Stabilitdts-Bemessungsregeln hergestellt, dem Biegeknickfall von Stiitzen.
Infolge dessen wurden in der vorliegenden Arbeit auch die resultierenden Bemessungsregeln

sowohl formell als auch mechanisch in vollstandiger Konsistenz mit dem Referenzfall formuliert.

Fragen der Sicherheit wurden sowohl implizit durch die obenbeschriebene Vorgehensweise als auch
explizit durch die Durchfiihrung von Zuverldsslichkeitsuntersuchungen mit Hilfe von Monte Carlo
und ,First Order Reliability* Methoden erortert. Die Generierung von Zufallszahlen und
numerische (Monte Carlo) Versuche wurden zur Beantwortung von Fragen der Verkniipfung von
Herstellungstoleranzen und Imperfektionen fiir Tragfahigkeitsberechnungen angewandt; ein
Beispiel hierfiir ist die Quantifizierung des Effekts der Anderung von Geradheitstoleranzen fiir
Druckglieder. Zudem wurde in dieser Arbeit die Moglichkeit untersucht, in Zukunft die
Kalibrierung von Bemessungsregeln nicht mehr auf Basis von ‘“semi-deterministischen”
Knickkurven durchzufiihren, sondern direkt auf Basis von Kurven konstanter Zuverlédssigkeit. Diese

konnen mit Hilfe einer Kombination von GMNIA und FORM Berechnungen ermittelt werden.

AbschlieBend wird eine systematische Prozedur zur Entwicklung von Bemessungsregeln fiir
stabilitidtsgefahrdete Stahlbauteile vorgeschlagen, welche eine konsistente Erweiterung der in dieser

Arbeit dargestellten Konzepte auch auf andere Stabilitdtsfalle ermoglicht.
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PART I - Introduction, Background of Buckling Curves & Methodology

Introduction

1.1. Motivation and Objectives

Buckling theory and buckling design have accompanied the development and advancement of steel
as a building material and of structural steelwork as a construction method since the very beginning.
This must be attributed to the specific characteristics of steelwork, for which —due to the high
strength of the material- the slenderness of components is of paramount importance. One or the
other form of buckling determines the ultimate resistance of practically all of these components
whenever compressive stresses are present. It is therefore understandable why the structural
engineers working with steelwork have always been interested in determining the buckling

resistance of a structural component —and of the structure as a whole- as accurately as possible.

The buckling resistance of a structural component can be assessed - with varying degrees of
accuracy - using a variety of methods. As research tools, experimental methods and numerical
methods -using mostly non-linear Finite Element Methods (FEM)- have been widely used in the
past and present to gather information that leads to a better understanding of the main parameters
governing a stability problem. In recent times, these two methods are also often combined to obtain
so-called numerical (“Monte Carlo”) fests, i.e. numerical calculations with random sets of input
parameters. When appropriately employed, they combine the inexpensiveness —in terms of time and

money- of a numerical calculation with the safety-relevant “scatter” inherent to a real component.

Theoretically, a future scenario can be envisaged in which exclusively full non-linear numerical
FEM calculations are used by practitioners and designers to assess the buckling resistance of steel
structures. However, this does not seem to be desirable from today’s point of view. The frequent
discussions in the scientific community about the safety or representativeness of one or another
design rule, based on this or that assumption in a numerical simulation, prove that the application
and interpretation of such calculations still pose a series of problems even at the basic scientific
level. Thus, at the moment, the stability design of a large structure conducted solely with non-linear
numerical methods and (arbitrary) normative imperfection assumptions will be far too prone to
questioning of its safety level or misinterpretation of its results to be acceptable as a method for
practical structural design. Both the experimental and the numerical methods alone will therefore be

of little direct help to designers in their task of dimensioning a structure that is fit for its planned
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utilization. Thus, simple analytical methods, design charts and tables, and above all formulaic

descriptions of buckling curves will likely retain a dominant role in the future.

In the semi-probabilistic Eurocode design philosophy laid out in EN 1990, such buckling curves (or
rather, the formulaic representation thereof) represent the prime example of a complex, multi-
variable “resistance function”, see Fig 1-1, of which the level of reliability can be assessed using the
methodologies presented in that standard. All design rules concerned with member buckling checks
currently contained in the Eurocodes, as well as the rules present in the various national predecessor
codes for structural design, make use of such formulaic descriptions of buckling curves and

buckling strength.

Within the framework of a semi-probabilistic structural design philosophy, buckling curves and

buckling rules have a dual function:

1. Accuracy: they must describe the physical behaviour (the strength) of a given, actual
component with a high level of precision. Evidence for this precision must generally be
provided for a large number of different cases, in order to prove the mechanical soundness
of a buckling rule and exclude “chance” as the cause of accuracy for a single given case.

2. Safety: when used in design, they must represent a specified (or specifiable) level of safety
against buckling failure. In semi-probabilistic design, it is thereby important that this safety
level be modifiable by a single, constant partial safety factor for a wide spectrum of design

checks (e.g. a single factor for all types of stability checks). Design rules furthermore must
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Fig 1-1 Buckling curves as ‘“resistance functions” in the terminology of EN 1990




PART I - Introduction, Background of Buckling Curves & Methodology

be in line with fabrication tolerances and inspection methods of the structure.

Since fulfilling this double role is not straightforward, it is understandable why both during and
after the development of the Eurocode 3 (EN 1993) much effort has been (and is being) put into the

development and improvement of these buckling curves and rules. Thereby, the need for an increase

of consistency of the different buckling curves is a common denominator of all proposals for

amendments of the current practice.

In this context, the following inconsistencies found in buckling design rules for steel members can

be listed in order to explain the need for a reconsideration and renewed study; thereby, chapter

numbers are given in brackets at the end of each paragraph to indicate where in this thesis the

mentioned aspect —with the relevant background literature- is discussed with more detail:

1.

11.

111

1v.

The mechanical background and the accuracy of the single member stability checks are not
consistently the same for the different cases. While the rules for flexural column buckling
are based on a very extensive combination of experimental and numerical studies, and on a
mechanically coherent derivation of a buckling reduction factor, the rules for lateral-
torsional and torsional-flexural buckling are essentially based on the adoption of the column

curves, with or without some minor modifications (Chapter 4 through 8).

The inherent reliability level of the single member design checks is not consistent for the
different buckling modes and, within a single mode, not equal throughout slenderness ranges
(Chapter 4, 5 & 6).

No commonly accepted, standardized procedure is currently available that allows for the
assessment of the impact of changes to single production habits and tolerance requirements
on the safety of established stability design rules. This poses a series of problems
in the context of the introduction of the new European standard EN 1090-2 (2008) for the
fabrication and erection of structural steelwork, which contains specifications for the
acceptability levels and inspection requirements for geometric imperfections of compression

members that markedly differ from previous requirements in many countries (Chapter 5).

Different, methodologically not fully compatible concepts are used for the design of steel
members under combined loading (beam-columns). One concept makes use of interaction
factors to account for the coupled effects of the single load cases, and another concept uses
“overall” buckling reduction factors for the combined load case. While the so-called
“overall” concept is formally (but not physically/mechanically) better integrated with the
design rules for single load cases -since it uses the same, Ayrton-Perry type of formulation
of buckling strength-, the code regulations using the interaction concept are currently based

on a much more thorough analytical and numerical background (Chapter 9).
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The present thesis is to be seen as an effort to overcome these inconsistencies. It takes on a number

of selected, currently discussed problems of member buckling design and aims at finding innovative

solutions to them.

The following points were thereby seen as objectives of this thesis:

1)

2)

3)

4)

5)

6)

Clarifying the foundations of the common methods of representation of buckling strength
and of the current design rules from today’s perspective, and presenting this background in
the form of a cohesive report. The most-studied and best-understood case of column
buckling could thereby be identified as the “benchmark case” for the development or

improvement of rules for other buckling phenomena.

Developing new expressions for the description of buckling curves for the basic cases of
lateral-torsional, torsional and torsional-flexural buckling and calibrating them to numerical
curves, with the aim of improving both accuracy and safety of member design rules, and of
obtaining methodological and mechanical consistency with the benchmark case of column

buckling.

Formulating a statistical/numerical method that allows to determine the safety level of a
given buckling curve, respectively to obtain numerical curves that represent a constant

reliability level throughout slenderness ranges.

Answering some current questions that stem from the introduction of the European
fabrication standard for structural steelwork EN 1090-2 (2008), more specifically with the
new geometrical fabrication and erection tolerances given therein, and the implication of
these innovations on the currently used, long-established buckling rules. Thereby, the nexus
between tolerances, real shape deviations and code imperfections is discussed. This specific
task is put in the more general context of answering questions stemming from changes to

production habits and their impact on design rules.

Describing the two main approaches used for the buckling design of beam-columns under
combined loading — the interaction concept and the “generalized slenderness™ concept based

on overall load cases- and highlighting the respective advantages and disadvantages.

On the basis of the in-plane case, finding an analytical form of representation of the beam-
column buckling phenomenon that is integrated in “generalized slenderness ““ concept and,
in the context of this derivation, demonstrating the compatibility and equal ranking -in terms

of mechanical coherence-, of the two design concepts.

1.2. Scope and limitations

This thesis deals with the buckling behaviour of isolated steel members and with reliability issues

concerning these structural elements. The most common rules and methods currently employed to

determine the structural safety of steel members are subjected to a thorough re-analysis and are

amended where necessary to increase their mechanical consistency and safety requirements. Since
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the considered, existing rules are predominantly based on studies of the behaviour of single span
columns, beams and beam-columns with double-symmetric cross-section loaded by in-plane
transversal loads and axial forces, the same scope is adopted for this thesis, see Fig 1-2.

Specifically, the thesis will deal with the behaviour of:

i.  Columns, i.e. members loaded purely by axial forces, with double-symmetric I-shaped
cross-sections and with or without lateral supports.
ii.  Beams, i.e. members loaded by in-plane bending moments, again with double-symmetric I-
shaped cross-sections.
iii.  Beam-columns, i.e. members loaded by a combination of axial and transversal loads, with

double-symmetric, open or closed cross-sections.
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Fig 1-2  Cross-section types and loading conditions considered in this thesis

The majority of the numerical calculations in this thesis were carried out with deterministic, “fixed”
input parameters in order to study the realistic buckling behaviour of the considered type of
members, and used as basis for a calibration of newly developed design rules. Parametric studies
were performed where single parameters of the studied case were varied in order to study the
parameter’s specific influence. Additionally, a large number of numerical calculations were carried
out by using random input variables in order to obtain “numerical test results” in the context of

Monte Carlo simulations.

From the point of view of reliability, the scope of this thesis is connected with the requirements of
the Eurocode — EN 1990 (2002) and the Construction Products Directive (EEC, 1988): all
developed rules implicitly assume that products are being used that comply with the “essential
requirements with regard to mechanical strength and stability”, which specifically entails that they
are produced according to harmonized European standards and that the fabricators operate a factory
production control system as a tool for controlling production quality (tolerances, material

properties, welding procedures, residual stresses).

The limitations of the thesis are of course directly connected with the above-mentioned breadth of
the considered field of study: neither the behaviour of unsymmetric sections nor the effects of
member continuity and boundary conditions —as present in whole structures- were considered. In
spite of these limitations, it is believed that the overall findings derived from this thesis hold a
degree of wvalidity that extends beyond the scope detailed above, as the methodological and

conceptual aspects of these findings are of a rather general nature.
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1.3. Organization of the thesis

In this thesis, the pursuit of the objectives described in section 1.1 is organized in separate parts:

Part I focuses on general aspects concerned with the origin, usage and development of
member buckling rules. Following this introductory 1% chapter, the original derivations and
succeeding expansions and applications of the most common member buckling formulae are
described in chapter 2. Chapter 3 deals with methodology, focusing on numerical, analytical

and probabilistic tools as they were used in this thesis.

Part II is concerned with basic member buckling cases of columns or beams. In the
introductory chapter 4, it discusses the main inconsistencies and sources of current research
need associated with all basic member buckling cases, and identifies some common
strategies to overcome these inconsistencies. Chapter 5 discusses the “benchmark” case for
all member buckling cases, i.e. flexural column buckling. It presents the development of
current European column buckling rules from today’s perspective. Additionally, this chapter
addresses issues of reliability, both in general terms and for a specific, ongoing discussion
regarding the impact of changed fabrication tolerances for compression members.

Chapters 6 and 7 treat two additional basic member buckling cases, i.e. lateral torsional
buckling and torsional-flexural (column) buckling, respectively. New formulations are
developed that increase both accuracy and consistency with the “benchmark” case.

In chapter 8, the design rules resulting from the efforts of chapter 6 and 7, as well as the
established rules of chapter 5, are summarized in a common design chart, which shows the

obtained consistency of the design rules.

Part 11l contains a chapter that gives an outlook on specific problems of the development of
design rules for beam-columns, as well as the summary and conclusions for the whole
thesis. In chapter 9, the two main concepts for the treatment of beam-columns in design are
discussed, namely the “interaction concept” and the “generalized slenderness” concept. In
order to demonstrate how to integrate the accuracy of the interaction concept design rules
with the advantages of the generalized slenderness concept, a new formulation is developed
for the in-plane buckling case of beam-columns that is mechanically sound and consistent
with the Ayrton-Perry type formulations used in the design rules for the basic member
buckling cases. Additionally, chapter 9 contains a discussion of some inconsistencies of the
“general method” for the design of members and structures against out-of-plane buckling.

In the 10™ and final chapter, a summary of the content of the present thesis is given and the
main findings are discussed. The original contributions included in this thesis to engineering
knowledge and to the consolidation of existing knowledge are listed. Finally, some general

conclusions are drawn based on the main findings of the thesis.
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Buckling Curves: Definition and Representation

2.1. Scope

In the introduction (chapter 1), it has been argued that buckling formulae and curves presently
continue to have significance to the design of steel structures against instability. Additionally, the
buckling curves currently found in international design codes will also be of relevance to the
development of future, improved stability design rules. Thus, it is important to comment upon the
origins, derivations, fields of application and limitations of the most common methods of
representation of buckling resistances and buckling curves. Giving a holistic perspective from
today’s state of knowledge can be assumed to be - if not original-, certainly valuable to the research

community. That is the purpose of this chapter.

In order to focus the attention on this specific purpose, the considerations in this chapter will be
made with regard to the most-understood and best-documented case of member buckling, i.e.

flexural column buckling.

The chapter starts with a definition of buckling curves in general terms. It then proceeds with a
discussion of the most significant approaches to the representation of buckling curves, both in terms

of mathematical descriptions (“buckling formulae”) and in terms of graphical representation.

2.2. Definition and Presentation

In this thesis, a buckling curve is defined as any kind of representation of buckling strength Ry, as a

function of its theoretical limit loads Ry and R

Ry =f(Ryy, Rer) (2.1
With
Ry, ... buckling resistance, i.e. the load level at which the peak of a load-deformation (R-u)
curve would be measured in tests, see Fig 2-1.
Ruc ... theoretical limit resistance of the component if the effects of the studied buckling case

are omitted. This can for instance be the plastic or elastic capacity of the cross-section,

depending on the studied case and cross-section.
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Rb,max=Rult

Fig 2-1 Schematic representation of the buckling strength Ry,.

Re ... theoretical, elastic critical buckling resistance obtained from a buckling bifurcation

analysis. In the case of member buckling, this is the so-called “Euler buckling load”.

In most cases, the designer will make use of a buckling curve that represents a certain, more-or-less
explicitly defined reliability level. In these cases, it is fitting to speak of a design buckling curve,

representing a characteristic value Ry or a design value Ry g = Ry / a1 of the buckling strength.

It is often convenient to define the buckling strength not in absolute terms, but in relative terms to
the limit load Ry, using the symbol y for the ratio. This is mostly done for characteristic values of

both resistances:

R
=2k (2.2)

Rtk
As the name buckling curve implies, the buckling strength plotted over representative parameters
has some sort of curvilinear shape. In terms of representation of this dependence, two forms have
the largest diffusion in the literature. They are plotted in Fig 2-2 for the example of the European
column buckling curves, and described in the following. In the example, the buckling strength Ry

is represented by the buckling axial load Ny .

In the first form of representation, shown in Fig 2-2a, the buckling strength (in relative form y) is

plotted over the normalized slenderness, defined in general terms as follows:

_ R : N
A= ult,k column buckling N ult,k (2' 3)
Rcr Ncr

In the second form of representation, shown in Fig 2-2b and going back to Merchant (see section
2.4.2), the relative buckling strength y is plotted over the ratio Ry/Re. The origin of this form of
presentation is further discussed in section 2.4. This form of representation is used with
considerable advantage especially to represent shell buckling phenomena (Rotter, 2002). In
principle, all analytical and numerical buckling curves, as well as test results, can be plotted using
this form of representation, often resulting in a better visualization and understanding of the

differences between different buckling phenomena.
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Fig 2-2  Forms of representation: as function of slenderness (a); Merchant-Rankine form (b).

2.3. Early approaches based on theoretical or empirical limits.

In the mid 19" and early 20" century, the first prescriptive rules concerned with the codification of
design buckling curves were brought forward. Before this time, at least in Central Europe, the
design of columns was carried out according to experience or empirical formulae found in civil
engineering manuals (Kurrer, 2008). Early examples of codified buckling curves in Germany are
shown in Fig 2-3, plotted as “allowable compressive stresses” over the geometric slenderness
A=L/i. The figure also shows the theoretical and empirical basis of these regulations. Essentially,
these are the bifurcation theory of Euler (1759), the empirical-experimental strength lines of
Tetmajer (1890), and the tangent-modulus theory as originally developed in Germany by Engesser
(1891) and Karman (1910). Internationally, the latter is better known through its confirmation and
expansion by Shanley (1946).

Fig 2-3 illustrates the basic idea behind these early buckling curve regulations: the theoretical or
experimental buckling curves were thought to accurately reflect the actual behaviour of near-perfect
struts. In order to account for actual deviations from the “perfect” conditions assumed by Euler,
Engesser, etc., or present in the small-scale tests of Tetmajer, abundant safety factors were applied
to the theoretical load to obtain the “allowable” compressive working stress of columns. Over time,
due to positive experience and desire for more slender columns, these safety factors were slowly
diminished, going from 5 in 1910 (Prussian building regulation) to 2.5 (DIN 4114).
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Fig 2-3  Early column buckling curves based on theoretical limit loads.

2.4. The Rankine-Gordon-Merchant approach

While Euler’s and Engesser’s & Karman’s mathematically consistent theories of column buckling,
in combination with tests on near-perfect small-scale specimens, such as those performed by
Tetmajer, long represented the only basis for practical column design in Continental Europe, so-
called “rational” or “semi-rational” formulae enjoyed early popularity in the Anglophone world.
These formulae were developed (mostly by engineering practitioners) by making more-or-less
plausible assumptions regarding the deformations of columns and the stresses in critical cross-
sections during the buckling process and introducing factors that could be used to fit the resulting

mathematical expression to test results.

One well-known example of such a “semi-rational” expression is the Rankine-Gordon column
formula (Rankine 1866, 1898). Especially the interpretation and representation given to it by

Merchant (1954) is still in use today in various fields of stability research and practice.

2.4.1. The original derivation — “Rankine-Gordon formula”

According to Timoshenko (1983, p.209), the formula was originally derived by Tredgold for a
column with rectangular cross-section and later calibrated by Gordon to test results documented in
the literature. Rankine extended the applicability of the formula to more general cross-sections and

published it in his Manual of Civil Engineering, greatly increasing its popularity.

Using the variables illustrated in Fig 2-4, the first step in the derivation of the Rankine-Gordon
formula consists in establishing that the deflection w of a beam or column is proportional to the
square of the length and the maximum bending moment and inversely proportional to the second

moment of area I of the cross-section, (2.4).

10
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Fig 2-4  Rankine-Gordon derivation, used variables.

2
L M 2.4)

W =C
I

Thereby, the constant ¢; must have the dimension of length®/force.
Furthermore, it can be stated that the maximum bending stress oy is proportional to My, and the

distance z, and inversely proportional to the second moment of area I, (2.5).

Mf;ax -z (2.5)

oM =6Co¢

In this case, the constant c; is dimensionless. By combining the two expressions, we obtain

2 2
ch_l.ﬂz%.ﬂ (2.6)
Co V4 V4
The new constant c; is merely a combination of c¢; and c, and therefore still has the dimension of
length?®/force. Expression (2.6) states that for a given bending stress, the deflection w is proportional
to L*/z. The fundamental assumption of the Rankine-Gordon derivation is now expressed by (2.7):
2
L
wW=Cc— (2.7)
z

Here, c denotes a dimensionless constant that represents a combination of c3 * oy, thereby
containing the (unknown) bending stress oy. The exact, underlying composition of the constant c is
however ignored in the rest of the derivation. Since ¢ and c; are constants, this is equivalent to
assuming that, for a certain pin-ended column with a given cross-section, the bending component of

the ultimate stress distribution at failure is also constant and independent of the length.

The derivation proceeds with the formulation of a maximum stress equation for the deflected
column, using M=P ' w obtained from simple equilibrium.
P M P Pw P Pcl?

—_t—7=—+4 Z=—+— (2.8)

Omax = —
mxA 1T A 1T A1

By introducing a first-yield failure criterion, using the yield stress f; as limiting stress, as well as the

identity i*=(I/A) we obtain expression (2.9).

P PclI? P L) p 5

The nominal ultimate buckling stress 6,=P/A at failure can therefore be calculated as

11
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P f
Gb:f:m (2.10)

Expression (2.10) represents the Rankine-Gordon column formula in its classical form. According
to Timoshenko & Lessells (1928), commonly used values for f; (here not directly comparable to a
yield stress) and ¢ for the design of machine components made of steel were £f;=3000 kg/cm? and
c=1/7500.
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Fig 2-5  Rankine-Gordon buckling stress in [kg/cm?] using a constant of c=1/7500

Fig 2-5 shows the curve representing the buckling stresses that were calculated using these
parameters. The Euler-stress o, —calculated with a value of E=2100000 kg/cm?- is also plotted in

this figure.

Expressed in terms of the common normalized variables 7y (=Nu/Ny=ov/fy) and

L= INuttx / Ner =A /2, (2.10) becomes

y=b _ No 1 (2.11)

Aty Nygk (1+k-X2)

The impact of the dimensionless factor k on the position of the Rankine-Gordon buckling curve in

the y-A plane is shown in Fig 2-6. One feature of the curves that might be surprising at first sight is
=2

the fact that they do not necessarily converge asymptotically towards the Euler hyperbola 1/A

actually intersecting the Euler curve when k becomes smaller than unity. A limit value

12
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consideration of equation (2.11) shows that this expression is only asymptotical to the Euler
hyperbola if k is equal to 1.0. According to Popov (1952, p. 358), this special case was in use for
machine design in North America in the first half of the 20" century and was known as Ritter’s

semi-rational formula.
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Fig 2-6  Rankine-Gordon formula with varying factors k, compared to Euler buckling criterion

2.4.2. Merchant-Rankine interpretation and visualization

A more modern interpretation and representation of the Rankine-Gordon formula was developed by
. . . T2
Merchant (1954). Equation (2.11) can be re-written as follows, using A~ =N / N, 2 N/ N :

‘= Eb 1 (2.12)
pl [1 +k pl]
Ccr
from which follows:
N N
—b k. —b=] (2.13)
Npl Ncr

Nup/Npi and Ny/N, are the ratios of the ultimate buckling load N, to the plastic limit or Euler critical
load, respectively. If we regard each of these ratios as abscissa and ordinate variables of a Cartesian
coordinate system, we can interpret expression (2.13) geometrically as a straight line that passes
through Ny/Np=1.0, and through Ny/N.=1/k. This is plotted in Fig 2-7 for various values of k,
showing the same lines plotted in Fig 2-6 in what came to be called the Merchant-Rankine (MR)

form of presentation introduced in Fig 2-2.

13
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Fig 2-7  Merchant-Rankine representation of the original Rankine-Gordon formula with varying

values of k

Horne and Merchant (1965) considered equation (2.13) to be rational only for the case of k=1.0,
since only in this case the two rational limits of stability design are reached, i.e. the fully plastic
limit load without stability effects and the purely elastic critical load without plasticity and material
strength effects. Equation (2.13) then becomes:

N N

1 2.14
N TN (2.14)

pl cr

Merchant suggested an expansion of the use of (2.14) to the design of frames, thereby replacing the
plastic limit and elastic critical normal forces Ny,; and N, of a column with the global plastic and
elastic load amplification factors Ry and R, of a frame. This method is effectively an early

application of an “overall” approach to the stability design of whole structures.

Horne (1963) also gave a somewhat more “modern” theoretical justification to the version of the
Rankine equation given by (2.14), using a combination of an elastic-plastic (E-P) analysis with
“sudden” development of plastic hinges and a rigid-plastic (R-P) analysis (also see Ligtenberg,
1965; Maquoi&Jaspart, 2001).

It is worthwhile to take a look at this derivation from today’s perspective. Thereby, Fig 2-8 is used

to exemplify the assumptions made in the derivation and to illustrate the comments to it.

1. In the elastic-plastic analysis of a pin-ended column with a sinusoidal imperfection of
amplitude eo, the buckling load Ny, is reached when the plastic moment capacity My n —
which includes the effect of the normal force Ny on the plastic capacity of the cross section-

is reached at mid-span. If the dimensionless variable m is used according to Fig 2-8, the

14
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ratio my, is reached: my; for the shorter column and my, for the longer one. This can be

expressed as follows, using the elastic amplification factor 1/(1-N/N,):

Nb'é()
N = Mpl,N—b =1y, - Mpl (215)
1—-—b
NCI'
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Fig 2-8  M-N cross-sectional interaction line of an IPE section; visualization of the assumptions

il.

iil.

made in the Horne derivation of the Merchant-Rankine equation.

In the (first order) rigid-plastic analysis of this column, the ultimate (plastic) load Np* is
achieved when the plastic moment capacity Mpin-pi is reached at mid-span. Again using the
dimensionless variable m, the ratio my; is reached: my;; for the shorter column and my,, for
the longer one. Since the column is thought to be rigid, the bending moment at mid-span is
always equal to N’ ¢o, as no additional bending deformations occur. In Fig 2-8, this shows
as a straight line in the n-m plane. For most practical columns, eo will be comparatively
small both in terms of the fraction of length and (more importantly here) in absolute terms.
This means that there will be a rather small difference in the rigid analysis between Np* and
the full plastic capacity Af,=N,;; this is illustrated for the column of length L, in Fig 2-8. If
this holds, we can write.

Ny *-€0 & Npj-e0 = My n_p =My - My, (2.16)

pl

In the derivation of the Merchant-Rankine formula, the assumption is now made that my, is

equal to my. We can therefore set (2.15) and (2.16) equal and obtain:

- (2.17)

Equation (2.17) is equal to (2.14). This derivation is — at first glance- more coherent and

“advanced” than the original Rankine-Gordon derivation because of the apparent inclusion of
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2. Buckling Curves: Definition and Representation

plasticity considerations and the lack of an arbitrary constant. However, a look back to equation
(2.6) and (2.7) and the comments made there shows that the fundamental assumption of this
derivation is exactly the same: that the bending component of the ultimate stress distribution at

failure is constant and -for any given value of o - independent of the length of the member.

As Fig 2-8 schematically illustrates, these assumptions can only approximately be met under very
specific circumstances:

- not too slender columns

- with somehow “intermediate” imperfection amplitudes

so that the ratio between m;, and m; indeed is almost “independent” of length (in this range) and
approaches unity. If the column is too slender and stability effects become too dominant, and/or if
the load eccentricity or column out-of-straightness is too large, it is obvious that the ratio my/my,
will be significantly larger than unity, since my will be significantly larger than my. If however the
initial out-of-straightness eo is too small, again the ratio my/my,; will be far larger than 1.0, this time

because my; is too small.

2=0.8 %=1.0
.~ EC3 e
buckling curyés

Nb,k/NuIt,k [']

xX=

0.0 8‘04—x'5"‘—“- ' ' '
SR
0.0 0.2 0.4 0.6 0.8 1.0

Nb,k/Ncr [-]

Fig 2-9  Comparison of the Rankine equation with the European column buckling curves using

the Merchant-Rankine form of representation

In order to better illustrate these comments, the Rankine equation (2.14) is compared in Fig 2-9 to
the ECCS column buckling curves in their current Eurocode 3 version. The Merchant-Rankine form
of presentation is used. The figure shows that the Rankine equation (straight line from top left to
bottom right) approximates the course of the European column buckling curves “c” and “d”
reasonably well for slenderness ratios of L=04 to 1.4, with line “c” in particular being almost

parallel to the Rankine line up to this point. For higher slenderness ratios, the slope of line “c”
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PART I - Introduction, Background of Buckling Curves & Methodology

clearly diverges from the Rankine line. This matches the comments made above regarding the

Horne derivation quite well:

i.  line “c” and “d” represent columns with somewhat larger equivalent imperfections in the
range of e0=L/150 in EC3 part 1-1, clause 5.3.2. Lines “ap” to “b” all represent columns
with smaller inherent imperfections.

ii.  for slender columns, the Rankine line doesn’t appear to represent a good description of the

column behaviour.

From a purely safety-related perspective, it should be noted that for columns with small initial
imperfections, the Rankine equation describes the actual column strength rather inaccurately, but
results in an abundantly safe design; for columns with large initial imperfections, on the other hand,

the accuracy and safety of the equation are lacking.

2.4.3. Modified Merchant-Rankine formula

The plots of the European column buckling curves, as presented in Fig 2-9, illustrate that realistic
buckling curves of structural members have a shape that clearly diverges from a straight line in the
Merchant-Rankine form of presentation. This was acknowledged over the course of the
development of the European column buckling rules. A modified, so-called “generalized” version
of equation (2.14) was therefore brought forward in Europe in the 1970s (Unger, 1977; Murzewski,
1977; Lindner, 1978; Allen, 1978) and suggested as a viable means of description of more complex,

realistic buckling curves. In the summative Merchant-Rankine form, the “generalized” equation can

[&J (N_] . 218)
Npl Ncr

In explicit form and using the dimensionless variables y and A, (2.18) becomes:

be written as:

1/n

Y = No _ ! (2.19)

Npi (1 +in)

These equations are evaluated for different values of the single parameter n and plotted in Fig 2-10
using both the Merchant-Rankine (MR) and the slenderness-dependent form of representation.
While Fig 2-10b shows that this formula again yields column buckling curves that are plausible and
rational, it is in the representation used in Fig 2-10a that the advantage of this generalized

expression is better appreciated.
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Fig 2-10 Generalized Merchant-Rankine formula plotted using (a) the MR- and (b) the
slenderness dependent representation

This figure shows that the single parameter n in equation (2.19) allows for a good approximation of

the curved shape of realistic column buckling curves, e.g. compare again to Fig 2-9.
Expressions (2.18) and (2.19) have found broad international acceptance in the past:

i.  Lindner (1978) calibrated the parameter n to find the best-fit value to describe the (originally
only tabulated) ECCS column buckling curves, obtaining results that are comparable to the
more complex Ayrton-Perry type formulae used in the Eurocode today.

ii.  This same equation was also used for almost two decades in DIN 18800-2 (1990) for the
design against lateral-torsional buckling of I- and H-shaped sections, using values of the
parameter equal to n=2.5 for rolled and n=2.0 for welded sections.

iii. It has also been used in the Canadian CSA Standard S16.1-94 (Loov, 1995) for curve-fitting
of the originally tabulated American SSRC column buckling curves (Galambos, 1998)
leading to accurate representations of the original values.

Despite its apparent advantages, it should however not remain unmentioned that equation (2.18)
does not have a mechanical justification in the strict sense, having no known mechanical derivation,

but is much rather simply a compact and practical formula used for curve-fitting.

If the clarity of the used terminology is thought to be important, it can be argued that this
formulation should not be called a “generalized” Merchant-Rankine formula, as this term somehow
implies a more “general” validity of the expression. The increased representativeness of this
formulation is actually only given in retrospect, i.e. after the best-fit value of n was determined to
better represent a certain buckling phenomenon, and not a priori, as would be expected from a

mechanically improved “generalized” expression. Although this can of course be shrugged off as a
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PART I - Introduction, Background of Buckling Curves & Methodology

minor semantic problem, it would clearly be better - in order to avoid misinterpretation- to refer to

formula (2.18) as a “modified” or even “calibrated” Merchant-Rankine formulation.

2.4.4. Comments

Concluding and summarizing the findings illustrated in this section regarding the Merchant-

Rankine approach, it can be stated that:

i.  The original Rankine-Gordon or Merchant-Rankine formula was derived using assumptions
that limit the goodness of its description of the actual behaviour of members to very specific
cases.

ii.  In spite of this, the formula can often be used as a safe estimate of the buckling limit load of
members and structures.

iii. A (formally) generalized version of the formula, which uses only one extra parameter, is
very well suited to curve-fitting.

iv.  The formula has a mathematical form and geometrical interpretation that called for the
introduction of a different form of representation of buckling curves, where the buckling
reduction factors (or limit stresses) are plotted over the ratio Np/Ng;, rather than over the

length or slenderness of the member.

2.5. The Ayrton-Perry-Robertson approach

Another important approach for the determination and presentation of buckling resistance is
represented by the Ayrton-Perry formula. It found early application in design practice — again,
especially in the Anglophone world-, and is still widely in use today. Indeed, a version of it is the

basis of the member buckling design formulae currently found in the Eurocode.

When compared to the Euler or the Merchant-Rankine approach, the Ayrton-Perry method has one
outstanding advantage: it explicitly includes the inevitable imperfections of a structural member,
and it does so in a generalized form that allows for an inclusion of geometric and structural
imperfections. Indeed, by using a generalized or “equivalent” imperfection as the calibration factor
to bring the analytical prediction in line with test data or more sophisticated numerical results, it
greatly aids the understanding of the meaning of the calibration itself, as it corresponds to both
common sense and experience that a column’s strength is inversely correlated to the amplitude of a

given imperfection.

_ I.A z
N I B %o ) T
. \ W=0+€eg=—— ==
& 1-N/N,,

Fig 2-11  Ayrton-Perry derivation, used variables.

19



2. Buckling Curves: Definition and Representation

2.5.1. Original derivation

The original formula (Ayrton & Perry, 1886) was derived along the lines described in the following,
whereby the variables shown in Fig 2-11 are used here instead of the original ones. Ayrton and
Perry actually started their considerations by deriving the elastic buckling amplification factor 1/(1-
N/N) for a column with an initial imperfection co. This step is skipped here and the derivation is

entered at the point where a maximum stress equation is introduced.

The maximum compression stress in the outermost fibre of the cross-section of a pin-ended column

as depicted in Fig 2-11 can be calculated as follows:

o N N-W~Z:E+ N-eo-z N (1+602~Z_ 1 ] (2.20)

=—+ =—
A I A T-(I-N/N_,) A 2 (1-N/N.)

In order to generalize the nature of the initial column imperfection, Ayrton and Perry conveniently
replaced the expression preceding the amplification factor in the parenthesis of equation (2.20)

with a new variable m:

- —m (2.21)

As they noted, m is “a term expressing the combination of initial curvature, inaccuracy in
application of the load, and want of homogeneity of the material”. If appropriately chosen —i.e.
calibrated to test results or other more sophisticated expressions for buckling resistance-, it
represents an “equivalent” imperfection which takes into account the above-mentioned effects,

including those that do otherwise not enter the purely elastic equation (2.20).

The next step in the derivation consists in introducing a first-yield failure criterion; in this case, at
failure the normal force N is equal to Ny, and the maximum stress omax 1S equal to the yield stress fi.
If we write the nominal stress caused by the normal force Ny/A at failure as o, and the critical

elastic buckling stress N/A as o, the failure condition reads as follows:

m
Oy -[l-i-mj—fy (222)

By multiplying both sides by (ov/0c-1), re-ordering and bringing all variables to the left side, this

equation can also be written as

Gy> Oy (Og - (1+m) +£,) + G £, =0 (2.23)

x=1/2-| =b+/b% —4c

buckling stress cr=Ngr/A can thus be calculated using the following formula:

This is a quadratic equation of the form x> +b-x+c=0and can be solved accordingly:
(j. Only the smaller of the two solutions is of interest here. The ultimate

o :%-((ccr -(l+m)+fy)—\/(0cr {(1+m) +f,)* ~4-0 -fy] (2.24)
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This is the Ayrton-Perry formula in its original form. Ayrton and Perry were aware of the fact that a
realistic expression for m must be determined or specified. In order to achieve this, they proposed to
solve equation (2.22) for m, which leads to equation (2.25), and to calculate the “correct” value of
m for a number of test results. If a sufficient number of test results are given, it should be possible

to find an appropriate expression for m as function of e.g. the length L or the slenderness A.

(f_y_lj.(l_&J —m (2.25)
Gp Ocr

Although they observed from tests on small-scale specimens that the value of eo —and hence m- is
probably in a slightly hyper-linear functional relationship with the length (or slenderness) of the
column, Ayrton and Perry found it convenient to assume that m is a constant fraction of the

slenderness A, i.e m = a - A , with a being a certain constant.

Fig 2-12 shows equation (2.24) evaluated for values of f; and E that Ayrton and Perry stated were
valid for wrought iron —£,=50000 Ib/in> and E=29000000 1b/in*- and for various expressions of m.
The figure shows that the chosen slenderness-proportional expression for m allows for a plausible
and rational representation of buckling curves, which asymptotically approach the Euler hyperbola
and span a wide range of buckling stresses. The position and shape of the buckling curve in the op-A
plane strongly depends on the value of the proportionality factor a=m/A. For 0=0.0, either the Euler
buckling stress or the yield stress of the material represent the upper limits of the buckling stress,

which is consistent with the theoretical strength of a “perfect” column.

50000
40000 -
30000 -
=
S
o= 20000 |
m=0.00025 7.
10000 1~ 20025 1
m=0.0125 ),
m=0.0250 A
L L T
0 50 100 150 200

A
Fig 2-12 Original Ayrton-Perry equation evaluated for different expressions of m and material

constants of wrought iron.
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2.5.2. Calibration to tests — “Robertson’s formula”

Ayrton and Perry provided a formula — equation (2.24)- that allows for a good description of
buckling phenomena, provided that the expression for m is adequate and properly calibrated to test
results. This was first done extensively and with already very good accuracy by Robertson (1925),
who performed and collected from various sources a great number of buckling tests on medium-

sized specimens (mostly rolled bars of full, circular cross-section).

Robertson used the Ayrton-Perry formula with an expression for the generalised imperfection
identical to the one proposed by Ayrton and Perry themselves, however choosing to call it 1 instead

of m:
n=o-A (2.26)

As is illustrated in the original Fig 2-13 taken from the Robertson publication, he established that
for a mild steel with a yield strength of f,=18.3 to/in*> and a Young’s Modulus of E=13600 to/in?, a
value of 0=0.001 is a good description of the average of the test results, while a value of 0=0.003
yields a curve which forms a good lower bound of these same results. An Ayrton-Perry buckling
formula with the latter value of o was used extensively in the UK and in Commonwealth countries,
for example still being present in the 1969 version of British Standard BS 449.
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Fig 2-13 Tests by Tetmajer (1910) as evaluated by Robertson, showing chosen function for n=m
(Robertson, 1925, p.32, Fig.34)
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2.5.3. The normalized representation

In order to bring the Ayrton-Perry formula (2.24) into the modern form now found in the
Eurocodes, it is necessary to introduce the normalized variables y and A, and it is helpful to
multiply all stress terms in formula (2.24) with the area, in order to work with forces again. The
generalized imperfection factor m of formula (2.24) will be referred to as  from now on, following

Robertson’s usage. We thus obtain:

Ny = %'((Ncr '(1+ﬂ)+Npl)—\/(Ncr ((1+m)+ Ny =4 N 'Nplj (2.27)

— =2
Using A =N /N, we can rewrite the term (N, -(1+m)+Np;) as Ne -(I+m+A ). It is then
convenient to replace’fhe term (I+n+A ), which is found both inside and outside of the root, with

a new variable; if we call the new variable ® and set the parenthesis term equal to 2 ~ ®, we can
write (2.27) as:

=2
Ny = (ZN D- \/4 N cbz—4-Ncr.Np1)=Ncr-(q>—\/cD2—xj (2.28)

. . . =2 .
By expanding equation (2.28) by 1/ N,,; and using X = Ny, /Np and N, / N, =1/A", we obtain:

y :_L.(cp_\/cpz _972] (2.29)

}\(2

This equation can now be multiplied with the complement of the bracket term:

-2 =2

O P P R K K e S S O S (2.30)

e Jor 22 | 22 euvo? 2 |
DP+VO -1~ | A d+VD -

A
This finally leads to the form of the Ayrton-Perry formula currently found in the Eurocode:

1
y—— 231)
VD2 %
with @:%-(Hmiz) (2.32)

It should be noted that equations (2.31) with (2.32) are not in any way different from expression
(2.24), except for the fact that the buckling stress is expressed in normalized terms and referred to
the normalized slenderness A . The position of the buckling curve is still entirely determined by the

expression chosen for m and by the value chosen for the imperfection amplitude factor a.

Fig 2-14 attempts to underscore the significance of this statement; it shows buckling curves for
different steel grades, determined using formula (2.30) and with M =0.003-A, as Robertson
suggested.
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Since the current Eurocode formulae result in normalized buckling curves that do not depend on the
steel grade, it is perhaps not universally appreciated that the steel grade does influence the buckling
reduction factor y if the generalized imperfection m is expressed by a function of A, instead of 7_», as
is the case in the current Eurocode formulation.

The current Eurocode expressions for n have the following form:
n:a-(X—Xo) (2.33)

Expression (2.33) was proposed and discussed by Maquoi and Rondal (1978) as one of several
possible expressions for m and then established to be the most advantageous formulation in a
second paper by the same authors (Rondal & Maquoi, 1979). For column buckling, Ao is equal to
0.2; this value is needed to mathematically reproduce the “plateau” of the European column
buckling curves as established by ECCS.

The values of a were determined by Maquoi and Rondal to best fit the European column buckling
curves, resulting in 5 different values for the 5 ECCS curves. These were presented graphically in
Fig 2-2 both in the slenderness-based and the Merchant-Rankine type of representation. An
expression for m as function of the normalized slenderness X, instead of A, of the sort represented
by (2.33), results in buckling curves that are independent of the yield strength of the material, which
is consistent with the original, tabulated ECCS curves. Some more details on this calibration of the

Ayrton-Perry formulation to the ECCS curves will be given in the pertinent chapter 5.
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Fig 2-14 Normalized Ayrton-Perry buckling curves evaluated with n as given by Robertson.
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2.5.4. “Modified-slenderness” Ayrton-Perry formulations

The classical Ayrton-Perry formulation has sometimes been criticized due to its apparent focus on a
“first yield” criterion and due to its not always “perfect” accuracy. In this context, Rotter (1982)
proposed an expression that represents a modified version the original Ayrton-Perry formula. He
criticized the values of buckling reduction factors resulting from an “unmodified” Ayrton-Perry
formulation (again calibrated by Rondal and Maquoi (1979b)) used to describe the North American
SSRC column buckling curves, judging them to show excessive deviations from the original values.
To improve this situation, he suggested the introduction of a slenderness modification of the

following form:
Amod =A+k-g (2.34)
with k being a constant value that depends on the column curves 1, 2 or 3, and:
A—0.15

IR (2.35)
N —B-h+y

g =
Multiple regression analysis was used to determine the best-fit values of k, 3 and y. By applying this
method, the accuracy of the approximation of Rondal and Maquoi’s original formulation was

increased from a maximum deviation of about 8% in the region of 1.=2.0 to ca. half of this value.

This increased accuracy is of course valuable. However, the cost in terms of handiness of this
improvement — which mainly affected the practically less-relevant high-slenderness range- seems

rather high in this case:

i.  Three additional parameters were introduced; in a code, this requires additional tabulation
and leaves more room for error. From the point of view of the application to new buckling
design rules for different stability phenomena, these three parameters would have to be
laboriously calibrated with all their possible combinations to any new member buckling
case.

ii.  The slenderness A is modified in this approach to obtain a best-fit value of the buckling
reduction factor y; since the slenderness is the most “visual” parameter of a buckling
phenomenon, which is well understood and interpreted by the engineer, it is questionable
whether it is really recommendable to modify this parameter in order to obtain an

improvement of the abscissa variable .

Another example of a modified Ayrton-Perry formulation is given by the current “specific case”
design formula for LT-buckling, i.e. the formula that is said to apply to bi-symmetric hot-rolled
sections. Also in this case, the improvement of the calibration results (to numerical curves, see
Greiner et al., 2000) was achieved by an introduction of a “modifier” of the slenderness influence in
the formulation, called “B” in this case. This factor was applied in both the formula for y 1 (2.36)
and @7 (2.37).
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and

Ait = 1 <L <0 (2.36)

= -2
D7 +\/q)iT —B-Air  Aur

1 — p— —
CDLT = §|:l + O (7\‘LT —7LLT,0 ) + B xiTji (237)

Since only one additional factor [ is introduced, the first one of the above points of “criticism” is

mitigated in this case. The second one, however, still holds validity: there’s a certain degree of loss

of mechanical meaning in this formulation, which is also demonstrated by the fact that this

. : .. : . =2
formulation requires an additional “check” of not exceedance of the bifurcation load 1/ALr.

2.5.5. Comments

The findings of this section can be summarized and commented upon as follows:

1.

ii.

1il.

1v.

2.6.

The Ayrton-Perry formula was derived using a consistent mechanical model based on the
second-order theory of a strut with geometrical imperfections.

As Ayrton and Perry (1886) already recognized, the geometrical imperfection used during
the derivation of the buckling formula can conveniently be “generalized” by introducing a
function m; this function serves the purpose of including additional imperfections, such as
material inhomogeneities and residual stresses, as well as the elasto-plastic cross-sectional
capacity at the (buckling) failure load, i.e. effects that can otherwise not easily be included
in such a simple mechanical model.

Robertson (1925), using a generic expression for m that had already been proposed by
Ayrton and Perry themselves, was the first to actually calibrate the coefficients of this
expression to test results, thereby providing a practical design formula that was extensively
used in practice for over half a century.

Rondal & Maquoi (1978, 1979) provided a calibration to the ECCS column buckling curves,
currently found in the Eurocode. Compared to the Robertson formula, the main difference
lies in the introduction of a plateau value and in the normalized formulation using 2.

To improve the accuracy of the Ayrton-Perry formulation for some specific cases,
modifications can be thought of. Rotter (1982) presented an early attempt at such a
modification. Notionally similar modifications were later introduced to adapt the
formulation to buckling cases other than column buckling, namely LT-buckling, also see

chapter 6 of this dissertation.

Pure curve-fitting and empirical approaches

The Merchant-Rankine and the Ayrton-Perry approaches led to the most common formulaic

expressions of buckling curves now found in international standards and literature. Both

formulations should be best understood as powerful tools for best-fit approximations of more

sophisticated numerical or experimental buckling curves, with the added advantage (particularly felt
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in the Ayrton-Perry formulation) of having a certain, more or less pronounced degree of underlying
mechanical justification. This allows for a satisfactory inclusion of the most important parameters

that govern a particular stability problem and accordingly reduces the calibration effort.

However, if the correctness or consistency of the underlying mechanics are not considered to be
paramount, but the best possible approximation of a given (usually tabulated or graphical) buckling
curve is established as the primary purpose of a buckling formula, then a multitude of other
mathematical options are imaginable. Some of these curve-fitting formulae are discussed in the

following paragraphs.

2.6.1. Mixed polynomial/hyperbolic formulations

The first of these “pure curve-fitting” formulations uses a summation of higher order expressions of
A for this purpose. Lindner (1978), noting that the shape of the ECCS curves is an apparent mix of
parabolic and hyperbolic shapes, suggested a formulation of the type given by (2.38) as one
possibility of representing the tabulated ECCS values.

x:iA 2 +Z7:B—!' (2.38)
= an

Eleven constants are needed in this expression to satisfactorily approximate the entire range of the

original, tabulated buckling curves (from 1=0.0 to 3.6). The maximum differences between the

values given by (2.38) and the original values were smaller than 1.0%; in theory, even this

difference could be reduced by introducing even more parameters.

In spite of this discretionary accuracy of the approximation, this formulation has the following
problem: a singularity is introduced at 1=0.0 due to the presence of a term with A in the
denominator. Even if this is ignored by introducing the condition that y=1.0 at XZO.O, the range of
low slenderness is very sensitive to the actual value of the coefficients A; and B;. Even a slight
deviation from the actual “best-fit” value in the 4™ or 5™ decimal figure results in implausible,

wrong results.

Fig 2-15 shows the ECCS column buckling curves as approximated by expression (2.38) and using
the coefficients A; and B; given by Lindner. Although the plots of the resulting curves give very
good approximations of the ECCS values at slenderness ratios exceeding XZO.S, the approximation
is very bad at lower slenderness ratios. This is probably due to the mentioned sensitiveness of
expression (2.38) at low values of X; the table containing the coefficients A; and B; only mentions a
limited number of decimal figures. Since powers spanning +4 and -7 are used, even minor
differences in a high decimal figure can dramatically change the resulting shape of the curves at this

slenderness range.
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Fig 2-15 Approximation of the ECCS column buckling curves using the curve-fitting expression

and coefficients proposed by Lindner (1978)

2.6.2. Polynomials

The above-mentioned problems can of course be circumvented by using a purely polynomial

expression of the following type to approximate the shape of a buckling curve:
2 —i
L= A (2.39)
i=0

In expression (2.39), the value of n can be increased at will in order to augment the accuracy of the
approximation. Fig 2-16a shows the approximations of the ECCS column buckling curves resulting
from this approach and n=6, while Fig 2-16b plots the resulting error over the normalized
slenderness. This figure illustrates that expression (2.39) results in an approximation that is less
sensitive and far more accurate at low slenderness ratios. However, since at high slenderness ratios
the actual buckling curves approach a hyperbolic function of A - the Euler hyperbola -, a purely
polynomial expression, centred about the origin of the ordinate axis, inevitably results in a less
accurate description of the buckling curve at high values of . This clearly shows in Fig 2-16b.
Another problem with this expression is represented by the fact that it yields buckling reduction
factors y that (slightly) exceed 1.0 at very low slenderness ratios, and that it does not include the

plateau value of x=1.0 up to A=0.2 that is actually present in the original ECCS curves.
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Fig 2-16 a) Polynomial approximation of the ECCS column buckling curves for the case of n=6

and best-fit values of the coefficients A; ; b) resulting error in the approximation

The problems inherent to expressions (2.38) and (2.39) can be avoided by using a section-by-
section approximation of a buckling curve, i.e. by dividing the curve that needs to be described
analytically into a certain number of segments and determining a polynomial or hyperbolic best-fit
equation for this segment. Attention must of course be paid to the continuity of the resulting
expression, whereby a zero-order continuity (with the values matching, but the tangents having

different slopes) is usually considered to be acceptable.

This approach is used in North America (Galambos, 1998) to describe the SSRC column buckling
curves. As an example, the expressions used to approximate the SSRC curve 2P (central curve with

average imperfection values) are given in the following, using the familiar normalized variables
and A:

for 0.00 <% <0.15 v=1.0

for 0.15< 1 <1.00 =(1.03-0.158-%—0.206-1°)

for 1.00< 1 <1.80 =(-0.193+0.803 /% —0.056 /") (2.40)a-¢
for 1.80 <% <3.20 =(0.018+0.815/°)

for 7. >3.20 «=1/%" (Euler)

The advantage of a segmental, multi-functional approximation is clear: each of the functions can be
kept simple, meaning that not that many coefficients are needed for any individual expressions.
Since the approximation is performed for different slenderness ranges, it is possible to make the
“error” of approximation more homogeneously distributed along these ranges, and not concentrated

in either the low or high slenderness range. The disadvantage is of course represented by the
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laboriousness and error-proneness given by the correct selection and evaluation of one out of five

different equations.

2.6.3. Exponential expressions

Yet another possible way of formulating best-fit equations for buckling curves was developed by
Tide (1985; see also Bjorhovde, 1992) and led to the column buckling curve formulation currently
found in the North American AISC LRFD specification. It follows a segmental approach, but uses
far fewer segments and —more importantly- a very simple exponential expression to describe the

original SSRC 2P buckling curve in the low-to-intermediate slenderness range:

_ =2 =2
for 0.00 <A <1.50 y = e 0419 =0 658*

(2.41)a-b

for & >1.50 1=0.877/%

Fig 2-17a shows a comparison of the segmental and exponential expressions (2.40) and (2.41). The
figure illustrates that the much simpler expression (2.41)a is very well able to reproduce the general
course of a column’s buckling curve. Whether this is the case for other buckling phenomena
remains to be seen; as is illustrated in Fig 2-17b, the expression intersects the Euler hyperbola at a
relatively steep angle for values of the calibration coefficient k beyond 0.7. This doesn’t seem to

reflect the stability behaviour of most structural members.
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\
\
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exponential .
----- segmental k=0.2
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Fig 2-17 a) Comparison of the segmental approach -expr. (2.40)- to the exponential approach —

expr. (2.41) found in North American standards; b) potential of the exponential expression for

curve-fitting.
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2.6.4. Comments

The content of this section can be summarized and commented upon as follows:

i.  Buckling curves can also effectively be described by purely mathematical expressions, using
e.g. polynomials, series of hyperbolic functions, exponential functions or combinations of
these.

ii.  This can be performed either over the entire range of applicability of the buckling curve or
segmentally.

iii.  Pure curve-fitting expressions cannot easily be misinterpreted as being anything else but a
purely mathematical approximation of an underlying, more sophisticated data pool. Since all
curve-fitting expressions can actually be interpreted in this way, it can be welcomed if a
formula does not mislead the practitioner to believe that it expresses anything much more

fundamental than curve-fitting.

2.7. Summary

This chapter discussed the forms of formulaic and graphical representation of design buckling
curves for the design of steel members against buckling and presented their most common forms of
formulaic and graphical representation. In broad terms, two philosophies were identified for the

formulaic description of buckling curves:

1. The first philosophy makes use of formulae that are based —to a more or less pronounced
level- on mechanical derivations. The most important formulae of this type are the
Merchant-Rankine and the Ayrton-Perry ones, used with or without modifications. Original
and modified versions of Merchant-Rankine and Ayrton-Perry formulae are practically
omnipresent in European regulations concerned with member stability.

ii.  The second philosophy makes use of entirely mathematical curve-fitting equations, with no
mechanical background whatsoever. This “pure curve-fitting” approach is the method of

choice in North American regulations of buckling design checks.

Which one of these two approaches should be recommended depends on the buckling phenomenon
at hand. If the variability of buckling curves is not very pronounced, i.e. when the main parameters
¥ and 2 are able to represent most of the buckling behaviour quite well, nothing can be said against
a purely mathematical curve-fitting using polynomials or other similar expressions. This seems to
be the case for pure flexural buckling of a column under constant normal force, for example. Also
many buckling phenomena in plates and shells tend to yield numerical or experimental buckling
curves that are “homogeneous” enough to be approximated by purely mathematical curve-fitting
(Rotter, 2002). Member buckling cases, particularly spatial ones, are usually more complex.
Therefore, the amount of parameters that actually influence the problem is simply too vast for this
approach: no purely mathematical expression of x=f(7_u) can satisfactorily describe each and every

case, unless every single case is separately subjected to curve-fitting. In comparison, formulations
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that are based on analytical, mechanical derivations have the advantage of implicitly containing at

least some of these additional parameters, greatly reducing the complexity of calibration.

Due to this last point, this thesis will not make use of “pure”, mathematical curve-fitting formulae
to represent buckling curves and design models of buckling behaviour. Approaches based on
simplified mechanical derivations are preferred. Of these, the Ayrton-Perry approach was shown in

this chapter to be the best-suited and best-founded one. It is therefore used in this thesis.

Aside from the approaches detailed in this chapter, a variety of other analytical expressions for
buckling curves were formulated in the past (see e.g. Osgood, 1946). The origin of some of these
formulae can still be traced, while for others these origins have been lost over time and/or are
obscure. Since these additional empirical formulae can essentially be attributed to one of the two
types previously discussed (i.e. either “modified” mechanical formulae or “pure curve-fitting”
formulae), an illustration of them would not add much to the topic discussed in this chapter. They

are consequently also ignored in the rest of this work.
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Methodology

3.1. Introduction and Scope

This chapter gives a concise overview of the numerical modelling techniques, the fundamental

second-order equations and the statistical tools used in this thesis.

3.2. Numerical Modelling

In this thesis, numerical simulations were used for a variety of purposes:

i.  Determining elastic, critical bifurcation loads in Linear Buckling Analyses (LBA).
ii.  Calculating the first-order plastic limit loads in Materially Non-linear Analyses (MNA)
iii.  Obtaining realistic numerical values of the ultimate buckling strength in Geometrically and
Materially Non-linear Analyses with Imperfections (GMNIA)

The modelling techniques sketched in Fig 3-1 were used for these three levels of analysis, using the
software package ABAQUS (Dassault Systems, 2007). The boundary conditions of the member, as
well as the chosen shapes of imperfection and the used finite element mesh, are shown in the figure.
As was states in chapter 1, only single-span members with in-plane, out-of-plane and torsional

restraints at the supports were considered (“end fork” conditions).

Two different types of elements were used. In many cases treated in this thesis, four-node linear
shell elements (S4) with six degrees of freedom per node and finite strain formulation were chosen
to model the studied sections. The advantage of these shell element calculations is that they take
into account the contribution of shear stresses in plasticity and allow for a more accurate definition
of loads and boundary conditions in the case of beams and laterally restrained columns. The mesh
density was generally left constant, with 16 elements per flange and web plate generally found to be
a sufficient number. For very long (L/h>100) or deep (h/b>3.0) members, the number of nodes in

longitudinal direction, respectively in the web, was doubled.

Rigid coupling beams were used to connect the single plates with each other. At the supports, the
stiffness terms of these elements were manipulated in order to obtain a stiff load introduction
mechanism (allowing to define concentrated loads to simulate moments and axial loads) that

nevertheless allowed the cross-section to twist and rotate freely.
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In the case of hot-rolled I- & H-sections, the fillets were included in the calculations by adding
equivalent beam elements that were placed in the centroids of the flanges. By defining the cross-
sections of these beam elements as quadratic hollow sections of variable depth and wall thickness,
the total area and —more importantly- torsional stiffness of the modelled member could be calibrated

to precisely match the tabulated values given by the production standards for rolled sections. The
exact bending capacity was thereby also approximated with minimum error.
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Fig 3-1  Overview of the FEM modelling techniques and assumptions.
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In calculations where the buckling mode consisted of flexural buckling in one defined plane, i.e.
with no twist of the cross-section appearing in either the first- or second-order deformations, it was
found to be justified —and of course far more economic- to use beam elements instead. Calculations
using beam elements were also conveniently used whenever cross-sections were studied —mostly
for purposes of illustration of some extreme effects- that actually would behave like class 3 or 4
sections due to “premature”, local buckling. Beam elements are suited for studying the (theoretical)
global buckling behaviour of such cases in the sense that they ignore all local effects. In the used
FEM models using beam elements, linear Timoshenko elements (B31 or B310S) were used. 17
integration points per flange- or web plate were implemented. When required, the effects of the
fillet radius were included by adding additional beam elements with equivalent hollow sections, as

described above for the shell element models.

As the name implies, imperfections are included in GMNIA calculations, whereby both geometric

and structural imperfections (residual stresses) were considered:

1. The initial geometric imperfections were assumed to follow the shape of the first eigenmode
pertaining to the studied buckling case. Depending on the studied case, initial rotations,
deflections, or both were thereby considered. The amplitude of these imperfections, as
defined in Fig 3-1, was assumed to be equal to € 0=L/1000 at the compression flange. The
assumptions pertaining to the underlying imperfections closely follow the procedure chosen
by Beer and Schulz (1970) for the development of the European column buckling curves.

i1.  The residual stresses were assumed to vary linearly over the single cross-section
components, following the provisions given by ECCS (1984). Accordingly, a distinction
was made in the case of hot-rolled I- & H- sections between sections with a depth-to-width
ratio of h/b<1.2 and sections with h/b>1.2. The magnitude of residual stress thus depends
on the type of rolled cross-section and is expressed as a fraction of the yield strength f; of
mild steel S235.

When not otherwise indicated, all calculations were conducted for steel grade S235, assuming a
yield strength of £,=235 N/mm? irrespective of plate thickness. Strain hardening was included in the

calculations, again following the long-established recommendations of ECCS.

It is customary and good practice to verify numerical models before any systematic numerical study
1s undertaken. For this purpose, a convincing number of comparative calculations was carried out at
the on-set of the studies presented in this thesis. Thereby, a series of benchmark tests were
considered, of which only a minimal sample is shown —for illustrative purposes- in Fig 3-2. In very
general terms, the employed numerical models were considered to be sound when the following

conditions were met:

1. The bifurcation loads for a variety of basic and combined load cases must lie within a

narrow scatter band (+/- 3%) from fully theoretical solutions as reported in the literature.
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Fig 3-2  Validation of the FEM models: comparison of elastic (bifurcation) buckling loads (a)

ii.

and of GMNIA calculation results (b) with solutions from the literature.

This is illustrated in Fig 3-2a, which features a normalized representation of lateral-torsional
bifurcation loads under N+M for a hot-rolled IPE 240 section. For the basic case of constant
values of both axial and bending terms N and M, analytical solutions of the bifurcation load
can be found in the literature (e.g. Trahair, 1993). The numerical models used to study these
—and all other- buckling phenomena could be shown to yield results with excellent

agreement with the theoretical values.

The ultimate buckling loads as obtained from GMNIA calculations were compared with
results published in the literature. A particularly relevant benchmark case for the purposes of
this thesis was thereby represented by the (original) ECCS column buckling curves as they
were developed and published by Beer & Schulz (1970). These curves were later slightly
modified (ECCS 1978) to include an artificial “plateau” up to A =0.2 that did not show in
the numerical calculations, but was seen as practically justified, and then described by a
formula (Maquoi & Rondal, 1978) that is still found in the Eurocode 3— EN 1993-1-1.
Regardless of these later, minimal changes, the calculations by Beer & Schulz with fixed,
statistically calibrated imperfection amplitudes and nominal geometric input data represent
the theoretical/numerical foundation of the currently used column buckling curves and —by
extension- most other current member buckling rules. It was therefore considered to be of
utmost importance in this thesis to use numerical models that were able to reproduce the
original curves by Beer & Schulz with high accuracy. The verification of this accuracy is
illustrated in Fig 3-2, where the (new) GMNIA results are shown to practically overlap with
the curves from 1970, with the error throughout the considered slenderness range being

lower than 2%.
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3.3. Second-Order Beam Theory - Basic Equations

In part IT and III of this thesis, new design formulae are developed for the basic member-buckling
cases of lateral-torsional, torsional, torsional-flexural and in-plane beam-column buckling. In all
cases, the developed equations are fundamentally based on long-established and well-known

second-order equations. The following paragraphs give a short summary of the used equations:

All developed equations are fundamentally based on the following system of differential equations
for in- and out-of-plane buckling of a prismatic member under uniform (constant) first order axial
forces N and bending moments My and M,, found in equal form in numerous international
publications and taken here from Roik (1978), see also Kaim (2004):

. L TP
EIZ Y +N(Vu +V011) 0 My(e +90 ) 0
0 +| BL -w"™ + N(w" +w'") |+ M, (0" +0,") =10
M, (v +vo') M, (W' +w,') EI,0" —GI0" —N-i *(0" +0,") | L0

(3.1)

whereby v, w and 6 are the out-of- and in-plane deflection and the twist, and the index “0” indicates

the initial deformations distributed along the length of the member.

This system of differential equations is commonly solved by half sine waves as functions for both
the deformation variables and initial imperfection. In general terms, each variables u(x) can be

written and differentiated as follows, with u being the amplitude of the deformation component.

R . . — 2 . . J— 4 .
(_j _(_j _[_j (32)
L 12 L 4 L

The next step consists of entering the terms in (3.2) in (3.1) and introducing the following

abbreviations (stemming from the critical bifurcation analysis of the perfect member):

2 2 2 2
T T n°El, |1, L°-GI
Nerz =El, Dy Nery = Ely Y M, = 2 N B L
L L L I, =°El,
5 5 (3.3)
1 M 1
Neor = EI(D'TE_z"'GIT e
L lp Ncnz lp

With these abbreviations, the following linear system of equations is obtained, representing an

equilibrium condition at mid-span of the studied member:

Ncr,z 0 0 N 0 MY E -M, N 0 My 10

0 Ngy 0 -0 N M, [[|w|=|M, [+| 0 N M, |:|wo

0 0 My /Ny, | |[My M, Ni|||0 0 M, M, Ni?||60
(3.4)
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The expressions in (3.4) are a stiffness relationship in matrix form, and can be expressed in the

following way:

(Kimat —Kgoom ) 8 =F' + K oo ug (3.5)
with Ky ....  (first-order) material stiffness matrix
Keeom..  geometrical stiffness matrix
U, vector containing the deformation terms
Ug........ vector for the initial imperfections

Fl..... load vector

Simplified, case-specific versions of relationship (3.5) are inverted and solved for the vector u in
the relevant chapters to obtain deformation amplification factors. These can be used to calculate

second-order internal forces, whereby the following simplified relationships were used :

M, = —EL, - v M, =—EI, -w' M, =-EI, - 0" (3.6)

z = y y ®

By once-again assuming half-sine waves for the course of the deformations along the member
length, the following equations are obtained, valid at mid-span and thus referring to the amplitude
of the deformation components:

n th n?

M, =El 75V M, =El, 5w M, =El, 50 (3.7)

3.4. Reliability Assessment, Random Number Generation,
Monte Carlo Simulations

Reliability aspects have been included in this thesis both within the framework of the statistical
evaluation of test results in order to assess the safety level of certain design rules in accordance with
the Eurocode (2002) — EN 1990 Annex D, as well as in the context of Monte Carlo simulations to

obtain “numerical test results” on the basis of randomly generated input parameters.

3.4.1. Statistical evaluation of test data according to EN 1990

EN 1990 — Annex D contains a standardized procedure —based on First Order Reliability Methods-
that allows for the determination of appropriate values (in a semi-probabilistic design concept) of
partial safety factors ym on the basis of test results. Since the formulae and coefficients of the
methodology of EN 1990 are used at different locations in the body of this thesis, a brief summary

of the procedure is given in the following.

i.  EN 1990 — Annex D recognizes the relevance of the accuracy of a design formulation and of

its ability to react to variabilities of the input parameters that govern a design problem. The
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1l.

design formulation therefore takes on an immediate, central part in the statistical evaluation
procedure of EN 1990. In the notation of the code, the theoretical value of strength r; is

expressed as a function of its single input parameters.
Iy =8y, (X) (3.8)

An example for the function g is given by a buckling formula that leads to a column
strength r=y, * A f;, with the vector of the basic variables X containing such parameters as

the cross-sectional geometry, the yield stress, the column length, etc.

The theoretical strength r; is compared with the experimental strength r. in the methodology
of Annex D. Thereby, the “actual” values of the basic parameters should be determined for
each, single test result r.;. This information about the basic variables is used to calculate the
specific strength prediction ry; for a single test result, which can then be plotted as shown in
Fig 3-3.

A
le o
... design model with measured input data
6 compared with physical or numerical tests
S — \'A
b >

It

Fig 3-3  Schematical representation of the interpretation of V; as variance of the design model.

1il.

For a number of n pairs (r¢;rt;) plotted in the ry/re plane, a regression line through the origin

can then be calculated through least-square approximation, using the following formula:

b=il (3.9)

The coefficient of variation V; of the error terms o; of the design function is calculated as

follows:
Vs =yexp(s3) -1 (3.10)
1 n —_
ith =— 3.11
wi — lzl( ) (3.11)
—_ 1 n
A:—Z (3.12)
n -
T
Aizln[ J Ind; (3.13)
b- T
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1v.

V1.

Vii.

Up to now, the methodology has only accounted for the differences between a certain pool
of test data results (usually in terms of strength) and the prediction of the same strength
according to the design function. In the next step, the sensitivity of the design function itself
to the variability of the basic input variables must be accounted for, by calculating the error
propagation term V. In the usual case of a complex, multi-variable design function, Vy is
calculated using the following formulae:

. 2
V 2 _ VAR[gr,t(X)] _ 1 'i[agr,t 'Gij (314)

r,t 2 2
gr,t (Xm) I'm,t i=1

g
with a—)zt-ci : partial derivative with respect to the variable X; times its standard deviation.
i

The log-normal variation coefficients can now be calculated as follows:

Q, = ‘/1n(vr,t2 +1) (3.15)

Qs =/In(Vy” +1) (3.16)
Q=,[In(V,>+1) (3.17)
with V7=V, 24V (3.18)

In the next step, the design value of the resistance rq4 is calculated:

_ _ Q' Q 2
For n<100 =g, (X )-exp(—kg, - Kgn 0.5-Q) (3.19)
Q Q
For n>100 1 =8 (Xpn)-exp(-k,.,-Q-0.5-Q%) (3.20)

with gr, ()_(m) representing the value of the design function evaluated with the mean values
of all basic input variables, and kg, and kg, being the design fractile factors for n and
infinite single test results.

Finally, the required partial safety factor yv , applicable for designs based on nominal input

data, can be calculated as follows

I
In¥=— (3.21)
Iy

With ry =g (XNOM)» 1.e. the design function evaluated with nominal values of the mput
parameters. This is the quantity usually determined by designers.
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3.4.2. Random Numbers — Monte Carlo Simulation

Full scale physical tests of the type that help determine the buckling resistance of steel members are
expensive and time-consuming, and furthermore pose many difficulties with respect to load
introduction, representation of desired boundary conditions, etc. (see Singer et al., 1998). In order to
avoid these difficulties, simulated tests obtained from GMNIA calculations with random input
variables (“Monte Carlo simulations”) are nowadays increasingly being used instead. This
procedure is fully legitimate, provided that the real scatter bands of the single input parameters, as
well as the way these parameters correlate, are known. Some very valuable studies (Alpsten, 1972;
ECCS, 1978; Melcher, 2004) have already been published that deal with a systematic statistical
analysis of the properties of steel products for structural steelwork. Nevertheless, no final consensus
seems to have been reached at the present stage as to what set of structural parameters can be
regarded as truly representative for the statistical properties of internationally manufactured steel

products that are placed onto the European market.

This thesis makes use of Monte Carlo simulations to answer some open questions regarding the
safety of compression members, and thereby assumes the above-mentioned, published data-sets to
be representative of current production. The numerical values for the single calculations were
generated using the standard inverse transform method (see e.g. Glassermann, 2004; Ross, 2009) on
the basis of cumulative distribution functions (cdf) F for the normal or log-normal distribution,
depending on the modelled parameter. A single, randomly generated value X is therefore obtained

from F and a randomly generated value U~Unif[0,1]:

X =F(U), U~Unif[0,1] (3.22)

An exemplary illustration of the results of such a generation are shown in Fig 3-4, where the
frequency plot for randomly generated variable values for eccentricities is shown to follow the
underlying distribution (in form of its probability density function pdf) very well.
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Fig 3-4  Exemplary representation of the generation of random variables on the basis of

distribution functions.
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Fig 3-5  Exemplary representation of two variables that (a) do not correlate at all, or (b) strongly
correlate.

A controversial issue for the application of the Monte Carlo method is the question of the
correlation of the single parameters. This is graphically illustrated in Fig 3-5 for the example of the
initial curvature and the residual stresses in a column, generated either without any correlation (a) or
with strong correlation. It can be noticed that the maxima and minima of both variables lie close to
each other, meaning that when plotted by themselves (like was done in Fig 3-4) would lead to about
the same frequencies of occurrence for the whole sample. As a matter of fact, precisely the two
parameters plotted in Fig 3-5 are sometimes suspected to be inversely correlated with each other,
meaning that smaller residual stresses are systematically present whenever high curvatures are
present (Ballio and Mazzolani, 1983 pp. 387). However, for the purposes of this thesis no
systematic correlation was considered whenever Monte Carlo simulations were performed.
Thereby, the distinction should be kept in mind between correlation of scatter and mean values of
the distribution; indeed, for some specific I-sections the fact was taken into account that
measurements (Alpsten, 1972) had shown the mean values of the web thickness to be larger than
the nominal value while the mean value of the flange thickness was lower than the nominal one.
This is, by itself, only proof of a systematic deviation from nominal values, and not for a
correlation.

Thus, the disregard of correlation is motivated by the following considerations:

i.  No statistical evaluations exist that would definitively prove such correlations.

ii.  More importantly, the statistical evaluation procedure integrated in the Eurocode — EN 1990
and discussed in section 3.4.1 represents a First Order Reliability Method, based on the
assumption that all variables are independent. Since the results of Monte Carlo simulations
are intended to be evaluated using this procedure, any information stemming from the

inclusion of the correlation would be “overlooked” by the evaluation itself.
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PART II - Columns and Beams - Basic Load Cases

Member Buckling Cases - Common Issues &
Solution Concepts

4.1. Scope

This chapter discusses issues of member buckling design that are common to all basic member
buckling cases. It begins with a brief illustration of the current treatment of different buckling cases
in design practice. It continues with a discussion of current inconsistencies in member design
practice for basic buckling cases. These are mainly identified in the classification of cross-sections
according to their geometry, the definition of equivalent, geometrical imperfections, as well as in
the level of reliability present over different slenderness ranges. Finally, an outline is given of the
general concepts used to overcome some of these inconsistencies in the remainder of part II of this

thesis.

4.2. Current treatment of different buckling cases

Different concepts and ideas can be identified in international design codes when it comes to the
treatment of different buckling cases, such as flexural buckling versus lateral-torsional buckling
versus torsional-flexural buckling, etc. Focusing the attention on past and current practice in Europe
and North America, three such concepts are currently of most relevance to designers. They are

summarized in Table 4-1 and discussed in the following paragraphs.

i.  Concept 1 is the traditional treatment given to different buckling cases in many Continental
European design codes, such as DIN 18800-2 (1990) and its predecessor codes, as well as
most current North American codes (e.g. AISC LRFD - 2004). In this concept, each single
buckling case is described (in terms of a buckling curve) by a specific formula. A typical
example is the different treatment of flexural column buckling and lateral-torsional buckling
in DIN 18800-2. The former was described by the Ayrton-Perry formulation as it was
calibrated by Rondal&Maquoi (1978) to the ECCS column buckling curves — see chapters 2
and 5. The latter was described by a so-called “generalised” Merchant-Rankine formulation.
For the sake of “consistency” of design rules, the Eurocode has mostly abandoned this

concept. It is therefore not further discussed here.
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Concept 1 Concept 2 Concept 3
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- n calibrations” 1 imperfection coeff.”
Xzy = 1 x= 1 xX= —1
zy — 2 - _ - _
D+ D — 7oy D4y D> BN O+VDE -
I/n 1 —2 1 ( =2
O=—1+n+B-A D=—. 1+T’|+7\, )
. 1 2 ( n+P ) 2
LT =| 7= 5y - = R
(1470 n=a-(x-%o) n=a*(h-%o)
_ K=Xy,XZ,XLT,XT,... A=Ay, hz, ALT,AT,...
XTF T essscscee * _
0¥ =0yg-a

a=‘1y7“z’“LT9aT9'"
B=1.0....0.75 a=0, ;ho=02
Azy0=02; ALt =02 ..04

Table 4-1 Concepts for the treatment of different buckling cases.

1i.

1il.

Concept 2 has been built into the existing version of the Eurocode. It defines the buckling
reduction factor y for all buckling cases by means of an Ayrton-Perry formula. The specific
load-carrying behaviour of the single buckling cases is reflected, on the one hand, by the use
of the specific slenderness of the buckling case. More importantly, a specific categorization
is used (h/b ratios, types of section, ...), as well as a specific definition of the generalized
imperfection coefficient n. For buckling cases other than the flexural buckling case, this
concept is not based on a specific, mechanical derivation, but is simply an adaptation of the
formula derived for flexural buckling. More details are given in the specific chapters 5, 6
and 7.

Concept 3 is relatively new. The first steps in this direction were taken by Sedlacek &
Miiller (2006) and Stangenberg (2006), who proposed this concept as a generalized
replacement for all current member buckling Eurocode rules, including combined load cases
— in this sense, they consider it to be the “general” method for the treatment of member
buckling phenomena. It again makes use of an Ayrton-Perry formulation. In this
formulation, the imperfection factor n is modified by a new factor (called o s in this thesis)
that accommodates the result of a more precise second-order elastic formulation for the
specific buckling case. This concept therefore is based on a more accurate mechanical
derivation, at least for basic cases. More details are given in the remaining chapters of part 11
of this thesis, particularly in chapter 6. What is important to note already is that, in order to
be able to “generalize” its use, this method makes use of the Ayrton-Perry imperfection
amplitude factor a,, i.e. the value applicable for out-of-plane flexural buckling, for all (out-

of-plane) member buckling cases.
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This means that this concept is not calibrated to represent any more sophisticated
experimental or numerical buckling curves, but is based on a more or less arbitrary
assumption regarding the similitude between different buckling cases. Like concept 2, it also
maintains the specific slenderness of the buckling case (ZLXLT,XT ...) in the formulation of

1. The implications of this latter fact are discussed in section 4.3.2 of this chapter.

4.3. Current inconsistencies

An increase of consistency of the single member buckling design rules is one major concern to the
development of improved provisions. While the single points are discussed more thoroughly in the
chapters specifically dedicated to the single buckling phenomena, the following three points are

worth mentioning in this more general, introductory chapter.

4.3.1. Cross-sectional classification

The first “inconsistency” in the current Eurocode design provisions worth mentioning is the
different cross-sectional classification necessary for different member buckling rules. This is
schematically summarized in Fig 4-1. Of the three most important member buckling cases treated in
this thesis, two (flexural and torsional buckling) are classified using the same geometrical

categorization limits h/b, while the LT buckling case uses different limits.

hot-rolled I-sections

flexural buckling flexural buckling LT buckling -
about y - FByy about z - FBzz & "general case"
torsional buckling
h i

h/b>1.2 —» a h/b>1.2 —= b h/b=2.0 — a
h/b=12— b h/b=1.2— c h/b>2.0 —= b

1z

b

Fig 4-1 Relationship between buckling curve and cross-sectional geometry according to the

Eurocode for different member buckling cases.

One might think that this is insignificant. From the point of view of practicality of application, it
indeed is not much of an issue, especially today when design software is able to automatically take

such different classification rules into consideration.

However, these differences in classification are an (indirect) indicator of the fact that the used
buckling curves and corresponding formulae do not reflect all specific effects of a buckling
phenomenon consistently for all buckling cases. The reasoning behind this statement is the

following:
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The current Eurocode buckling rules for flexural and LT buckling are based on GMNIA
calculations carried out for model columns or beams with certain, standardized assumptions
regarding cross-sectional geometry and geometrical or structural imperfections. The ones
used for the development of rules for I- & H-sections are summarized in Fig 4-2. For
torsional- and torsional-flexural buckling no specific calculations are known to underlie the
present Eurocode rules, see chapter 7; however, it is only reasonable to assume that the same

model beam as for flexural and LT buckling would be used for reasons of consistency.

hot-rolled welded
t o "o
f,nom res w Cres +1.0 fy
h fwnom i { -0.25f,
nom " ig0=L/1000 == =
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B +0.3-05f, -0.254,
b
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Fig 4-2  Underlying assumptions for GMNIA calculations as basis of Eurocode member buckling

ii.

1il.

rules.

As is shown in chapter 5, in the case of flexural buckling there is a direct link between the
imperfection assumptions made for these model columns and the resulting buckling curve.
The underlying assumptions are thus reflected in the classification of cross-sections with
regard to buckling curves. For example, higher residual stresses were assumed in the
GMNIA calculations for all hot-rolled I- & H-sections with h/b<1.2 than for deeper sections.
Accordingly, all these sections require the use of a lower buckling curve in design.

In the GMNIA calculations that led to the classification of cross-sections with regard to
lateral-torsional buckling, the same imperfection assumptions were made as in the column
buckling case, i.e. for example higher residual stresses for hot-rolled sections with h/b<1.2.
The current classification does, however, not show this underlying assumption, as the
“jump” of category occurs at h/b=2.0, and not 1.2. This indicates that the used design

formula is not fully reflective of the underlying mechanical assumptions.

4.3.2. Length-dependency of geometric imperfections

Both the concept 2 and 3 of Table 4-1 make use of Ayrton-Perry formulations for the description of

member buckling curves. As has been shown in chapter 2, and will be further illustrated in chapters

5, 6 and 7, the Ayrton-Perry calibration consists of replacing the term eo-W/A -resulting from a

second-order first-yield limit state equation- by the “generalized imperfection” n.

This simple relationship can of course be inverted to obtain eo as a function of n:

- AW
e =n: AZ (4.1)
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In the Eurocode 3 and the proposals currently being brought forward to amend it, the generalized

imperfection n is always replaced by a relationship of the following type:
n=a-(ks—2o) (4.2)

Where a is the generalized imperfection amplitude, Lo is a plateau value, and (importantly) As is
the dimensionless slenderness of the specific buckling case; that is, A, in the case of out-of-plane
flexural buckling, Arr in the case of lateral-torsional buckling, Atr if we are dealing with

torsional-flexural buckling, and so on.

It is interesting to note that this assumption regarding the use of As in expression (4.2) has some
implications on the assumed length-dependency of the underlying imperfection amplitude Eo,
evaluated by using expression (4.1). In Fig 4-3, this is illustrated for an IPE 500 hot-rolled section
and for the three basic buckling cases of weak-axis flexural buckling (XZ ), lateral-torsional
buckling (XLT) and torsional buckling (XT ). Expression (4.2) was evaluated for all cases with a
value of 0=0.34, as this is the value specified in the Eurocode for all three buckling modes for this
specific section.

2000
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1600 11~ . 8235
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§’ 1000 -
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Fig 4-3  Equivalent geometrical imperfections for an IPE 500 section, plotted as L/ eo - weak-axis
flexural buckling (a); lateral-torsional buckling (b); torsional buckling (c)

The figure shows that the equivalent, second order imperfection amplitude €0 resulting from these
calculations is quite different from case to case, not just in absolute terms, but (more importantly

here) in relative terms to the length of the member:

i.  In the case of weak-axis flexural buckling (Fig 4-3a), A, is proportional to the length of the
member. Therefore, also 1 and eo increase linearly with length. Due to the presence of the
plateau value Lo, the imperfection eo has a non-zero value only above the length
corresponding to the value of Ao (equal to 0.2 in this example); accordingly, the fraction
L/eo is not constant, but hyperbolic, approaching infinity at L=0, and the constant value that

would result if Xo were zero for L=,
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i1.  In the case of lateral-torsional buckling (Fig 4-3b) and, even more so, in the case of torsional
buckling (Fig 4-3c), the dimensionless slenderness ratios At and At do not increase
linearly with the length of the member, but under-proportionally. This leads to the fact that
the ratio L/eo increases with length, at least after the “singularity” caused by the

introduction of 7_L0 =(.2 is less influential, or in the case of Xo =0.0.

In summary, it can be said that when expression (4.2) is used to define the ‘“generalized
imperfection” as the calibration factor in the Ayrton-Perry formulation, this imperfection only
increases linearly with length if A (or 7_\«y) is used for As. In all other cases, it has a non-linear
dependency. This obviously represents a form of inconsistency in the single formulations. The
implications of this inconsistency on the accuracy of this calibration are discussed in the specific
chapters 5 to 7. It is shown there that the length-dependency is significant to the quality of the
calibration, and must be seen in the context of the imperfections used in GMNIA calculations, as

well as of real shape deviations.

4.3.3. Reliability issues

The procedures currently used to assess the reliability level of a certain design rule are discussed in
chapter 3. The diagrams in Fig 4-4 serve the purpose of illustrating the current situation of the
reliability assessment of Eurocode member buckling rules, as it is presented in the literature. Fig 4-
4a and b show the results of the evaluation of the ECCS column buckling data for curves b and c,
respectively, in terms of the partial safety factor yy™*. This factor is directly related to the chosen
design buckling curve, and expresses the distance between the “design point” that has the desired
reliability level and the nominal curve the designer uses to determine a member’s “characteristic”

buckling strength.

The two diagrams a and b contain single “points” and indicate the result of the evaluation for the
single tested (nominal) slenderness ratios (CEC, 1988). They show that, when using the reliability
assessment procedure in its (slightly, but not significantly different) 1988 form, values of ym™ of
1.10-1.14 were determined for the tests pertaining to buckling curve b, and values of 1.02-1.07 for

the tests belonging to buckling curve c.

Fig 4-4c and d show the results of the reliability assessment carried out by Miiller (2003) on the
basis of international test results for weak-axis flexural buckling (lines b and c together) and for LT-
buckling of hot-rolled sections, respectively. These evaluations represent the statistical backing of
the current Eurocode design rules for these buckling cases. They show that values ranging from
1.08 to 1.13 can be calculated for the pool of available test data in the case of flexural buckling, and
values from 0.97 to 1.11 in the case of LT buckling.
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Fig 4-4  Partial safety factors y* as indicated in the literature for different buckling cases, weak-
axis flexural buckling, line b (a); line ¢ (b); both lines (c),; lateral-torsional buckling of hot-
rolled beams (d)

All diagrams also feature two horizontal lines representing the “recommended” values of the
codified partial safety factor ym; according to the ENV version of the Eurocode 3 (1992) and the
current provision (2006). The values are 1.10 and 1.00, respectively. While the ENV value of 1.10
is, in an average sense, backed by Fig 4-4, the current EC3 value cannot be justified by the
reliability provisions of the Eurocode alone, at least not formally. While no published document is
known that fully justifies the adoption of 1.00 for all cases, some sources (e.g. Schleich et alt, 2002;
Miiller, 2003) state that the weighting factor ar=0.8, which defines the “distance” in standard
deviations between the mean, expectation value of the buckling strength and the design value (see
chapter 3) on the resistance side, is actually “too high for steel structures”, and that the “span for

reduction of safety factors lies at about 10%.

In the paper by Schleich et al., this is demonstrated by calculating the actual value of ar for three
model single-storey frames under dead load, snow and wind, and under the assumption of certain

probability densities (mean values, scatter) of both load- and resistance-sided quantities. Due to the
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low scatter of resistance quantities in steel structures when compared to the uncertainties on the side
of atmospheric loads, in that paper the appropriate value of ay is calculated to be equal to 0.3, while
the load-sided value is ag=-1.0. Translated back into partial safety factors ym applied to nominal

strength values, values “below 1.00” could be justified in this particular case.

Of course, it is difficult to argue for or against the adoption of yy=1.0 for all member buckling cases
based on this single calculation. Generally speaking, the question of the justification of the current
Eurocode 3 value of ym; is (understandably) highly controversial and can only be further discussed
at a code committee level; it is therefore not further considered in this work. For the purposes of this

dissertation, it is thus more important to assert the following:

1. If the reliability assessment procedure of the Eurocode (EN 1990 — Annex D) is left
“untouched”, the current member stability rules would actually require non-constant levels
of partial safety factors yy in order to maintain a constant reliability level over all
slenderness ranges.

i1.  Due to obvious reasons of practicality in design, it is generally desired to keep the partial
safety factor at a constant value for all slenderness ratios. However, one must be aware that
doing so with the current design rules means that the reliability level of buckling design
checks varies with slenderness.

iii.  As was mentioned in section 4.3.1, all current member buckling rules are based on
calibrations of (Ayrton-Perry) buckling formulae to GMNIA calculations with deterministic,
fixed imperfection amplitudes and geometric assumptions. The non-constant reliability
values over the different slenderness ranges are a direct result of this assumption, as is
illustrated with much more detail in the following chapter 5. This fact can either be accepted
as such, or seen as undesirable. If the latter is the case, new, more sophisticated and
consistent concepts must be developed and implemented for the determination of the design

buckling strength values, to which then buckling formulae can be calibrated.

4.4. Concepts for increasing consistency

The following section describes the concepts developed in this thesis with the purpose of reducing
the inconsistencies outlined in the previous section. This is done in very general terms, with more
in-depth procedural aspects left for the specific chapters 5 to 7. This section therefore serves the
purpose of presenting the basic ideas as such, and will be referred to in the specific chapters with

this intent.

4.4.1. Specific derivations and calibrations

In section 4.2, the three most common concepts for the treatment of different member buckling
cases in design codes were presented. Of these, concept 2 and 3 were said to be the two currently

employed or studied concepts.
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In order to overcome the inconsistencies pointed out in sections 4.3.1 and 4.3.2, i.e. the lack of
consistency between cross-sectional classification and underlying (GMNIA) imperfection
assumptions, as well the length-dependency of the underlying imperfections, this thesis advocates
the use of an intermediate position between concepts 2 and 3. This means that it aims at developing
formulations for the most relevant member buckling cases that are both specifically calibrated to the
buckling case at hand (concept 2), and mechanically better backed (concept 3).

The result of these efforts is an Ayrton-Perry formulation for different member buckling rules of the

following form:

s =—————<10 43)
1 - = =2
and D = E[H Oty -cis +(As —xo,s)+xs} (4.4)
with
AS . dimensionless slenderness for the studied buckling case

- specific “load-carrying behaviour” term stemming from a specific second-order Ayrton-

Perry derivation

Og .... generalized imperfection amplitude factor, calibrated for the specific buckling case as best-

fit values to GMNIA buckling curves with specified imperfections.

Az normalized slenderness for (weak-axis) flexural buckling, used here to account for the linear

length-dependency of the geometric imperfection eo.
A0S ... plateau value shown to be justifiable for the specific buckling case

The following Table 4-2 schematically illustrates the pursued goal of these development efforts. It
is a table that consistently relates a certain type cross-section and a certain set of assumptions
regarding its geometry and imperfections (nominal cross-sectional values, imperfection amplitudes,
etc.) to a group of coefficients, which accurately describe the strength of this member when used in
expression (4.3) with (4.4).

The final result of these efforts is presented in chapter 8, while the single steps taken to get there are

shown in the specific chapters 5 to 7. The main advantages of such a concept are the following:

1. By aiming at an accurate calibration of the factors o and Los to more sophisticated GMNIA
buckling curves, the highest possible correspondence between design rule and the realistic
buckling behaviour is obtained. This was already the goal of “concept 2” rules, like the ones
currently found in the Eurocode. It is therefore sensible to maintain this goal and to improve
its outcome, if possible. The “concept 3” formulations currently being brought forward to
some extent renounce this aspect, causing inaccuracies in the description of the physical

phenomena that can be significant, as is pointed out in chapter 6.
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Table 4-2 Schematic illustration of the desired outcome of newly calibrated member buckling

1i.

1il.

1v.

rules.

Being able to directly relate buckling curves to a certain set of assumptions regarding cross-
sectional geometry and underlying imperfections allows the designer to better assess the
sensitivity of a design to changes of these parameters. The imperfection assumptions made
for the GMNIA calculations underlying current buckling curves represent (more or less
accurately) real effects in members. That is to say that, for example, stockier, hot-rolled
sections were shown to indeed have higher residual stresses than sections with higher depth-
to-width ratio (Schulz, 1968). In the design concept sketched in Table 4-2, the designer
would “feel” this for all member buckling checks.

The inclusion of a factor ops stemming from a specific, second-order derivation, has the
advantage of better representing the physical behaviour of a given buckling phenomenon,
and mostly so in terms of stiffness effects. As will be shown in the specific chapters, a
derivation of a buckling case-specific factor of ays is possible when the imperfections are
assumed to be affine to the buckling eigenmode.

By introducing the generalized imperfection coefficient n as a function of L, for all
buckling cases, the assumption made in the GMNIA calculations of length-proportionality
of geometrical imperfections is much better —and consistently- reflected in the buckling
curves. In the specific chapters 5 to 7, this is also shown to yield more accurate results than
the current use of As in these expressions.
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4.4.2. “Constant reliability curves”

In section 4.3.3, it has been discussed that the current Eurocode member buckling design rules don’t
actually have a constant reliability level along all slenderness ranges, since they are based on
GMNIA calculations that refer to “model beams” with specified, deterministic geometrical input

data and imperfection assumptions.

If this situation is deemed to be unsatisfactory, the following ideas can be used to substitute the
deterministic GMNIA buckling curves by probabilistic GMNIA curves. Once these are obtained

(for a specified reliability level), the calibration of buckling curves can be carried out accordingly.

The first idea consists of carrying out a sufficient number of physical or numerical (Monte Carlo)
tests, which can then be statistically evaluated —with regard to a pre-established buckling formula-
according to Annex D. Fig 4-5 exemplifies the results of such an analysis for an IPE 160 section
and weak axis flexural buckling, evaluated for Monte Carlo tests and for buckling curve b of EC3.
This same calculation will be discussed with more detail in chapter 5, so no details regarding the

assumptions for the random variables are given at this point.
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Fig 4-5 “Constant reliability curves” derived from a Monte Carlo simulation of the weak-axis
flexural buckling strength of an IPE 160 section.

The figure shows the results of the single Monte Carlo tests in a form already used for the
development of the ECCS column buckling curves, i.e. it plots mean values and values 2 standard

deviations away from the mean, assuming a standard normal distribution.

The results of the “Annex D” reliability assessment are also plotted in Fig 4-5. The design point rg

at a distance of kg, = 3.04 log-normal overall standard deviations from the mean, and the upper
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bound value ry, at -3.04 log-normal standard deviations, delimit the shaded area. More details about

this calculation are also found in chapter 5.

The lower line, representing ry, can be interpreted as an estimator for the buckling curve that, if
used in design, would require a constant value of yy=1.0 in order to have a constant reliability level
over all slenderness ranges. One can see from the figure that the Eurocode column buckling curve b
applicable in this case lies above the line r4, which is compatible with the values yv* described in
section 4.3.3. The additional uncertainties associated with this line stem from the (unknown, in this
case) accuracy of the GMNIA calculations themselves, when compared to tests, and of course from

the assumed variability of the independent random basis variables themselves.

The above method is very laborious. It requires random number generation and a lot of numerical
“tests” —for every slenderness range- in order to make the evaluation representative. In order to be
at least somehow practically applicable, it also requires a pre-established buckling curve
formulation to exist, since the evaluation of rg is then carried out for this formulation. For the
purpose at hand, i.e. establishing a better, more “probabilistic” GMNIA buckling curve to be used

as basis of a calibration of a buckling formula, this method therefore seems to be unpractical.

A different approach to the problem can be found by applying the Eurocode EN 1990 Annex D
(2002) provisions to the letter, but for the GMNIA model itself. This approach is essentially a First
Order Reliability Method based on GMNIA calculations, and has the following reasoning:

1. The Annex D procedure is a “First Order Reliability Method” (FORM) used to determine
the location of the design resistance value r4 for a so-called “resistance function”. Normally,
one thinks of a formulaic expression (e.g. for a buckling curve) of a component’s resistance
as being such a resistance function.

ii.  Due to the complexity of the phenomenon, in the case of member buckling such formulaic
expressions for resistance functions usually must be developed by means of calibration to

more sophisticated GMNIA curves in order to obtain high accuracy of representation.

GMNIA models with measured input data
calibrated to physical tests

> VS,GMNIA

'GMNIA (goal:Vs gunia <, b=1.0)

Fig 4-6 Schematic representation of the scatter of GMNIA calculations compared to physical

tests

iii. It therefore makes sense to regard the GMNIA calculations as some sort of “first step
resistance functions”, for which the location of the design resistance value rgqgunia could be

determined using the procedures described in EN 1990.
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1v.

These values of rqgmnia, Which inherently represent a constant reliability level, can then be
used as the basis of calibration of a formulaic expression of buckling curves to be used by
designers. If the calibration is accurate and reflects the main parameters well enough, the

demand for constant reliability will approximately be satisfied by these formulations as well.

In order to obtain the values of rq gmnia, the following steps can therefore be envisaged:

1)

2)

3)

4)

Collect data for the main input parameters (“basis variables”) of the studied problem.
These will include the statistical parameters (mean value, standard deviation) of the material
(fy, f.) and geometrical properties, as well as corresponding information regarding
imperfections.

If full-scale physical tests are available beforehand, calibrate the GMNIA model in order to
obtain as-small-as-possible divergences between tests and numerical calculation results
(carried out with the measured input data from the test), see Fig 4-6.

The unavoidable, remaining scatter can then be accounted for by calculating Vs gmvnia:

Vs.amnia = v eXP(Si) -1 (4.5)

. 1 n —_
with s2 = n—Z(Ai -A) (4.6)
-1i5
— 1 n
A== A 4.7)
n i
L
A =In [e—J (4.8)
b Iounia
Zre,i “TGMNIA,i
b=41 (4.9)

n

> (rGMNIA,i )2

i=1

Calculate the adjusted, mean value buckling curve tmgmnia resulting from a GMNIA
calculation carried out for the mean values of the statistical input data. In consistence with
the EN 1990 Annex D terminology, we can define that g g\, (X) represents the result of
a GMNIA calculation for a row of j different, arbitrary values X of the basis variables. If

X,, 1s the row of j variables where every value corresponds to its mean, we can write:

I'n,GMNIA = b- 2, GMNIA X) (4.10)

This expression includes the linear regression correction factor b, which will be very close to

1.00 if appropriate GMNIA models are used.

57



4. Member Buckling Cases - General Issues & Solution Concepts

S)

6)

7)

The key step of the FORM analysis: calculate the coefficient of variation V,cunia of the
GMNIA resistance function:
‘ 2
, VAR [gr,GMNIA (X)] 1 i.( 08, GmNiA
- _-3 e

2
gr,GMNIA (Xm) rm,GMNIA i=1

Vr,GMNIA -

4.11)

Equation (3.14) contains partial derivatives of the GMNIA resistance function. Obviously,
these cannot be explicitly calculated, but must be calculated numerically, i.e. by carrying out

(at least) one additional GMNIA calculation per variable.

08, GMNIA _ &romNia (Ko eees Xin +AX o0, Xi10) — 8, avimia (X))
oX. AX.

1 1

(4.12)

It should be noted that it is proposed to carry out these partial derivatives at g _gynia (X))
representing the result of a GMNIA calculation with mean values of the basis variables. This
somewhat differs from the EN 1990 Annex D procedure, which carries out the partial
derivation at the single test data points, thus obtaining (slightly) different values of V;; and
of the corresponding design value ryq for every single test. Since, however, the design points
rq are then averaged for a group of data (e.g. all tests of the same nominal slenderness 7_») to

obtain values yn*, the differences between (4.12) and the Annex D procedure are minimal.

Examples of numerical derivatives, and a discussion of the difficulties and necessary

precautions associated with their calculation, will be given later on in this thesis.

Calculate the lognormal variation coefficients Q;amnia, Qs.amnia and Q:

Quamin =0 (Vioroun +1) (4.13)

Qs.6vn1a = \/ In (VS,GMNIAZ + 1) (4.14)

Q= ln(VrZ +1) (4.15)

with V.2 =V, ovnia” + Vs.ounia” (4.16)

Calculate the design point rgeuniu- If Vsomnia 18 calculated on the basis of many tests
(n>100) or, more plausibly, if Vsomnia 1s thought to be small enough for the realistic

GMNIA calculations, rgq can be calculated as follows:

Ty, GMNIA = Tm,GMNIA exp(—kd,w -Q-0.5- Qz) (4.17)

The result of such a series of calculations is shown in Fig 4-7, again for the example of weak-axis

flexural buckling of an IPE 160 section. For this calculation, the possible inaccuracies of the

GMNIA model itself were ignored, meaning that Vs was assumed to be zero, and b to be 1.0. These

assumptions don’t alter the general concept presented here. The assumptions regarding the basis

variables (scatter band of material strength, geometry, imperfections) are discussed in chapter 5.
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GMNIA "CONSTANT RELIABILITY" CURVES
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Fig 4-7 “Constant reliability curves” derived from numerical (GMNIA) calculations for weak-
axis flexural buckling of an IPE 160 section.

The figure also shows the Eurocode buckling curve b, which would apply for this section and
buckling case. Again, the non-constant values of yv* discussed in section 4.3.3 are reflected in this
figure. The line for rggmnia shows where the Eurocode buckling curve should lie in order to justify
the use of yy=1.00 based on EN 1990 Annex D. If one were interested in knowing where the
Eurocode curve should lie to obtain a constant value of yy; of, for example, 1.05, one would just

have to multiply all values of r4q gmnia by this factor.

When compared to Fig 4-5, the figure in this page shows that the result in terms of the location of
the constant reliability, design value buckling curve rq is practically the same. Of course, this had to
be the case due to the fact that Fig 4-5 is based on Monte Carlo simulations that made use of the
same basis variables, with the same scatter band, as in the calculations for Fig 4-7. The lines for r4
in both figures, after all, are numerical buckling curves based on certain assumptions regarding the
parameter variability. Nevertheless, the GMNIA constant reliability curves presented in this section

can be considered to be much more practical than the Monte Carlo approach:

i.  Contrary to the Monte Carlo concept, this method relies solely on GMNIA calculations,
making it a viable tool for the development of new buckling rules.

ii.  Instead of simulating dozens of tests with random input variables at each studied nominal
slenderness value, the GMNIA constant reliability curves make do with j+1 calculations per
value of Xnom, with j being the number of considered basis variables.

iii.  For the purposes of this concept, it is often possible to keep this number as low as possible,
by identifying the truly important basis variables through a preliminary, deterministic

parametric study of the sensibility of the buckling strength for changes of the parameters
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within the scatter band. In the above example, these parameters were the yield strength fy,
the flange thickness tr, the amplitude of the out-of-straightness eoand of the load
eccentricity e, as well as the level of the residual stresses Gyes.

iv.  While the method based on the Monte Carlo simulation requires a certain number of “tests”
to become reproducible in terms of values rq within certain tolerance limits, the presented
concept based on partial derivatives is fully reproducible for any given GMNIA model and

assumed basis variable variability.

In comparison to the current method, which is based on semi-deterministic GMNIA calculations on
“model beams or columns” with specified geometry and imperfection, the probabilistic GMNIA
constant amplitude concept is of course still more laborious. In terms of calculation time, it requires
j+1 calculations per slenderness range instead of just 1. The significance of this extra computing

time is debateable.

Additionally, the developers of buckling rules are faced with new uncertainties in the proposed
probabilistic method, since they must gather information regarding basis variables and their scatter
band. However, this can’t be regarded as a true drawback of the proposed method compared to the
current one based on “model beams”; the assumptions for the input data to be used in the “model
beam” calculations were calibrated to tests (Beer & Schulz, 1970) and therefore also indirectly
based on probabilistic considerations. Thus, the developers of design rules that make use of “model
beams” are implicitly making use of these findings. The new concept would not fundamentally
change this if, for example, parameters for input data variability were agreed upon on a code

committee level, as was the case for the “model beam” assumptions.

It is believed that, in the future, such “constant reliability” curves could play an important role in
the development of buckling curves. In this thesis, they will not be used as the main concept for the
determination of GMNIA buckling curves due to a current lack of consolidated, widely recognized,
“state-of-the-art” data pool regarding the variability of material, geometrical and imperfection
quantities. They will however be used for comparison reasons, coupled with some plausible

assumptions regarding these quantities.
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Flexural Column Buckling - the Benchmark Case

5.1. Introduction and Scope

This chapter is dedicated to the “benchmark” case for the development of all member buckling
rules: the flexural column buckling case. It discusses the development of current European column
buckling rules, with the aim of identifying a coherent development procedure for other buckling

cases, as well as pointing out the origin of some inconsistencies currently present in design rules.

Additionally, the chapter addresses some open points that have recently arisen in the context of the
introduction of a new fabrication standard for constructional steelwork — EN 1090-2 (2009). This
standard specifies new, relaxed fabrication and erection tolerances for shape deviations (out-of-
straightness) of columns and other compression members. The as-yet unanswered question of

whether or not this is “covered” by current design rules is therefore discussed here.

Finally, the chapter addresses the possibility of increasing the homogeneity of the reliability level

for all slenderness ranges by introducing constant reliability curves as presented in chapter 4.

5.2. The European Column Buckling Curves -
Historical Development from Today’s Perspective

The development of the so-called European column buckling curves was carried out under the
auspices of the European Convention for Constructional Steelwork (ECCS) and by its Technical
Committee 8 (TC8), roughly between the mid-1960s and 1978. It comprised a very extensive
experimental program, which resulted in the (to date) most complete set of full-scale column

buckling test data available internationally, as well as a comprehensive theoretical/numerical study.

The motivation for such an extensive study was (Sfintesco, 1970):
i.  to provide a commonly shared and accepted theoretical and experimental background for a
harmonization of the single national column design rules in Europe, and
ii.  to homogenize, as far as possible, the level of safety/reliability throughout all ranges of

slenderness of typical steel columns.

61



5. Flexural Column Buckling - the Benchmark Case

Finally, this effort led to the development of five different column buckling curves, termed ay, a, b,
¢, d and representing different cross-sectional geometries and their distinct behaviour in buckling.
These curves are still found in the Eurocode today.

In this section, the development of the ECCS column buckling curves is subdivided in logically
pertinent —but not necessarily chronological- steps, and discussed accordingly. In order to put this
discussion in a contemporary context, the single steps are complemented by new, specific numerical
(GMNIA) calculations whenever this was thought to be of benefit to the reader.

5.2.1. Step 1: Parameter Identification

The main theoretical background to the development of the ECCS column buckling curves was
provided by Beer & Schulz (1969, 1970; Schulz 1968), who carried out extensive numerical studies

based on non-linear, large deformation analyses of imperfect columns.

One early motivation behind these calculations was to provide a means of identification of the most
relevant parameters governing the buckling phenomenon. This was meant as a supportive activity to
the experimental program (see “Step 2”), where these important parameters had to be measured.
These parameters are only discussed briefly here, since a more thorough description (with similar

conclusions) is given in chapter 6 for the case of LT buckling.

In broad terms, the identified parameters can be split-up in two sub-groups:

1. The first group consists of parameters that have a significant impact in absolute terms, but
not in terms of normalized slenderness A and buckling reduction factors y. For example,
this is the case for the yield stress (Fig 5-1) and the geometrical shape-deviations of the
cross-section (flange thickness, depth, width, etc., see Fig 5-2).
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Fig 5-1 GMNIA calculation, HEB400 section, FB..: influence of the yield stress on buckling
strength in normalized (a) and absolute terms plotted as multiples of Ny/(Af,,s5235) (b).
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Fig 5-2  GMNIA calculation, HEB400 section, FB..: influence of the cross-sectional shape

deviations on buckling strength in normalized (a) and absolute terms (b); max, min: maximum

il.

and minimum cross-sectional values still in compliance with tolerance limits of EN 10034

(1993).

The yield stress can be shown to be almost entirely insignificant in normalized
representation if the residual stresses are assumed to be proportional to it. In absolute terms,
its influence strongly diminishes with increasing slenderness.

The shape deviations’ influence is quite significant in absolute terms, actually increasing
with slenderness. In terms of normalized factors related to the actual cross-sectional
capacity, however, their influence is practically zero. More details on the influence of both

parameters on buckling strength is given in chapter 6 in the context of LT buckling.

The second group of parameters is mainly composed of the geometrical imperfections of the
member - as opposed to the ones of the cross-section-, as well as the residual stresses
(structural imperfections). The impact of these parameters is illustrated for the case of weak-
axis flexural buckling of an HEB400 section in Fig 5-3.

These GMNIA calculations show that the three imperfections (out-of-straightness, end
eccentricity of the load and residual stresses) all have an influence on the buckling strength
that reaches its maximum (in relative terms) at intermediate values of the normalized
slenderness X, between 0.8 and 1.2. In the case of the residual stresses, both amplitude and

distribution of these locked-in stresses can be shown to be influential.
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Fig 5-3 GMNIA calculation, HEB400 section, FB. .: influence of the initial out-of-straightness e
(a), the load eccentricity (b) and the residual stress amplitude and distribution (c)

5.2.2. Step 2: Experimental Program

The experimental program conducted in the context of the development of the ECCS column
buckling curves comprised some 1067 full-scale buckling tests and a correspondingly large number
of complementary tests to establish the statistical distributions of the main structural parameters
presented in Step 1.

The full-scale buckling tests are described in their scope and statistical exploitation by Sfintesco
(1970) and Jaquet (1970), as well as Sfintesco & Carpena (1977). Their main findings and use in
the context of the finalization of the ECCS buckling curves are discussed under Step 3. In this sub-
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section, the complementary tests are of more interest. The significant findings for the single
parameters are discussed in the following.

Yield Stress

All ECCS full-scale buckling test series were conducted on mild steel comparable to the modern
S235 steel. In order to check the variability of the strength parameters of the material, the tests were
accompanied by stub-column and tensile coupon tests. The results for the IPE 160 series of tests,
which comprised sections from four different European countries and from several different
production lots, are taken from the paper of Strating & Vos (1972) and plotted in Fig 5-4. The
differences in mean value m and standard deviation s between stub column and coupon tests should
be noticed. The values stemming from coupon tests are quite comparable with more recent studies
found in the literature (Petersen, 1993; Byfield & Nethercot, 1997; ERP, 2003, Melcher et al., 2004)
both in terms of mean values and (importantly) scatter. The scatter of the stub-column tests also
seems to be in agreement with other sources (Fukumoto, 1983).

n=189 measurements
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301?23 Jf—L—\—— m=310 30 —#—4—4_—4—4—— m=285
| ] $=26 | | | | s=20
=B T Nmme BT | VM
3 2 ,ff\f4f IR oll 1 w1 ]
9] I | | | m | |
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| |
5 | 51+ —|
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Fig 5-4 Yield stress measurements for the tested IPE 160 sections, stub-column (a) and tensile

coupon tests (b).

Cross-sectional Geometry

Hot-rolled steel sections, as well as plates and other steelwork manufacturing products, display
variations in cross-sectional shape (area, thickness, etc.), ideally with a scatter band that lies within
specified tolerance limits. In the case of the sections tested over the course of the ECCS program,
these variations were primarily checked and recorded in an indirect and “overall” manner by
determining the mean area of the sections from a specimens volume, determined by water
immersion scales. The results of these measurements for the series of tests on IPE 160 sections is
plotted in Fig 5-5. The data was again taken from Strating & Vos (1972). Interestingly, a much
more recent study (Melcher, 2004) featured a similar set of statistical parameters for the area of 371
IPE sections (series 160 to 240), with A/Apom having values of m=1.025 and s=0.0325.
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Fig 5-5 Statistical variation of the cross-sectional area of IPE 160 sections tested by ECCS.

Additionally and in parallel to the measurements undertaken by ECCS, a major research project was
dedicated specifically to the determination of cross-sectional variations of European wide flange
sections of the HE series (Alpsten, 1972). The most relevant findings are summarized in Fig 5-6.
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Fig 5-6 Statistical variation of the cross-sectional geometry of HE sections (data: Alpsten, 1972).
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Alpsten’s study represents the most thorough analysis of cross-sectional variations of European HE
sections to date, with some 4816 individual sections taken into account. Fig 5-6 shows the data
provided by Alpsten and a representation of scaled probability density functions applicable to this
data if normal distributions of the parameters are assumed.

A comparison between Fig 5-5 and Fig 5-6 leads to the conclusion that the (much more limited in
scope) measurements by ECCS do not entirely fall within the scatter band observed for HE
sections. In the case of the IPE 160 sections, the measured shape deviations led to cross-sectional
areas that were, on average, slightly larger than the nominal value. In the case of the HE shapes, the
area was measured to be on average slightly lower than nominal value. Alpsten (2002) commented
on his measurements, noting that it is mainly the flange thickness tr that is responsible for the
tendency of the area to be smaller than the nominal value. The web thickness partially compensates
the lower-than-nominal flange thicknesses. This is explicable by an optimization of the rolling
process and of the time of changeover of the rolls. Width and depth of the rolled sections were

observed to have only a minimal scatter about the nominal value.

It should be noted that the above observations were also generally confirmed in the measurements
on HEAA shapes that were recently carried out during a research project at Graz University of
Technology (Kettler, 2008).

What is remarkable in both Fig 5-5 and Fig 5-6 is the fact that the tolerance limits of +4% on mass,
converted into area tolerances under the (realistic) assumption that the length variation is practically
zero and the material density g=7850 kg/m? is constant, was not generally complied with by the
specimens measured by Alpsten and ECCS. In order to understand how this is possible, the
minimum and maximum allowable areas, computed from the single plate thickness tolerances of
EN 10034, are shown in Fig 5-7 for the HE-A and —B series.

1.4

1.3 1

1.2

1.1 -

1.0

_09-
1

g0.8-
< 0.7
< 06 -

0.5 -

0.4

0.3 -

0.2 -

0.1 -

0.0 -
CONCONLCNCOLCNLCONCONLCONLCOLCONLCOCONLCONCOCOCOLNLM DM
eleolololololololololololeolololololeoleolololololeoleolololol ol eoleololololololeleNeNo]
CQOTTOOANNOOWOOOOANANTTOOOOLLLOOLLULOOLLUNOOOOOOOO
T A ANANANANOOOOOOOONTITTITOOODOOCOONMNNOWOO O OO
TR R R II R IR R TIRIITRTI R TIRTIRTTRTIRTIRTIRTIRTI R TR IR IR R TTRTIRTI R TIRTIRTIRTIRTIRIIRTIRTIRTI R T R T
IIIITITIITITIIIIITIIIII I IIIIII I I I I I T T T T WW

Fig 5-7 Minimum and maximum allowable area ratio A/Anom for HE-A and —B shapes.
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The figure shows that the area tolerance does not correlate well with the mass tolerance if minimum
variations of length and material density are assumed. Cross-sectional areas of less than 90% and
more than 120% of the nominal value are explicitly allowed by current mill manufacturing
standards. These tolerances are obviously quite significant to the flexural column buckling case
under pure axial load. If a value of A/A,om of 90% is accepted as the “actual” minimum value of the
area tolerance, the measurements of ECCS and Alpsten appear to confirm that this tolerance is kept
at a significant relative “distance” from the actual production scatter band in Europe, lying at ca. 3

standard deviations from the mean.
Initial Out-of-Straightness

Much attention was paid to the initial out-of-straightness (or curvature) of the compression
members tested in the ECCS program. In order to test columns thought to be representative of shop
conditions, only un-straightened bars that were straight to the bare eye (“droite a 1’ceil” according
to Sfintesco, 1970) were used. The curvature was measured by determining the deviation from the
straight line connecting the columns’ extremities at different points. Ballio and Mazzolani (1983,
pp. 132-133) state that many different shapes of curvature were observed, see Fig 5-8. Schulz
(1968) and Ersvik & Alpsten (1970) showed that the amplitude of these deflections as fraction of
the length is the most significant factor, far out-weighing the importance of the shape itself. Schulz
also showed that the first, sinusoidal “wave” amplitude of a Fourier series of an arbitrary initial

deflection shape is sufficient to describe the buckling strength of any compression member.

Fig 5-8 Out-of-straightness A: idealized and measured. Figure taken from Schulz (1968).

The connection between fabrication tolerances and out-of-straightness will be discussed with more
detail in section 5.5 of this chapter. At this stage, only the shape deviations actually measured by
ECCS will be further described. It shall just be briefly mentioned that the tolerance limit for the

initial curvature was set at A=L/1000 in the years when the ECCS buckling curves were developed.

Fig 5-9a shows the measured initial curvatures of the tested IPE 160 sections as reported by Strating
& Vos (1972). A similar, but not quite identical distribution is also given by Fukumoto (1983).
Tebedge et al. (1972) determined values of the initial curvature for heavy HE sections (mostly
HEM340 and similar), plotted in Fig 5-9b.
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Fig 5-9 Measured initial curvature A as fraction of the column length for some of the ECCS

column tests.

It is interesting to note that the curvatures of deeper, heavy shapes (HE, h>300 mm) were shown to
be statistically smaller than the ones observed for cross-sections with smaller depth (IPE, h<200

mm). This is actually in agreement with the rolling tolerances of these sections according to EN
10034, see Table 5-1.

Section depth h Curvature
[mm)] tolerance qyy, Qyy
80<h<180 0.30% of L
180<h<360 0.15% of L
h>360 0.10% of L

Table 5-1 Initial curvature tolerance according to and using the terminology of EN 10034 (1993).

Some other probability density functions found in the literature, which are not necessarily directly
linked to the ECCS test program but connected to it by the common objective of developing column
buckling curves, are shown in Fig 5-10.

The distribution given by Fukumoto (1983) was calculated from a collection of all column test data
available internationally in the early 1980s. It is unknown whether this calculation was
accompanied by testing of possible correlations and systematic sub-scatters of the single section
types. One must suspect that such a larger scatter as the one devised by Fukumoto is not
representative for single types of sections.

The distribution given by Bjorhovde (1972) was based on more-or-less plausible assumptions
regarding the likelihood of the occurrence of certain values. The probability of having values above
the tolerance limit of A=L/1000 was assumed to be equal to 2.5%.
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Fig 5-10 Scaled probability density functions for initial curvature of columns.

The distribution assumed by Strating & Vos (1972) for their Monte Carlo simulations (see Step 4)
was based on the actual ECCS measurements for IPE 160 sections, and can be interpreted as a “tail

approximation” of the upper values of the recorded curvatures.
Load Eccentricity

Additionally to the out-of-straightness, load eccentricities at the end of the column can cause
second-order bending moments in a column. Fig 5-11 shows the eccentricities measured for the IPE
160 series of ECCS tests. The data is taken from Schulz et al. (1977).

It shall be noted that these eccentricities had a clear definition: for the case of weak-axis buckling ,
they were equal to the eccentricity of the web with regard to the flange. This definition can be
regarded to be correct in light of the fact that the load in the ECCS tests was placed at the centroid
of the web. If the web is eccentric with regard to its nominal position, an eccentricity of the load is

present.
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Fig 5-11 Load eccentricity in the ECCS IPE 160 tests, determined as web eccentricity.

Residual Stresses

The origin, distribution and amplitude of residual stresses in structural steelwork sections were
studied by Alpsten (1967), Young (1971, 1972) in the case of hot-rolled sections, and Brozzetti et
al. in the case of welded sections and plated elements. Beer & Schulz (1969) collected some data

and discussed the classification of expected residual stresses in hot-rolled sections shown in Fig 5-
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Fig 5-12 Residual stresses in hot-rolled sections according to (a) Beer&Schulz (1969), and (b)
ECCS (1984)

71



5. Flexural Column Buckling - the Benchmark Case

For comparison reasons, the ECCS recommendations (1984) for modelling residual stress effects in
GMNIA calculations are illustrated in Fig 5-12b.

Schulz (1968) mentions the following statistical data regarding residual stresses in hot-rolled

sections, Table 5-2:

ty/h Gres/fy nom [N/mm?]

MEAN MAX

<0.05 0.4 0.55
Wbs<1.2 | <0.075 0.3 0.4
>0.075 0.4 0.5
1.2<hb<1.7 =003 0.2 0.3
>0.03 0.3 0.4
Wb>1.7 ] 02 s

Table 5-2 Data collected by Schulz (1968) on residual stresses in hot-rolled I- & H- sections.

No minimum values are reported by Schulz. The values that are most representative for actual
European sections (ratios h/b and t,/h) are printed in bolted characters. It should be mentioned that
Schulz himself was already aware (through the work of Feder & Lee, 1959) that the residual stress
in hot-rolled sections is not proportional to the yield strength, but independent of it, and that
therefore the values in Table 5-2 are actually only valid for mild steel (S235). Nevertheless, he
accepted this as an extra element of safety for higher-strength steels, which were less well

understood at the time.

5.2.3. Step 3: Reliability Level- ]Justification of the GMNIA Imperfection

Assumptions

As was stated in the introduction to this section, one main motivation for the ECCS column
buckling research was to develop buckling rules with an homogeneous-as-possible level of

reliability throughout slenderness ranges.

According to Sfintesco (1970), the Technical Committee 8 originally intended to achieve this goal
purely by experimental means. An early result of this effort is plotted in Fig 5-13, which shows the
single, dimensional buckling curve for mild steel (comparable to today’s S235) originally published
in 1966 by ECCS TC8 (Sfintesco, Carpena et al., 1966). This single curve is based solely on weak-
axis buckling tests of [ sections and was developed by connecting (with a “spline” curve) the points
given by the mean minus two standard deviations (m-2s) of the tests on IPE 160 sections conducted
prior to that date. For comparison reasons, the figure also shows the current ECCS / Eurocode 3

column buckling curve b, which applies to IPE 160 sections.
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G allow [Kg/mm?]

ECCS-1966

mild steel (fy nom™24 kg/mm?)

0 T T T T T T T T

0 20 40 60 80 100 120 140 160 180
A=Li

Fig 5-13 Original, 1966 ECCS column buckling curve based purely on column tests (mostly IPE
160)

If one omits the question of whether or not “sufficient” tests (in number and representativeness)
were conducted to be able to have an acceptable level of confidence in the determined values of m
and s, the above-mentioned, purely experimental procedure does indeed lead to a curve that has a
constant, specified level of reliability over all slenderness ranges. One might therefore ask why this
procedure wasn’t fully implemented in the end.

The answer to this question was given by Beer & Schulz (1970):

i.  The experimental program alone, while being quite extensive, could not treat all cases of
column buckling with sufficient statistical significance. Only weak-axis buckling of
relatively “small” sections could be treated in large numbers.

il.  An extrapolation of a design rule from such test results is not acceptable from the point of
view of structural safety without the backing of a reproducible, theoretical treatment.

For these reasons, the ECCS column buckling curves were finally developed primarily by means of
numerical (GMNIA) calculations with deterministic, fixed geometry and imperfection parameters.
This allowed for an inclusion of parameters and buckling cases (strong axis buckling, buckling of
very heavy sections) which could otherwise not be sufficiently treated even by an experimental
program that is as thorough and comprehensive as the one conducted by ECCS TCS8. However, in
these calculations, the assumptions regarding the (actually stochastically distributed) input
parameters were based on a calibration to the ECCS tests, see Fig 5-14. This ensured the necessary

feedback to full-scale tests and target reliability levels.
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Fig 5-14 Calibration of the GMNIA imperfection assumptions to the ECCS column buckling tests.

The figure shows the philosophy and procedure followed by TC8, which can be described as
follows:

1. The GMNIA calculations were performed using nominal geometrical input parameters for

length and cross-section.

ii.  The geometrical and structural imperfections were fixed to extreme values: € =L/1000 for
the initial curvature, which was equal to the fabrication tolerance Anax, and the amplitude of
Gres €qual to the maximum values shown in Table 5-2.

iii.  These assumptions were justified by plotting the resulting numerical buckling curves
together with the ECCS test results and comparing the position of the curve with the m-2s
experimental points.

As is shown in Fig 5-14 (using a “normalized” form, based on a nominal yield stress of fy nom 0f 235
N/mm?), an acceptable agreement between numerical curve and experimental points could only be
achieved by plotting the curve for a higher yield stress of £,=260 N/mm?; this was said to be the
measured 2.3% fractile (equal to mean minus 2 standard deviations) of the yield stress
measurements for the IPE 160 buckling tests, compare with Fig 5-4a.

Sfintesco & Carpena (1977) already pointed out the following, very important point: if design rules
are based on GMNIA curves developed with the above assumptions and are then presented in
normalized form for all values of fy, and if —finally- a design code prescribes the use of the nominal
value of the yield stress fy nom for buckling design checks, a designer complying with this code will
actually make use of the blue line in Fig 5-14, instead of the (originally intended) red line; over the
entire range of slenderness where yield stress is relevant, such a design curve will therefore be safer
than intended by the m-2s philosophy.
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Due to this observation, Carpena (1971) actually proposed to use a value of the yield stress in
column buckling design rules that differs from (i.e., is higher than) the minimum value of the
coupon test yield stress specified by steel manufacturing standards such as EN 10025. This proposal
was however not followed through, presumably due to the conceptual complications that this would
entail; it is indeed not desirable to specify the yield stress to be used in design in function of the

design task to be performed.

The implications of this point are discussed with more detail in section 5.4.

5.2.4. Step 4: Monte Carlo Simulations

In 1972, Strating & Vos published a study on the weak-axis buckling strength of IPE 160 sections
that made use of statistical input data taken from the “complementary” ECCS tests of section 5.2.2
and applied the Monte Carlo method to simulate full-scale tests. While this study was not directly
linked to the development of the ECCS curves, it was considered to be an important contribution to
it, since it proved that the outcome of the ECCS full-scale tests was fully explicable by purely

theoretical means.

The following input data were used by Strating & Vos:

Parameter m s Nominal value
Initial curvature eo 0.00085 L 0.0002 L 0.0001L"
Area A 2047.33 mm? 81.15 mm? 2010 mm?
Flange thickness t; 8.1 mm 0.527 mm 7.4 mm
Yield stress f 310 N/mm? 26 N/mm? 235 N/mm?
Residual stress Gres*** 0.20 £, 0.05 £, 0.30 fy*
Eccentricity 0.595mm  (In) | 0.461 mm  (In) 0.0 mm

*

“nominal” values of Eo and G, as used in GMNIA calculations by Beer & Schulz /
ECCS

) actually, Strating & Vos used a Gamma-distribution. A log-normal distribution with
these parameters was said to be equivalent.

sksksk

a parabolic distribution was assumed in the flanges, similar to Fig 5-12a

Table 5-3 Assumptions of Strating & Vos (1972) for their Monte Carlo simulation of weak-axis
column buckling of IPE 160 shapes.
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The source of most values in Table 5-3 was already illustrated in section 5.2.2. The results of the
Monte Carlo simulation are illustrated in Fig 5-15, again in the normalized form of representation
that plots the ratio of buckling strength and nominal cross-sectional limit load Apomfynom Over the
nominal value of the normalized slenderness. The original results by Strating & Vos are in good
agreement with the ECCS experimental values shown in Fig 5-14, except in the intermediate
slenderness range of L=1.0- 1.2, where the Monte Carlo values (m-2s) lie ca. 15% below both
test data and the red ECCS curve.

1.50 \

1.25 A
f,,=260 MP4

1.00 ~

0.75 A

Nb/(Anom . fy,nom)

0.50 A

z,nom

IPE 160, S235
weak axis buckling

X

0.25 ~

0.00

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
f,nom=235 MPa x

Fig 5-15 Monte Carlo simulation of Strating & Vos (1972) for weak-axis column buckling of
IPE 160 shapes compared to the buckling strength according to the ECCS curve b evaluated for
two different values of f, and plotted as reduction factor of the nominal strength A'f, s235.

This deviation can be explained in light of the discussion of section 5.2.2 regarding the statistical

data from today’s point of view. Two points must be mentioned:

1. The assumed mean value of the flange thickness was significantly larger than the nominal
value in these calculations (tfmean/trnom=1.095), and the coefficient of variation CoV=0.065
was rather large. This appears to be out of line from what can be justified by actual
measurements - see Fig 5-6. That figure, which applies to HE sections, showed values of
te mean/trnom Smaller than 1.0 and (more importantly) a CoV of only 0.03 to be more realistic.

il.  Strating & Vos assumed the residual stress amplitude o5 to be proportional to the current
yield stress, i.e. the randomly generated value of the yield stress generated: This implies a
strong correlation of residual and yield stress: when the yield stress is far above the nominal
value, also the residual stress amplitude is high. As has been stated in section 5.2.2, this is

not thought to be conclusive with experimental showings.

76



PART II - Columns and Beams - Basic Load Cases

Other than these remarks regarding the above assumptions, the idea of Strating & Vos proved to be
very advantageous for the purposes of this thesis. Therefore, it is worthwhile to “repeat” Strating’s
calculation with slightly modified assumptions, and using a Monte Carlo methodology as explained
in chapter 3. The new assumptions, summarized in Table 5-4, included a more realistic scatter band
for the residual stresses (un-correlated to the yield strength), as well as a separate variation of the
single cross-sectional parameters. These were assumed to vary about the mean value, with a CoV of
5% for the flange and web thickness, and CoV=1% for depth and width of the section.

Parameter m s Nominal value
Initial curvature eo 0.00085 L 0.0002 L 0.0001L"
Yield stress f, 310 N/mm? 26 N/mm? 235 N/mm?
Eccentricity 0.60 mm (In) 0.45 mm (In) 0.0 mm

%
Residual stress oy e

%

0.20 - 235 N/mm?

0.05 - 235 N/mm?

0.30 235 N/mm?

Flange thickness t¢ 7.4 mm 0.37 mm 7.4 mm
Web thickness t, 5.0 mm 0.25 mm 5.0 mm
Depth h 160 mm 1.6 mm 160 mm
Width b 82 mm 0.82 mm 82 mm

" =
“nominal” values of €op and G, as used in GMNIA calculations

" a double-linear distribution was assumed, see Fig 5-12b
Table 5-4 New assumptions for the Monte Carlo simulation of FBz-z of an IPE 160.

The outcome of this repetition of Strating’s simulation is shown in Fig 5-16. Due to the huge
increase of computational power of computers since the calculation of Strating & Vos, many more
calculations could easily be obtained in an acceptable amount of time. The simulations were carried
out using GMNIA calculations with beam elements. Thirty columns were simulated at ten different
nominal slenderness values, from }_Lz,nom =0.2 to 2.0. For 7_»z,nom =0.0, the calculations were
performed “by hand”, i.e. the limit load was calculated from the current value of the area and the
yield stress. In order to compare the results directly with the calculation of Strating & Vos (Fig 5-
15), as well as with the ECCS experimental data (Fig 5-14), the mean value and standard deviation

was computed and plotted in the classical way, assuming standard normal distributions to apply.

The figure clearly illustrates the viability of performing Monte Carlo simulations for member
buckling phenomena: results in excellent agreement with the experimental data can be achieved by
assuming realistic variations of the main basic variables, and by using appropriate, sophisticated

enough GMNIA numerical models.
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Fig 5-16 New Monte Carlo simulation for weak-axis column buckling of IPE 160 shapes.

5.2.5. Step 5: final curves

Finally, after some additional numerical and experimental studies, five separate column buckling

curves were published by ECCS 1n its 1978 “recommendations” (ECCS, 1978). These curves were

given as tables, in normalized form — see Fig 5-17. The following points are of interest:

1.

ii.

As has been stated above, the curves were essentially based on several series of GMNIA
calculations with fixed geometrical and imperfection parameters, whereby the latter were
calibrated to the ECCS full-scale buckling tests.

Some modifications were made when finalizing the curves: following the suggestion of
researchers at Cambridge University (Young, 1971; Dwight, 1972), a plateau value at
2=0.2 was introduced. The rationale behind this choice was to “include effects of strain-
hardening”, which was thought (but not proven) to be responsible for the fact that “a stocky
member can reach its squash load, and may well exceed it” (Dwight, 1972). The GMNIA
calculations by Beer & Schulz did not include strain hardening in the material model; the
resulting curves did not show the existence of the plateau, having values of ¥<1.0 at any
non-zero slenderness. ECCS TC8 therefore accepted the Cambridge group’s line of
argumentation (Schulz et al., 1977).

It should be mentioned, however, that more recent studies (e.g. by Wolf, 2006) have proven
that the plateau value cannot be proven by GMNIA calculations with fixed (nominal)
geometrical and imperfection parameters even if strain hardening is included in the model.
In the present thesis, this is also confirmed: the GMNIA calculations in section 5.2.1 were
performed by modelling strain hardening: due to the moderate strains at the buckling limit

state, no hardening effects were observed even for very stocky columns ( :120.2).
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Fig 5-17 Original (1978) ECCS column buckling curves, given in diagram form (a) and

classification table from Eurocode 3.

5.3. Putting the curves into an equation

During the development and immediately after the publication of the ECCS column buckling curves
in table form, several researchers devoted their time to finding a formulaic description of the
tabulated values. Mostly, reasons of practicality were mentioned as motivation for these
endeavours. Most of the approaches presented in this context have already been presented in
chapter 2. Finally, an Ayrton-Perry formulation emerged as the preferred means of description of

the ECCS buckling curves; these are the column buckling formulae we find in the Eurocode today.

5.3.1. Ayrton-Perry formulations

The derivation and form of the Ayrton-Perry formulation has been discussed at length in chapter 2.
Their application to the ECCS column buckling curves, and the implications of the specific

calibration factors that were eventually chosen, is discussed in the following.

Expression (5.1) represents the starting point: a first-yield buckling condition using second-order
internal forces resulting from a sinusoidal pre-deformation. It can be rewritten in normalized form
by introducing y=N/(A'f,), L, = /(A - f,)/N, ,andn=A-eo/ W, leading to (5.2)
N Neo 1T 4
A-f, W-f, 1-(N/N,)

(5.1)

l—y-A

This equation can be shown to be identical to equation (2.30) and can be solved accordingly:
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I
N=—TF—— (5.3)

DV D> -’
with <D=%(1+n+iz) (5.4)

In the Ayrton-Perry approach, the elastic expression for nZ(A-Eo/W) is replaced by the

“generalized imperfection”, i.e. the main calibration function of the formulation, see chapter 2.

Dwight (1972), a British engineer, was quite familiar with the Ayrton-Perry formula; he appears to
be the first to have proposed the application of this formula to the ECCS column buckling curves.
Recognizing the need for a new calibration of the Ayrton-Perry formula, he suggested the following

formulation for n:

L
n=a(7—%J (5.5)
with §g=—22 __t0 (5.6)
- JEIT, M

and a being the generalized imperfection amplitude factor.

The following values of o were proposed by Dwight to describe the ECCS curves a, b and c¢. They

were still in use in UK design codes as recent as the 2000 version of BS5950-1, Annex C:

ECCS curve o
0.0020
b 0.0035
c 0.0055

Table 5-5 Generalized imperfection amplitude factors a as calibrated by Dwight (1972).

It is important to appreciate the use of the geometric slenderness A=L/i, instead of the “normalized”
A in (5.5). As has been shown in chapter 2, this means that every steel grade (with different yield
stress) results in a different position of the buckling curve in the x-i plane, with y slightly
increasing with the yield strength. Dwight argued that this is actually more realistic than a
representation where y is completely independent of the yield stress, especially if the fact is
considered that residual stresses are “largely independent of the yield stress of the steel”. The

calculations that led to Fig 5-1 of this chapter seem to confirm this statement.

It is also interesting to note that, at least for a mild steel of grade S235 with a yield stress of
£;=235 N/mm?, the values of Table 5-5 given by Dwight are quite comparable to the ones currently

found in the Eurocode for a normalized slenderness formulation of 1, see Table 5-6:
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ECCS curve Dwight Rondal & Maquoi EC3
(1972) (1979) (2006)

a 0.125 0.13

a aAe=0.0020 " 93.9=0.19 0.206 0.21

b 0.0035 - 93.9=0.33 0.339 0.34

c 0.0055 - 93.9=0.52 0.489 0.49

d - 0.756 0.76

Table 5-6 Comparison between the generalized imperfection amplitude factors a given by Dwight

(1972) - valid for steel grade S235-, Rondal & Maquoi (1979) and the Eurocode.

As has been stated in chapter 2, the current Eurocode expressions for ) were determined by Maquoi
and Rondal (1978; Rondal & Maquoi, 1979), see (5.7):

n=o-(%-7)

(5.7)

with a according to Table 5-6, third column. The buckling curves resulting from this formulation

are shown in Fig 5-18a as dashed, red lines and compared to the original tabulated values published

by ECCS.

In the present study, it is proposed to compare this expression to the values of mq,p that would have

precisely described the tabulated curves. The latter are obtained by solving (5.2) for m:

1.0

0.8 -

0.2 1

0.0

1 —2
Ntab :(__lj'(l_wa A )
Xtab

—ECCS
——EQU.

1.0 1.5 2.
a

N [-]

1.2

0.9

0.6 -

0.3 1

(5.8)

Fig 5-18 Analytical description of the tabulated (numerical) column buckling curves using an

Ayrton-Perry approach; comparison of buckling reduction factors y (a) and of the generalized

imperfection n (b)
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The comparison between expressions (5.7) and (5.8) —solved for the tabulated values of the ECCS
buckling curves- is plotted in Fig 5-18b. This representation has the advantage of visually
illustrating the significance of an adequate selection of the expression for . Whenever the value of
MNwp falls underneath the straight line representing (5.7), the buckling reduction factor given by (5.3)
with (2.32) and (5.7) is “safe-sided” in comparison to the numerical value. Hence, the chosen
expression (with corresponding coefficients a) for the most part closely follows the numerical
values of mp; at high slenderness ratios and for the “high imperfection” buckling curves ¢ and d,
the values of myp diverge from a straight line, beginning at 1=1.0, reflecting larger deformations
than are accounted for in a second-order analysis. However, the significance of accurately
describing the value of m, through (5.7) decreases with increasing slenderness, as the resulting
buckling reduction factor y becomes progressively less sensitive to the underlying bow
imperfection at high slendernesses, in comparison to other kinds of imperfections. The tendency of
the formulaic, Ayrton-Perry type buckling curves as developed by Maquoi and Rondal to (slightly
and safe-sidedly) diverge from the numerical curves at high slenderness ratios should nevertheless

be kept in mind, since it is shown in chapter 6 to occur in the case of LT buckling as well.

5.3.2. The significance of the imperfection assumption

It is worthwhile, at this point, to elaborate on the significance of the order of the function n=f(X)

and of the length-dependency of the underlying equivalent imperfection resulting from this order.

In their first (1978) paper, Maquoi and Rondal actually proposed a total of 7 possible expressions
for m, all of which shared the constraint that the expression for n be a function of some order of A,
and that the plateau value of Ao =0.2 be respected. Of those 7 expressions, the three below are

considered in the following:

n =ay-(2-02) (5.9)

My =0y VA —0.04 a0 [1- 202 (5.10)
A

N3 =03 '(X—O-Z)2 (5.11)

Magquoi and Rondal found that the first two expressions were best suited to represent the European
column buckling curves, with discrepancies between the tabulated buckling curve and the formulaic
prediction of less than 2%, when the best-fit value of o was used. Of the two, the expression for m;
was actually found to be slightly better suited to describe most of the five ECCS buckling curves in
Magquoi and Rondal’s original 1978 paper. The third expression —equation (5.11)- on the other hand
was the least convenient of all expressions, leading to maximum deviations of more than 10% - and
this again when using the best-fit value of a3 In the following elaborations it will be attempted to

explain why this was inevitably the case.
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By looking back at equations (5.1) and (5.2), it can be appreciated that an equivalent geometric

imperfection of amplitude eo can be simply calculated:

- W
e) =—- 5.12
A n ( )

If m is known or given, and the elastic section modulus W, is used in equation (5.12), we obtain the
amplitude eo of a sinusoidal initial imperfection which will yield the exact same buckling load Ny,
as the one given by (5.3), provided that the same value of m and a first yield failure criterion are
used. In order to understand the underlying meaning of the three expressions for m (5.9) to (5.11), it

is useful to plot this equivalent imperfection for a certain section.
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Fig 5-19 Equivalent imperfection eo in absolute terms and as fraction of length for a first-yield
failure criteria for strong-axis buckling of a “welded” IPE 160 section. o; is the best-fit value
for ECCS curve “a”.

Fig 5-19 shows the equivalent elastic imperfection eo for strong axis buckling of a “welded”
IPE 160 (without fillet) and the three expressions for m given above. The generalized imperfection
amplitude factor a was taken to be equal to the value calibrated by Maquoi & Rondal for the ECCS
column buckling curve “a”. The chosen section has the geometrical features of an IPE 160, except
for the omission of the rolling fillet radius r, having an area of A=19.4 cm’, a second moment of
area about the strong axis of [,=834.1 ¢cm* and an elastic section modulus of W,=104.26 cm’. The

normalized slenderness of Xy =1.0 corresponds to a (buckling) length of L=615.8 cm.

The figure shows that the three underlying equivalent imperfections are quite different from each

other for each of the cases:
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1v.

V1.

the expression m; results in a length-proportional imperfection eo that has a value of 0.0 cm
at Ay=0.2 and then increases linearly at a rate eo/Ay of 1.107 cm/Ay or eo/L of 1/556.2
cm/cm. The latter value directly results from expression (5.9) for m; if the plateau value of

%o =0.2 is omitted and the underlying value of a;=0.206 is considered:

) .
=En1-lzﬁ~a1~—y=104 26 0.206-—L_=1/556.2 (5.13)

eol/L
(0’1 )lim ATLTL A L 194 615.8

Fig 5-19b, which plots the inverse L/ey on the abscissa, illustrates that this constant value of
eo/L is asymptotically approached by the expression for n, and this at a rather steady rate.

the expression m; results in an equivalent imperfection ¢o that also has a value of 0.0 cm at
7_\,y =0.2 and then rapidly increases to asymptotically approach a rate of eo/ Xy of
0.844 cm/ 7_\,y or eo/L of 1/729.8 cm/cm. Again, the latter value directly results from
expression (5.10) for m; if the plateau value of Xo =0.2 is omitted and the underlying value

of 0,=0.157 is considered:

- 2
- JA
e02/L). Wb W, My 10426 160 L /7008 (5.14)
1i

= —_— '—=—.a
m A WLTA L 19.4

In Fig 5-19b, this again shows as a hyperbolic, asymptotic approximation of the limit value
of eo/L resulting from the chosen value of o, this time however at a much faster rate.

the expression m3 again results in an equivalent imperfection eo that has a value of 0.0 cm at
7_\,y =0.2; at higher slenderness ratios, the equivalent imperfection increases parabolically. No
limit rate of imperfection increase exists. The imperfections resulting from expression (5.11)
are clearly smaller than in the other two cases for slenderness ratios below 1.0 — 1.2, and

increase much faster than the other two beyond this point.

Summarizing these points, it can be ascertained that the expressions for m; and m> can be

equivalently represented by an essentially -if it weren’t for the plateau-value of X0 =02- length-

proportional underlying imperfection Eo; the expression for m3, on the other hand, is equivalently

represented by an imperfection eo that is proportional to L2

The ground has now been laid out for a plausible explanation of why it was inevitable that Maquoi

and Rondal ended up finding that the best approximations of the European buckling curves are

given by expressions (5.9) and (5.10), and the worst by (5.11):

1.

ii.

the European column buckling curves that Maquoi and Rondal approximated were
determined by means of GMNIA calculations for a length-proportional geometrical
imperfection of eo=L/1000 — see section 5.2.3.

since the additional structural imperfections considered in these GMNIA calculations, i.e.
the residual stresses, are constant and independent of length, it is a fair guess to expect that
the underlying length-dependency of the assumed geometrical imperfections is still strongly

reflected in the resulting buckling curves.
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iii.  had a different relationship for the assumed geometrical imperfections been used by Beer &
Schulz in their numerical calculations, a different expression than 7; and m; would have

yielded the best curve-fitting results.

An example is used to strengthen the case for the last statement above. Using essentially the same
numerical methodology employed by Beer and Schulz for the GMNIA calculations of the ECCS
research project, two numerical buckling curves are calculated for the strong-axis buckling of the
pin-ended, “welded” IPE 160 of Fig 5-19:

1. case I. the buckling curve is calculated using exactly the same assumptions made by
Beer&Schulz: the yield strength of the material is f,=235 MPa, strain-hardening is not
considered, the residual stresses have a maximum compressive value of 0.3-f,, and the
geometrical imperfection is proportional to L, having a value of €0 1=L/1000.

ii.  case II: the buckling curve is calculated using the same assumptions as above, but for a
geometrical imperfection that is proportional to L°, instead of L, having a value of
Eo ,11=L2/615800. The denominator of this expression is chosen so that Eo 1 is equal to
Eo 1=L/1000 at the normalized slenderness of Xy=1 .0, 1.e. at a length of L=615.8 cm in this

case.

The assumptions made for the determination of these two numerical buckling curves are

summarized in Fig 5-20.

Since no plateau is to be expected from a numerical calculation that is conducted according to
Fig 5-20, the Ayrton-Perry type curve-fitting is performed using modified versions of the
expressions (5.9) to (5.11), omitting the plateau value of Ao =0.2. In this case, (5.9) and (5.10) are

identical and can be replaced by a single expression. The following expressions are used

np=o-Ay (5.15)

- 2
T]H=(X'7\,y (516)

If the claim is correct that the goodness of the Ayrton-Perry approximation mostly depends on the
quality of the function m, and if the best-fit value of a is used, m; can be expected to yield a good
approximation for the “case I’ assumption of Fig 5-20, while n; should be able to approximate the

“case II”” assumption well.
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Fig 5-20 Assumptions made for the illustration example; eo: purely geometrical imperfection.

The results of the example calculations are illustrated in Fig 5-21, using both a length-dependent
and a Merchant-Rankine type representation of the resulting numerical and Ayrton-Perry buckling
reduction factors y. The numerical (GMNIA) calculation results are printed in black, while the

Ayrton-Perry results are in colour.

Fig 5-21a shows that, due to the fact that the imperfection was chosen so that both imperfections
have the same amplitudes for Xy =1.0, the numerical curves intersect at this slenderness ratio. In
order to be able to better illustrate the impact of the length proportionality of the generalized
imperfection function m on the calculation results, the calibration of the factor a was performed for
the slenderness ratio of Xy =1.0 alone, and not as a least-square approximation of the entire

considered slenderness range; doing this leads to identical values of a=0.156 for m; and mj;.

Especially the more “spread-out” Merchant-Rankine visualization (Fig 5-21b) clearly shows that
expression m; allows for a close approximation of the “case I”” imperfection assumption, while my

does the same for the “case II” assumption.

This example clearly illustrates the significance of a correct, representative choice of the function m
when using an Ayrton-Perry type formula to represent a buckling curve. If the Ayrton-Perry type
formulation is used for curve-fitting of a numerically determined buckling curve, it is extremely
important to choose the expression for m so that it best approximates the imperfection assumptions
made in the numerical calculation. An analogous statement can be made about the curve-fitting of
experimentally determined buckling curves, where imperfection measurements must be used as

guidance.
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Fig 5-21 Results of the example calculation with assumptions of Fig 5-20; a) slenderness-

dependent plot; b) Merchant-Rankine visualization. Ayrton-Perry versus numerical results.

5.4. Current reliability level

In chapter 4, section 4.3.3, it was shown that, quite generally, the reliability level inherent in current
member buckling rules is not homogeneous throughout all slenderness ranges. For the specific case
of flexural column buckling, this is confirmed and plotted in Fig 5-22. This figure again shows the
values calculated by Miiller (2003) on the basis of the ECCS tests. It also shows (Fig 5-22b) the
result of an evaluation of the appropriate partial safety factor ym™* according to EN 1990 — Annex D
for the new Monte Carlo simulation of Fig 5-16.

The evaluation was carried out based on the assumptions of Table 5-7. Since the evaluation

procedure assesses the accuracy of the used design formula, only the parameters actually entering
(5.3) are needed.

Parameter m S Nominal value
Yield stress f, 310 N/mm? 26 N/mm? 235 N/mm?
Flange thickness t¢ 7.4 mm 0.37 mm 7.4 mm
Web thickness t,, 5.0 mm 0.25 mm 5.0 mm
Depth h 160 mm 1.6 mm 160 mm
Width b 82 mm 0.82 mm 82 mm

Table 5-7 “Pre-information” used for the statistical evaluation of FBz-z of the Monte Carlo
“tests” for weak-axis flexural buckling of an IPE 160 (see Fig 5-16).
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Fig 5-22 Current reliability level for weak-axis flexural column buckling of IPE sections,
according to Miiller (a); calculated for the Monte Carlo simulation of Fig 5-16 (b).

The parameters in Table 5-7 are similar to the ones of Table 5-4, i.e. of the statistical data used for
the Monte Carlo simulation itself, but with the exception of the yield stress fy; since Annex D of EN
1990 mandates the use of “pre-information” about representative statistical values of the single
parameters entering the design formula, a value of fy nca=285 N/mm?* with CoV=0.06 was chosen
instead. These value are in good agreement with the literature (Petersen, 1993; Byfield & Nethercot,
1997) and are well-confirmed by the experimental data, at least by the greatly better documented

number of tensile-coupon tests.

As is illustrated in Fig 5-22, the evaluation of the new Monte Carlo tests led to values of y™* that
are in excellent agreement with what Miiller found to be appropriate for the ECCS tests. Both
diagrams (a) and (b) show that the maximum value is reached around a slenderness of X=1.2, that it
lies at about yyv*=1.12-1.13, and that it tends to be slightly lower at slenderness values beyond this
peak. The Monte Carlo simulation can therefore be assumed to be representative also for the range
not covered by tests, i.e. the low slenderness range. Here, a remarkable feature of Fig 5-22 is the
spike of the value of yv* at 1=0.2. Although this might surprise at first sight, it is actually entirely
logical if one considers that this slenderness range corresponds to the location of the end of the
plateau in the ECCS column curves. Since the strength of a member with A=0.2 must be at least
minimally -a few percentage points- lower than the value at an even smaller slenderness, but the
plateau ignores this, yp™* ends up accounting for it. The relatively steep drop of the buckling curve

immediately beyond the plateau’s end then explains the drop of ym™* between 2=0.2 and 0.4.

Of course, the excellent agreement between Fig 5-22a and b contains some degree of “luck”, as
both the ECCS and the Monte Carlo buckling strengths, representing a limited number of random
test results, do influence the outcome of the above evaluation; in other words, a repetition of the

Monte Carlo simulation will not lead to exactly the same results as shown in Fig 5-22b.

88



PART II - Columns and Beams - Basic Load Cases

Nevertheless, the following points can be seen as confirmed by this evaluation:

1.

il.

The ECCS column buckling curves, and, inevitably, the Ayrton-Perry formula calibrated by
Maquoi and Rondal to best fit these curves, does not fulfil its original goal of having a
constant reliability level throughout all slenderness ranges.

As is illustrated by Fig 5-14, this is due to the fact that the numerical (GMNIA) buckling
curves eventually adopted as design curves by ECCS do not provide such a constant level of
reliability when compared to tests if nominal values of yield stress and geometry are used in

combination with high fractile values of the imperfections.

This does not mean that the ECCS buckling curves are not in agreement with the more general

original goal, i.e. to develop buckling design curves that had an irrefutable, sufficient level of safety

that was acceptable and could be implemented in all European countries. As is also illustrated by

Fig 5-14, the desired position (m-2s) of the curve itself is complied with throughout all slenderness

ranges; if anything, the final curve is “safer” than originally intended at lower slenderness.

In summary, the following can be stated in agreement with the discussion in section 4.3.3:

1.

11.

The current level of reliability of column buckling rules is not directly based on a
homogeneous reliability level. Rather, it is based on the intrinsic level of reliability given by
a model member (referred to as “model column” or “model beam” in the following) with
specified characteristics with regard to geometry, material strength and imperfections.

This is obviously not a probabilistic approach in the strict sense of the term. It is, however,
in a loose sense semi-probabilistic, as it entails the following philosophy: a column designed
to withstand the acting loads under the assumptions inherent to the ECCS curves (nominal
geometry, minimum nominal yield stress, high fractiles of geometric and structural
imperfections) can be assumed to be sufficiently safe, since test results proved these
assumptions to be in good agreement with, or safe-sided, in comparison to the desired

reliability level.
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5.5. Fabrication tolerances vs. imperfections - effects of changed
production habits

This section is dedicated to the treatment of a current, intensely debated topic: the impact of new,
relaxed fabrication tolerances on the strength of compression members. The current debate, held at
a code commission level (ECCS TC8), was triggered by the introduction of increased tolerances for
the out-of-straightness of steel members in the new European standard for the execution of steel
structures for constructional steelwork, EN 1090-2 (2008). The question currently being asked is the
extent to which these changes are still “covered” by the present design rules. To date, a consistent,

logically coherent justification for the acceptance of these changes is still missing.

The study presented in this section is therefore intended as a contribution to this debate. In the
broader scientific context, it is intended to serve as an example for the possibility of answering
questions regarding the impact of changes to production tolerances and manufacturing habits on

design rules by means of statistical/reliability methods.

5.5.1. Previous and new regulations

Most codes regulating the execution of steel structures distinguish between manufacturing and
erection tolerances. The former, also called shop fabrication tolerances, are concerned with
deviations from the nominal dimensions measured in the workshop. They mainly serve as control
quantity for the production quality in the shop or factory. The latter are measured on site, after

erection. They are a control quantity for the quality of the erection works on site.

Measurement Standard Country Manufacturing Erection
Definition Tolerance Tolerance
AISC Code of None
Standard Practice USA A=L/1000 (A=L/1000)
[ (2005)
| BS 5920-2 (2001) & A=max(3mm ; L/1000)
L &J NSSS (2007) UK None
Product standards
| DIN 18800-7 (2002) DE hot-rolled: EN 10034 None
‘ welded: ISO 13920
ON B4300-7 (1994) AUT A=1/1000 A=1/1000
(from EN 1090- =
2) ENV1993-1-1:1992/ | Some EU A =L/1000
ENV 1090-1:1996 countries A émax(3mm 5 L/IOOO) None
ECCS Rece. 1978 ) A =1/1000 A =1L/667 &
EN 1090-2:2008 CEN A EL/750 A EL/750
members

Table 5-8 Out-of-straightness of compression members (except hollow sections) according to

different international standards.
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Table 5-8 summarizes the regulations of the out-of-straightness tolerances for compression

members according to different international codes. The following comments can be made:

1.

il.

1il.

1v.

scaled probability density [-]

The manufacturing (shop) tolerances for out-of-straightness of compression members were
fixed at a value of A<L/1000 in most codes of practice preceding the publication of the new
European standard EN 1090-2:2008. It should be mentioned on the side that hollow sections
—produced in Europe according to the standard EN 10210-1 (2006)- had and still have a
larger tolerance limit of A<L/500, see Chan & Gardner (2009).

The value of A<L/1000 is identical to the imperfection assumptions on which the ECCS
column buckling curves are based, Eo =L/1000, see section 5.2.3. Historically, this tolerance
value was actually the initial motivation for the adoption of €0=L/1000 in the ECCS
GMNIA calculations.

With A<L/750, EN 1090-2 increases the manufacturing tolerance limit by 1/3.

In previous national European and current international codes, the sections devoted to
erection tolerances did not generally include provisions regarding the out-of-straightness of
compression members. The AISC code only recently added a clarifying drawing where
columns are shown to have A<L/1000 also in the erected configuration, but no comment is
given on this — and on how this should be measured- in the text. The same can be stated
about the former Austrian Standard ON B 4300-7 (1994). Other codes only mention
positioning and inclination restrictions for the erection of columns.

The lack of specification of erection tolerances is explicable by the difficulty and
cumbersomeness associated with measuring a column’s curvature once it is built in.
Furthermore, if the curvature is specified as an erection tolerance, it must also be specified
how, and with what frequency, this quantity ought to be measured on site — this is not
straight-forward and potentially controversial.

1.2

acceptance criteria for out-of-straightness
1) single value A, <L /667

m=YA/M; s, =>4 -mp/(n-1)
2)m+a-s,<L/667

Fig 5-23 Visualization of the acceptance criteria for column curvature according to ECCS (1978)
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vi.  The only provision known to specify clear and uncontroversial acceptance criteria for
column out-of-straightness on site is contained in the ECCS “European Recommendations
for Steel Construction” (1978). While this code also uses the value of A<L/1000 for
workshop fabrication, it loosens this value to A<L/667 = 0.0015 L on site.

vii.  According to this recommendation, if individual measured values exceed this value, the
construction contract’s parties are expected to agree upon the subsequent procedure by
judging the fitness-for-purpose of the compression element.

viii.  Additionally to this criterion, the emphasis is placed on the statistical distribution of the
measured curvature. This is schematically illustrated in Fig 5-23. A series of measurements
is accepted as conforming to the requirements when the mean value plus o times the
estimated standard deviation of measurements lies within the tolerance limit. The value of a
decreases with a rising number of measurements n, spanning a range of 3.7 for n=6 to 2.1
for n=100. They are meant to lead to a 90% confidence level regarding the non-exceedance
of the tolerance value.

ix. EN 1090-2 does specify erection tolerances for the out-of-straightness of compression
members. However, no indications are given about how, and how often, these ought to be
measured. One must assume that, in theory, all columns must be measured and checked

against the tolerance criterion if EN 1090-2 applies as part of a construction contract.

5.5.2. Can tolerances be determined from equivalent imperfections?

Some reviews of the current Eurocode design formulae for column buckling have already led
(Sedlacek et al., 2008) to argumentations that justify the loosening of the curvature tolerances on
the basis of considerations regarding equivalent imperfections for second-order calculations. This
line of argumentation uses the following limit state observation for the equivalent imperfection eo,
also see (5.12)

(EO/L):%T]-%:¥-%-(X—7_»0) (5.17)

Then, acknowledging the fact that the values of the generalized imperfection coefficient a also have
to cover the influence of residual stresses in the Ayrton-Perry formulation, it is argued (assumption
I) that, at A= oo, this influence of o is practically zero. Furthermore, it is —implicitly- assumed
(assumption 2) that the curve a, is representative for a column with practically no locked-in

stresses. The following formula can then be derived for strong-axis flexural column buckling FBy.,:

_ 2.1 _ 2.2 £, 2. f
(co /L), _Zy Qa0 3o Sy Gap LT /_yz_Y.m. Ity (5.18)
limGEOM,FB, , h-A L h L i,xVE h = VE

In a third assumption (assumption 3), the ratio iy/h is set to 0.5. With this value, the following was

said to be the limit value of the purely geometrical imperfection that is already covered by the

current buckling rules, for the most inconvenient case of steel grade S235:
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_ 0.13 235
(eO/L)lim,GEOM,FBy_y_2.0.5. © \210000

1/722 (5.19)

Since eo /L=1/722 is larger than A/L=1/750, the new tolerance limit was said to be covered by the

current design rules.

Plum (2008) has already shown this line of argumentation to be flawed. He pointed out that the
assumption regarding i,/h is not realistic for most commercial I- & H-sections, where this value
moves in the range of 0.35-0.42. This simple corrective remark, regarding only one of the three
assumptions made above, seems to disprove the above argumentation, since e.g. with 1,/h=0.4,
(€0 /L) imGEonrBy-=1/903, which is smaller than A/L=1/750.

Additionally, the following comments can be added:

1) If assumption 2 were true, then in the case of weak-axis flexural buckling FB,., of typical I-
and H-sections, which have ratios of 1,/b~0.25, applying (5.18) correspondingly would lead
to the conclusion that a tolerance of only A/L=1/1444 is covered by the design rules — an
even smaller value than the one that was previously valid at A/L=1/1000.

2) If assumption 2 is dropped, or said not to apply for weak-axis buckling of a member made
of S235 steel, the next most plausible buckling curve for this assumption is line b, the
“highest” curve for weak-axis buckling of S235 I-sections. In this case, we could calculate

the “covered” imperfection as follows:

(éo /L) ~2.025.03%. | 235

_ =1/552 (5.20)
lim,GEOM,FB, _, T 210000

This is larger than both A/L=1/1000 and A/L=1/750, and (importantly) larger than any value
ever recorded in the ECCS tests, see Fig 5-9 — it is hard to imagine that this could be

covered by the present rules.

These two points confirm that it is not purposeful to attempt to draw any conclusions regarding the
permissibility of loosening geometrical shape tolerances by inference from considerations stemming
from the second-order beam theory and the generalized imperfection amplitude factor a. As this
chapter has attempted to show, the current column buckling formulae are essentially based on
curve-fitting of a second-order equation onto GMNIA buckling curves. The (“equivalent”) second
order geometric imperfections were fitted to best match the pre-established buckling reduction
factors of the GMNIA curves. Thereby, these “manipulated” second-order equivalent imperfections
lost much of their physical meaning, particularly in the quantitative sense that is of interest here.
Finally, it must be remembered that, from a safety point of view, the values of a must “cover” more
than just residual stresses and column curvature: since the structural designer eventually calculates a
column’s strength with nominal values of cross-sectional geometry and material strength, but in
reality these values scatter, the values of oo must also account for the scatter of these quantities. This

is not acknowledged in the above considerations.
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5.5.3. Implications for Buckling Strength - Scenarios for the future

Since all the parameters governing the column buckling phenomenon are random in their nature,
and the total level of reliability of the prediction of buckling strength depends on a (random)
combination of these random parameters, an assessment of the implications of the new tolerances
on the buckling strength can only be carried out by considering the changes to the random

distribution of these effects by statistical, probabilistic means.

Ideally, tests could be carried out on columns with geometrical shape deviations representative of
the production habits of European steelwork contractors, as they result from the tolerances in EN
1090-2. This is obviously impossible at the present time, as the new code has not yet been
implemented by fabricators. For this reason, it was chosen to perform Monte Carlo simulations with
plausible assumptions regarding the future distributions of column shape deviations. Four different

scenarios will be discussed with more detail in the following. They are represented in Fig 5-24.

SCENARIO 1 5 5 SCENARIO 2 5 o
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Fig 5-24 Scenarios for the future development of the scatter band of column curvatures.
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The figure shows the histograms of the values of the initial column curvature (with index €0 to

indicate that a sinusoidal “equivalent” imperfection shape was assumed in the GMNIA calculations)

that were randomly generated for the Monte Carlo simulations. All scenarios are referred to the

best-documented (by tests and calculations) case of the weak-axis flexural buckling of IPE 160

sections made of steel grade S235, see section 5.2.2. The scenarios can be described as follows:

SCENARIO 1: the production habits of steelwork fabricators are not altered by the new
manufacturing and erection tolerances. The deviations found during the ECCS tests are
thought to be representative of real production; thus, the probability density function (pdf)
found by Strating & Vos (1972) is assumed to be correct and still valid: m=0.00085 L,
s =0.0002 L.

SCENARIO 2: all columns are produced with an initial curvature of A= e9=L/750.
Although very unrealistic, this scenario is the most unfavourable possibility still allowed by
the tolerance limits in EN 1090-2.

SCENARIO 3: steelwork fabricators make use of the new, relaxed tolerances and produce
columns that are on average somewhat more curved, i.e. by the the amount L/750 — L/1000.
The scatter of the production is otherwise left unmodified. No measurements are
undertaken, neither in the shop nor on site, therefore columns with curvatures exceeding the
erection tolerance of A=L/750 are not effectively prevented from being used in the structure.
SCENARIO 4: identical to 3, but with the addition that all columns are thought to be
measured on site. Columns that exceed the erection tolerance value of A=L/750 are not

allowed; in practical terms, a new random value was generated in this case.

5.5.4. Montecarlo simulations and reliability analysis

The Monte Carlo simulations were carried out using GMNIA calculations and the techniques for

random number generation and data control explained in chapter 3, as well as section 5.2.4. Except

for the column curvature, the statistical distributions of all other parameters were kept the same in

all scenarios, and assumed in accordance with Table 5-9

Parameter m s
Initial curvature éo See Fig 5-24
Yield stress f, 285 N/mm?* 17.1 N/mm?
Eccentricity 0.60 mm (In) 0.45 mm (In)
Residual stress G e 0.20 - 235 N/mm? 0.05 - 235 N/mm?
Flange thickness t; 7.4 mm 0.37 mm
Web thickness t,, 5.0 mm 0.25 mm
Depth h 160 mm 1.6 mm
Width b 82 mm 0.82 mm

Table 5-9 Parameter variation for the Monte Carlo simulations — IPE 160 — S235
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Fig 5-25 Monte Carlo simulation of FB.. of an IPE 160 section — S235: SCENARIO 1; statistical
distribution of the simulated tests in a y- A plot (a); reliability analysis acc. to EN 1990.

The chosen input data is mostly based on the measurements collected by Strating & Vos (1970) and
checked and complemented by newer measurement by Melcher et al. (2004), particularly for the

flange thickness. The normal or log-normal (In) distribution was assumed in all cases.

The results of the statistical analysis are shown in Fig 5-25 to Fig 5-28 for the four different
scenarios discussed in the previous section. In order to give a more complete und understandable
picture of the outcome of these simulations, the X-X form of representation with m-2s bars
representing the single “test” results is complemented by a plot showing the result of a reliability
assessment in accordance with EN 1990 — Annex D. This assessment was performed using the same
input parameters for the statistical data as contained in Table 5-9, and is shown in terms of the
required values of the partial safety factor yv*. This factor gives a very clear indication of the
impact of the single scenarios on the safety level of the column buckling rules, especially when

compared to the current reliability level discussed in section 5.4 and in chapter 4.
The figures can be commented upon as follows:

- SCENARIO 1 - Fig 5-25: the figure shows the position of the “m-2s” points to lie very
close to the applicable ECCS column buckling curve b. This would not represent any
noticeable change with respect to the current reliability level, see Fig 5-14 and Fig 5-22. The
value of yv* that was calculated by following the procedure of EN 1990 is very similar to
the one calculated by Miiller (2003) for the ECCS tests. This is not surprising, since
Scenario 1 simulates the case where the initial curvatures are left “untouched” by the

changes of tolerance.
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Fig 5-26 Monte Carlo simulation of FB.., of an IPE 160 section — S235: SCENARIO 2.

- SCENARIO 2 - Fig 5-26: the figure shows the position of the “m-2s” points to lie
noticeably lower than the applicable ECCS column buckling curve b. The difference is most
pronounced in the region of intermediate slenderness, around L=1.0 , where the
“m-2s “points are very close to the line representing curve c. The maximum value of yy*
has increased to 1.177 in this scenario.

- SCENARIO 3 - Fig 5-27: the “m-2s” points start falling significantly below the applicable
buckling curve at a slenderness of 1=0.8. In terms of ym*, @ maximum value of 1.161 is

calculated for this scenario.

SCENARIO 3
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Fig 5-27 Monte Carlo simulation of FB.., of an IPE 160 section — S235: SCENARIO 3.
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Fig 5-28 Monte Carlo simulation of FB... of an IPE 160 section — S235: SCENARIO 4.

- SCENARIO 4 - Fig 5-28: again, the “m-2s” points start falling significantly below the
applicable buckling curve at a slenderness of A =0.8. In terms of yy*, a maximum value of

1.155 is calculated for this scenario, only slightly lower than for scenario 3.

5.5.5. Discussion and Conclusion

The outcome of the Monte Carlo simulations shown in Fig 5-25 to Fig 5-28 points out that the
reliability level of column buckling could be affected by the introduction of new tolerance limits.
The scenarios 2 to 4 all treated the possibility that columns produced in the future have —on
average- larger initial curvatures than was customary up to now, while all other parameters were left
(in terms of scatter band) unmodified. Thus, it is not surprising that the calculations led to an
(average) loss of column strength, respectively of margin of safety. The magnitude of this loss is in
the order of 4 to 6%.

As far as the likelihood of the single scenarios is concerned, it must certainly be admitted that
scenario 2 is not plausible, since it cannot be expected that all steelwork fabricators produce
columns that have exactly A=L/750. However, this extreme scenario is still interesting when
compared to the (much more plausible) scenarios 3 and 4: these scenarios treat the possibility that
fabricators “relax” their fabrication habits with respect to column curvatures, an outcome that, even
if not necessary, must certainly be seen as “desired” by the new tolerance specifications. The
calculations in this section have shown the differences between the “extreme” scenario 2 and the
“desired” scenarios 3 and 4 to be rather small. Interestingly, scenario 4 is plausible even if every
single column is measured for initial curvature on site and “replaced” if curvatures above A=L/750
are detected. Compared to the (similar) scenario 3, where no such measurements are undertaken, the

advantage stemming from these measurements is almost zero.
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It is important to understand that it is often not the purpose of geometric erection (on-site) tolerance
limits to specify the extreme upper values of shape deviations in the erected structure that must not
ever be exceeded in order to design a structure safely with a given set of design rules. On the
contrary, as the presentation (in section 5.5.1) of the acceptance criteria in the 1978 ECCS
recommendation has shown, the philosophy with respect to tolerances on site was that single values
above A/L=1/1000 are acceptable — as long as the statistical distribution of these deviations is kept
in check, and the production in the shop is confirmed to produce columns within the (shop) limits
for A. Other, actually implemented international codes implicitly followed a similar philosophy, by
assuming that site measurements were entirely unnecessary if A/L=L/1000 was checked in the shop,

since the statistical distribution of values on site could then be assumed to be acceptable.

Of course, this study only discussed some, possibly “too pessimistic” scenarios. The correlation
between tolerance limits and actual deviations is not always quite as clear-cut as has been assumed
here. To name one example, Chan & Gardner (2009) have found that the tolerance limits of
A=L/500 for the initial curvature of cylindrical hollow sections “may be unduly lax as evidenced by
both the observed structural performance and measured imperfections of real columns”. In other
words, they observed a poor correlation between actual shape deviations and tolerance limit. They
then justified the use of the current buckling rules for such sections, which are also based on
GMNIA calculations with eo/L=1/1000 and fixed residual stresses, by the actual statistical
distribution of the shape deviations. In principle, this is not quite unlike Scenario 1 discussed above:
fabrication habits don’t “acknowledge” actually laxer fabrication tolerances. Chan & Gardner’s
conclusion is coherent: they suggest reassessing the tolerance limit towards more realistic, lower

levels, “in preference to adjusting buckling curves to accord with current tolerances”.

Other arguments could be brought in to denounce the scenarios discussed above as too pessimistic:
for example, residual stress distributions could be lower now than back in the 1960s and ‘70s, when
the ECCS tests were carried out. Then again, actual column imperfections might be smaller than the
deviations measured in the ECCS program. Finally, a beneficial inverse correlation between A and
Cres (1.€. Ores 1S systematically lower when A is large) is sometimes thought to exist (Ballio &
Mazzolani, 1983). These are valid points, but purely speculative at this stage; as Galambos (1998),
among others, points out, practically nothing is known about real column curvatures in buildings,
and the knowledge and data about residual stresses in mill- or shop-fabricated column sections has

also not yet reached a satisfying level in terms of statistical representativeness.

Finally, it can be concluded that the new manufacturing and erection tolerances for compression
members, as contained in EN 1090-2, cannot be logically proven to be “covered” by current
buckling rules. On the contrary, the implicit intent of the new limits, i.e. to allow steelwork
fabricators to loosen their fabrication habits with regard to column straightness, has been shown to
(plausibly) lead to a drop of the reliability level of column buckling rules by about 5%. Whether

this is acceptable or not should be carefully considered by the concerned code committees.
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5.6. Constant Reliability Curves

In chapter 4, the possibility of obtaining “constant reliability buckling curves” by means of GMNIA
calculations was discussed in general terms. In this section, the feasibility and implications of this

approach are presented —in exemplary form- for the case of flexural column buckling.

5.6.1. Input parameters

The basic idea behind the constant reliability curves presented in chapter 4 originates from a
reversal of the objectives of the reliability assessment procedure of EN 1990- Annex D; instead of
determining (for various slenderness ratios) partial safety factors that lead to a certain, desired level
of reliability for a given buckling curve, a buckling curve is determined that —from the outset-

signifies a desired, possibly constant reliability level.

Of course, doing so requires some basic input data from experimental programs. The data given in
Table 5-10 were assumed for the calculations in this sections, based on the complementary tests
conducted by ECCS and other research institutions during the development of column buckling
rules, see section 5.2.2. Again, all calculations are concerned with hot-rolled I- & H- sections, since

the variability of basis variables is best documented for these shapes.

HE sections IPE sections
Parameter m s m s
Initial curvature Eo 0.00085 L 0.0002 L 0.00085 L 0.0002 L
Yield stress f, 285 N/mm? 17.1 N/mm? 285 N/mm? 17.1 N/mm?
b<110mm: b<110mm: b<110mm: b<110mm:
Eccentrici ty* 0.6 mm (In) 0.45 mm (In) 0.6 mm (In) 0.45 mm (In)
110mm<b<325 mm: |110mm<b<325 mm: |110mm<b<325 mm: |110mm<b<325 mm:
0.85 mm (In) 0.6 mm (In) 0.80 mm (In) 0.6 mm (In)
h/b<1.2: h/b<1.2:
Residual stress o, | 00> 230 NWmm* 1 0.075 7235 N/mm? -\ 56535 Nymme | 0.05 - 235 N/mm?
h/b>1.2: h/b>1.2:
0.20 - 235 N/mm? 0.05 - 235 N/mm?
Flange thickness t¢ 0.975 tnom 0.03 tfnom tenom 0.05 tenom
Web thickness t, 1.025 tynom 0.04 ty nom tw.nom 0.05 tywnom
Depth h hyom 0.01 hyom hyom 0.01 hyom
Width b DBrom 0.01 byom Brom 0.01 byom

Table 5-10  Assumptions for the parameter variability for the constant reliability curve

calculations.

100




PART II - Columns and Beams - Basic Load Cases

Ideally, the proposed procedure would also allow for the calibration of the GMNIA model itself to
real tests. This would create some additional confidence in the validity of the constant reliability
curves, as it would prove the GMNIA calculations to be accurate, and would allow for a very
straightforward consideration of the remaining uncertainties pertaining to the numerical model. This
step had to be omitted in this study, due to the fact that no fully documented tests were available or
could be carried out. However, it can be argued that the effect of this inaccuracy is fairly small in
the case of column buckling, for which the common GMNIA results have been calibrated to tests
and used by many other authors. Additionally, the aim of this study is to illustrate the procedure
itself, and not to find definitive curves. In this context, this omission is thought to be acceptable.

5.6.2. Partial derivatives

The single steps for the calculation of constant reliability curves were described in chapter four,
section 4.4.2, The most important step was the one concerned with the Taylor expansion and
linearization, respectively with the calculation of partial derivatives of the GMNIA “resistance

function”. The following expression was said to be applicable to these derivates:

8romnia _ Brovnia Ky Xim +AXG500, X ) — & vnia (Xim)

(5.21)
oX, AX;
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Fig 5-29 “Resistance function” in terms of Ynom for S235 plotted as function of A and fy for FB.. of
an HEB 400 section.
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Expression (5.21) represents the equation for an approximate, numerical derivative of the strength
function g; gmnia, Which is the function (of all basis variables tg, ty, Eo, Gres, Ty, €tc.) describing the
(buckling) resistance of the studied member. If this resistance is related to the nominal value of the
maximum cross-sectional resistance Ryix, we can replace g:gvnia With Ynom. In order to better
understand what it means to form numerical derivatives of the numerical quantity ynom, it is useful
to plot it for two variables, e.g. for Xonom (or the length L) and fy, with all other variables left
constant. This is done Fig 5-29 for the case of weak-axis flexural buckling of an HEB 400 section
made of mild steel S235. The figure on the left (a) shows the 3D plot with ynom On the vertical axis
and Xmm and f; on the horizontal ones. The figure on the right (b) shows sections through the ¥nom

surface at different levels of Xmm.

Especially figure Fig 5-29b helps to understand the meaning of the partial derivatives: they
represent the slope of the single curves resulting from the sections through the y,om surface, and are
a measure for the impact of the variability of the derived parameter on the yyom at the studied point.
In the case of the yield stress, Fig 5-29 shows that this slope rapidly falls with increasing
slenderness/length of the member. At Xmm:Z.O, the slope, and thus the influence of the yield stress
on the buckling strength, is zero — a known and correct result. The figure also shows why the
numerical derivative, calculated using (5.21), is quite insensitive to the chosen interval AX;=Af; in
the case of the yield stress: for a given point, the sensitivity of the function ynom to the yield stress
appears to be fairly “linear”, as is clear when observing the practically straight lines resulting from
the sections in Fig 5-29b.

T HEB400
T S235

—t— B,

Moworivo

- =0 000O0

1.0

F) 2.0
fom a)

Fig 5-30 “Resistance function” in terms of Ynom for S235 plotted as function of Aand e/ L for
FB..of an HEB 400 section.
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In order to show that this is not always the case, a second example is illustrated in Fig 5-30. It
shows the function ynom plotted over Xnom and the geometric imperfection coefﬁcientéo /L. In this
case, the influence of the studied parameter eo/L is strongest at “intermediate” slenderness ranges
around Xmm:l.o, as evidenced by the slope of the lines in Fig 5-30b. Furthermore, the slope is
higher at low values of eo/ L; this means that relatively small modifications of the geometric

imperfection have a high impact on yom when eo/L is very small.

One procedural aspect should be mentioned: when carrying out the numerical derivatives, it is
important to make sure that the maximum load proportionality factor in the non-linear (Newton
Raphson) solution algorithm is reached with “sufficient” accuracy. A certain scatter of this value is
inherent to the solution technique, see the schematic representation in Fig 5-31. This scatter is due
to the fact that the last converged increment —with a certain tolerance value for the internal force
residuals- is accepted as the calculation end result. The initial and maximum increment size and the
tolerance value for the residuals must therefore be set to sufficiently low values in order to obtain
useable results for the derivative. What constitutes a “sufficiently low” value depends on the
sensitivity of the calculation parameter with regards to the parameter for which the derivative is

calculated.

A
N/Nyit

Xnom,exact|
Xnom,GMNIA[ ™

oy
|

| Au T
Fig 5-31 Newton-Raphson solution algorithm —numerical error made during the calculation.

Finally, some examples of resulting derivatives can be plotted, see Fig 5-32. They show the
numerical (GMNIA) derivatives of the function ynom for the parameters f, and eo /L for the weak-
axis flexural buckling case of an HEB 400 made of S235. The derivative is calculated at different
nominal slenderness ranges Anom and at the mean value points of the function ynom, 1.€. With all

other parameters set equal to the mean values of table Table 5-10.

The figure shows that the partial derivatives are an excellent measure of the sensitiveness of the
buckling strength to the studied parameter — the peak of the curve indicates the slenderness where
the parameter has the highest impact. Performing these derivatives is therefore also a good tool of a

parameter study.
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numerical (GMNIA) derivatives
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Fig 5-32 Examples of numerical partial derivatives: for the yield stress (a); for the geometric
imperfection coefficient e/ L (b)

As far as the absolute values of the derivatives themselves are concerned, they depend on the
definition of ynom and of the derived-for parameter. The plausibility of, e.g., the maximum value of
the curve in Fig 5-32a, which represents the derivative for the yield stress fy, can be easily checked:
at A ,nom=0.0 the yield stress enters the buckling strength linearly; thus the derivative must be a

constant value regardless of the actual yield stress, and can be calculated to:

d(A-f, /(A o)) 1
df f

y y,nom

Nonom / OF, (h=0.0) = 533 50.004255 (5.22)

This matches the value calculated and plotted in Fig 5-32a.

5.6.3. Exemplary curves

The next pages show some exemplary constant reliability curves calculated following the procedure
sketched in chapter 4 and further described in this section. Again, the weak-axis flexural buckling
case was treated. Four sections were chosen with the aim of giving a picture of the influence of the

different assumptions made in Table 5-10.

Fig 5-33 shows constant reliability buckling curves for FB,, of an HEB 400 section. This section
belongs to the HE group of hot-rolled shapes, and has a depth-to-width ratio h/b>1.2; thus,
comparatively low residual stresses were assumed, see Table 5-10. The figure shows reliability
levels corresponding to the mean value r,, (50% exceedance), the design value specified by EN
1990 — Annex D for 0.8 times the reliability index B of 3.8, and the “upper bound” line
corresponding to the “mirrored” probability of non-exceedance when compared to the design point,

1.e. the line at 0.8 times 3.8 standard deviations above the mean line.
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1.50

S NE
~ W R
Ty, \ 32
z,dom
1.25 - ~ \
= \\ \
23y, - \
100 Er=ad 05, ~ \

0.75 -

z,nom

p—

0.50 +

HEB400
- S235
—t— FB,.
0.25 - Zz
0.00 T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20
n

z,nom

Fig 5-33 Constant Reliability Buckling Curve (CRC) for a HEB 400 section — S235 — FB...

Furthermore, the current Eurocode design buckling curve b is shown, as well as the line at 1.05

times rq. This line represents a buckling curve that, in theory, requires a constant value yy;=1.05 for

all A to satisfy the Eurocode reliability requirements

For the HEB 400 section, this latter line coincides
curve b, except at lower slenderness values, where
buckling curve b would need a factor of not more

target for this section and buckling case.

fairly well with the current Eurocode buckling
curve b lies below it. This would indicate that
than yy=1.05 to reach the EN 1990 reliability
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Fig 5-34 CRC for a IPE 160 section —S235 — FB._;

z,nom

105



5. Flexural Column Buckling - the Benchmark Case

Fig 5-34 shows the same calculation for the much-studied (in this chapter) IPE 160 shape. Here
both the constant reliability curve for the design point and for 1.05 times r4 fall below the current,
applicable buckling curve b. This is absolutely consistent with the reliability studies carried out in
5.4, as well as the calculations done for “scenario 1” in the study concerned with column curvature
and tolerances, see Fig 5-25. In that figure, the partial safety factor ym™=ym that is required to reach
the EN 1990 reliability target was shown to increase with increasing length, and to stabilize beyond
A ;nom=1.1, reaching values of around 1.12. That is the same tendency pointed at by Fig 5-34,
where the r4 line and buckling curve b move farther apart beyond 7_\42 ,nom=0.4 to then stabilize their
relative distance.

It can be shown that a buckling curve corresponding to curve ¢ in the Eurocode would be much

closer to the design value rg — more regarding this follows in the next sub-section.

Two additional examples are shown in Fig 5-35 and Fig 5-36. They treat a HEA 200 and a HEM
320 section, respectively. Both sections have h/b<1.2; thus, higher average residual stresses, with
higher scatter, were assumed. Due to this fact, -and this fact alone-, Beer & Schulz (1970) have
classified these sections as belonging to a different buckling curve, namely — for weak-axis flexural
buckling- the ECCS curve ¢ shown in the figures.

The two figures show that the buckling curve ¢ indeed lies fairly close (just slightly above) the
constant reliability curve at the design point ry. One can therefore assume that a value of yy;; around
1.05 or lower could be shown to apply for this curve and section type. This is in good agreement
with reliability assessment findings for buckling curve ¢ based on real tests, see Fig 4-4. In that
figure, values of yu™ calculated for real (ECCS) tests were found to lie between 1.02 and 1.07 for

buckling curve c.
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Fig 5-35 CRC for a HEA 200 section — S235 — FB..,
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Fig 5-36 CRC for a HEM 320 section — 8235 — FB.,

5.6.4. Calibration of an Ayrton-Perry formulation

So far, the above figures representing “constant reliability curves” for the design level rq -Fig 5-33
to Fig 5-36- have only been used to compare the position of the current buckling curves with
respect to (an estimation of) the target reliability point. Of course, this is only one use of the
proposed concept using constant reliability curves, and not the most important when this concept’s

potential application for other buckling cases is seen as a goal.

In such a scenario, no pre-existing buckling curves or formulae would be given. Instead, a new
calibration of (preferably) an Ayrton-Perry formulation would have to be carried out. This is done
exemplarily for the IPE 160 curves of Fig 5-34. That figure shows that the plateau value, or even
any value y=1.0, could not be justified for the rggmnia curve, i.e. with a value of yy=1.0.
Therefore, the calibration is carried out for the curve representing 1.05 ° vqGunia. Ymi=1.05 1is
therefore the “target value” of the partial safety factor and representative of the target reliability

level.

In a first step, the “exact” numerical values of n (see section 5.3) are determined by using

expression (5.23), which is in principle identical to (5.8). The results are plotted in Fig 5-37a.

Mo {L—IJ-(l—xnum -772) (5.23)

num
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Fig 5-37 Description of the 1.05r, constant reliability curves by an Ayrton-Perry formula; two
options for the description of the generalized imperfection n (a); resulting buckling curves (b)

Then, two strategies will be compared for finding an appropriate formulaic description of the
buckling curve:

i.  In the first strategy, a formulation of the type n :a-(X—Xo) is used, as was done by
Rondal & Maquoi (1979). The value of a is calibrated to best fit the value ofy over the
entire studied slenderness range of 2=0.0 — 2.0. The calibration is done by least square
determination. The resulting value of a is equal to 0.45. Thereby, Lo was again set to 0.2.

ii.  In the second strategy, the obtained (numerical) curve for Muum, shown in Fig 5-37a, is
described by a fourth-order polynomial.

As can be seen in Fig 5-37a, the polynomial expression is much more accurate in describing Muum.
This is obvious, not only because a higher order polynomial approximation must inevitably be more
accurate than a straight line, but also because the straight line formulation with a=0.45 was
calibrated to best match y, not n,m. The differences in terms of y are shown in Fig 5-37b. Also
here, the polynomial approximation of the numerical curve is more accurate than the classical
“straight line” approach, but only minimally, as can be seen by the fact that all three curves
essentially overlap.

The relative differences (“error”) between the target line representing 1.05 rq gmnia and the Ayrton-
Perry approximations using two different expressions for n are shown in Fig 5-38a. The figure
shows that the error hardly exceeds 3% (on the “safe side”) for the straight line approximation, and

is in the range of slightly more than =1% for the polynomial approximation of Nyum.
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Fig 5-38 Error of y-approximation inherent to the two formulations for n (a); Value of n*
resulting from an evaluation of the Monte Carlo “tests” of Fig 5-25 (b).

Finally, the results can be assessed with regard to the original goal, i.e. obtaining a buckling curve
description that has a (near-) constant reliability level for all slenderness ranges. This was done by
evaluating the Monte Carlo “tests” of Fig 5-25 (scenario 1) in accordance with the EN 1990- Annex
D procedure and calculate the resulting value of y\*. Those simulated “tests” were shown to result
in values of y\* that are very similar to what Miiller (2003) has shown to be applicable to the “real”
ECCS tests.

Since the above formulaic description was modelled onto the 1.05 rqgmnia constant reliability
buckling curve of Fig 5-34, using an Ayrton-Perry formulation of the form of (5.3) with two
different options for n, the desired outcome of this calculation should be that ym™* is very close to
1.05 for all values of A.

The actual outcome is shown in Fig 5-38b. The red bars show the result of the evaluation for the
best-fit, straight line formulation for m, while the green bars represent the outcome for the
polynomial approximation of Mnum. The figure should also be compared with Fig 5-25b to
appreciate the difference to the current status. It shows that both formulations are able to maintain
the scatter of the values of y\* within a certain, narrow band from a specified “target value”. Of the
two options for the formulation of mn, the polynomial approximation is of course more effective.
Compared to the current status of Fig 5-25b, where the target reliability level cannot directly be
influenced at all, the straight line formulation for n, which is identical (in form) to the one found in
the Eurocode now, is also much more effective. Also for this formulation, values of yy* within 1.00

and 1.07 were found to apply.
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If 0=0.45 were therefore used for this section, a nearly constant reliability level would be achieved

for this section and buckling case, and a value of yy; of 1.05 could be accepted as a reasonable,

sufficiently safe, constant value for all practical slenderness ratios.

5.6.5. Comments

The application of the constant reliability buckling curve concept based on GMNIA calculations

and realistic statistical input data for the basis variables, presented in chapter 4, has been applied for

the case of weak-axis flexural buckling of some hot-rolled sections. The general feasibility of the

concept has been proven by means of examples. Of course, in order to be brought to a level suitable

for inclusion in a design code, the following points would have to be considered:

1.

ii.

1il.

1v.

The statistical input data for the basis variables is, of course, a potential source of
controversy. In order to avoid this controversy, all parties involved in the development and
acceptance of buckling rules should, ideally, agree upon a characteristic data pool for the
variability of the material, geometry and imperfection values (and their potential correlation)
that influence the studied buckling phenomenon.

As the example has shown, the calibration of a formula (e.g. Ayrton-Perry) onto a constant-
reliability curve will still lead to some scatter of the resulting value of the partial safety
factor ym around the specified target value. This is practically inevitable. It would still
represent an appreciable increase of consistency of the reliability level, as this scatter can
normally be kept small by appropriate calibration.

It must be clearly stated that adopting this procedure would lead, in many cases, to a
different categorization of different sections with regard to buckling curves (ao, a, b, ...) than
is currently the case in the Eurocode. While the current categorization basically depends on
a deterministic, fixed decision with respect to the imperfection amplitudes (especially of the
residual stresses), a new categorization would depend on the assumed, probabilistic scatter
band of the input parameters, and on the sensitivity of the studied member to the variability
of these input parameters.

To name an example in order to clarify the previous point, the results presented in this
section seem to indicate that, at least if the scatter-band assumptions of Table 5-10 are
accepted as valid, a categorization of section for weak-axis flexural column buckling could
lead to the conclusion that IPE shapes (all of which have ratios h/b>1.2) are actually to be
grouped in the same category as stockier HE sections with h/b<1.2, while HE sections with

h/b>1.2 would pertain to a more convenient, “higher” buckling curve.
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Lateral-Torsional Buckling of I- & H Sections

6.1. Introduction and Scope

In this chapter, the lateral-torsional buckling mode of prismatic I- & H-sections is treated from
different perspectives. First of all, the current design provisions are briefly revisited. Thereby, the
inconsistencies between this buckling case and the “benchmark™ case of flexural column buckling,
particularly for what concerns the categorization of cross-sections, is pointed out. The on-going
debate regarding these buckling curves is delineated, and the goal of any further work treating this

case 1s discussed.

Then, a parametric study is carried out in order to identify the most relevant structural parameters

that govern this buckling case, and generally to clarify the load carrying behaviour.

In a next step, a large series of GMNIA calculations is carried out for the case of constant bending
moment of a single-span member, in order to provide the basis for a new buckling curve
formulation based on the now-classical “model beam” with nominal input parameters and fixed
imperfection amplitudes, i.e. in analogy to what Beer & Schulz (1970) have done for the column

buckling case.

A specific Ayrton-Perry type formulation for the basic case of LT-buckling of members under
constant bending moment is then derived and, very importantly, specifically calibrated. Thereby,
different strategies are followed. At the end, a very accurate formulation could be found, which is
able to very well reflect the differences between different assumptions made during the GMNIA

calculations.

Since non-uniform bending moment diagrams are omnipresent in practical application of beams, a
simplified expansion of the found formulation is also proposed; thereby, it was aimed to combine
mechanical rationality with practicality, while at the same time maintaining accuracy. A very
accurate formulation was thereby found that requires less additional moment-diagram parameters

than current practical formulations in the Eurocode.
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The aspects concerned with reliability and safety are mainly treated by the use of Monte Carlo
simulations, with the addition of some comparisons with documented test results from the literature.
Finally, the applicability of the constant reliability curve concept is also discussed for this buckling

case.

6.2. Elastic buckling moment M. and normalized slenderness for
LT buckling

The elastic, critical (bifurcation) buckling moment of prismatic beams has been studied as early as
1910 by Timoshenko. An updated overview of the development of knowledge in the field has been
given e.g. by Serna et alt. (2000).

In simple cases such as prismatic beams under constant bending moment, analytical solutions for
the critical bifurcation moment M, can be formulated. In cases where the loading condition is not
uniform along the beam’s length, approximations have been developed by various authors (see
Trahair, 1993). As Andrade and Camotim (2007) have noted, one of the most widely-used formulae
for the practical calculation of the critical moment M, is the so-called 3-factor formula, which also
entered the ENV (1992) version of Eurocode 3:

2 2 . 2.
m El, \/(k—ZJ -I—‘”+M+(szg —C3zj)2 —(szg —C3zj) (6.1)

cr = C ' ’
D k,oL)? Wk, )L n?EL
where
Cy, Gy, Cs are modification factors depending on the loading and end restraint conditions
Zy is the distance between shear centre and point of (transversal) load application
z

zi =z,-0.5[(y* +2°)—dA

A Iy
Zs is the coordinate of the shear centre
ks, Ko are are effective length factors with respect to in-plane resp out-of-plane buckling

In the case studied in this thesis of beams with double-symmetric cross-sections and end-fork

boundary conditions, this equation can be simplified as follows:

2 2
©’EL, | [I, L*-GI 2
M_=C,- Zo| 2+ L+(Cyz,) —Cyz 6.2

o T2 [\/I n°El, (Zg) Zg] (6.2)

z

If the load acts in the shear centre (equal to the centroid in the double-symmetric case), the equation
further simplifies:
o°El, |1, L*-GI,

M, =C,-——2- |2+
2 N1, 2EL

(6.3)
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The factor C, is defined as the ratio between the critical moment M, 5, valid for an arbitrary, non-
uniform bending moment diagram along the beam’s length and the analytically solvable critical
moment M, for a uniform bending moment. In the simplest case of a uniform bending moment,
the factor C; thus per definition assumes a value of 1.0. The analytical solution for M, for a

double-symmetric beam is thus given by:

m°El, (I, I*-GI,
= - |l— 4+

M
> \I, r’ElL

cr,u

(6.4)

In the following discussion of the design rules for LT buckling, the normalized slenderness ALt

will be used; it is defined as follows:

I
ALT = M_Cpr (6.5)
where
M is the plastic section capacity Wy, " f, of the cross-section
L\ is calculated using the appropriate formula of (6.1) - (6.4).

Additional details concerning the calculation of M, specifically with regard to non-uniform

bending moments, are given in section 6.9.

6.3. Design provisions - evolution and current developments

In this section, the current design approaches are briefly discussed. Thereby, details are given only
for the basic case of a uniform bending moment diagram. The on-going debate regarding safety and

accuracy of the current rules is then discussed.

6.3.1. Existing approaches

The inclusion of specific LT buckling rules in European and North American design codes took
place relatively late, in the second half of the 20" century. As Galambos (1998) points out, three

approaches have traditionally been employed:

1. Approach 1: design formulae are used that are purely calibrated to test results, whereby the
“rational” limits represented by the pure (plastic) bending capacity My and the Euler
buckling moment M., are observed and a straight-line interpolation is carried out between
them; this is the approach used in the AISC LRFD (2001) code.

1.  Approach 2: this approach has been used for quite some time on the European continent, as
it already entered the ECCS recommendations of 1978 and the “yellow print” 1981 edition
of DIN 18800-2, which eventually led to the first “real” edition (DIN 18800-2, 1990). In its
most basic form, it goes back to the work of Unger (1977) and makes use of a modified

Merchant-Rankine formula of the following form (using the familiar EC3 notation):
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X =M M, [

1.0

0.8 -1

o
o
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~
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M 1
ALt = MR = — o (6.6)
pl (1+XLT )

Thereby, n=2.5 is used for hot-rolled sections, whereas n=2.0 is used for welded ones. The

formula is evaluated and plotted in Fig 6-1. In spite of its apparent rationality, this approach
has been criticized (Fukumoto & Kubo 1977, Fukumoto 1982) for its allegedly insufficient
level of safety. Lindner et al (1994) replied to this criticism by providing a statistical
justification that made use of a sorted-out data pool that showed that the curves are

sufficiently safe, provided a safety factor of ya=1.1 is used.

0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6 0.8 1.0
T a) MM, [] b)

Fig 6-1 Representation of formula (6.6) in the classic yir- ALT (a) and in the Merchant-Rankine
form (b).

1il.

Approach 3: this approach assumes that beams and columns ““act alike” in terms of stability,
meaning that the flexural column buckling curves are (with restrictions and amendments, as
will be discussed below) assumed to be accurate for the LT buckling case of beams as well.
This approach has been popular in the UK and the Commonwealth countries for some time
(see e.g. the last, year 2000 version of BS5950-1), and has been adopted in Eurocode 3
already in the ENV version (1992). In most cases, including the Eurocode, it makes use of
the Ayrton-Perry formulation. As this approach is currently in use in Europe, it will be
discussed with more detail in the following.
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6.3.2. Current design provisions and categorization

According to Eurocode 3 — EN 1993-1-1 (EC3), the design LT buckling resistance My rq of steel
members with compact cross-sections is determined by multiplying the plastic cross-sectional
moment capacity M, with a buckling reduction factor yrt. The reduction factor is determined by
using one of two sets of formulae, which are associated with so-called “cases”. In the first,

“general” case, the following formulae are used:

1
AT = = <10 (6.7)
Dy +y/Pp —ALT
1 = =2
and D, ¢ =E[1+OLLT (XLT —0.2)+}\4LT:| (6.8)
where
o, ... generalized imperfection factor, tabulated according to Table 6-1.

These “general” curves are identical to the column buckling curves, but use a different
categorization according to cross-sectional geometry when compared to the column buckling case.
For hot-rolled sections, the column buckling curve “a” is used for sections with depth-to-width ratio

h/b=<2.0, while curve “b” applies for more slender sections.

In the “specific” case of hot-rolled sections and equivalent welded sections, the following

expressions can be used:

1 1
ALt = = <—=—<10 (6.9)
Dy g+ Pip—B-Ar AT
| - - —
and D, ; :5[1+0LLT (KLT—KLT,0)+B'7\.LTJ (6.10)

whereby

ALt .... extended plateau value for LT buckling (recommended value of 0.4).
B .... curve shape modification factor (recommended value of 0.75).

o;r -...generalized imperfection factor for the specific case, see Table 6-1.

This “specific” formulation is based on extensive experimental (Byfield & Nethercot, 1998) and
statistical work according to Annex D of EN 1990 for the low-slenderness range around the desired
plateau of ?_\«LT,O =0.4 (King, 2000), as well as on comprehensive numerical studies (Greiner et al.
2000), which were used to develop the design resistance model. The experimental and statistical
work justified the introduction of a plateau value of Arr0=0.4, which did not appear in this extent

in the numerical studies.
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Fig 6-2 Examples for numerical buckling curves obtained by Greiner & Salzgeber (2000) for the
development of the current EC3 “specific” LT buckling curves.

The numerical studies served the purpose of obtaining a comprehensive set of numerical buckling
curves for a great variety of hot-rolled and equivalent welded sections, different load cases and steel
grades; they were conducted as geometrically and materially non-linear FEM calculations
(GMNIA) with residual stresses and geometrical imperfections in the shape of sinusoidal, purely
lateral bow imperfections. Two examples for the obtained curves are shown in Fig 6-2.
Importantly, it was also shown that the numerical curves very well matched the lower bound of a

test data pool found in the literature (see section 6.10.1).

In a final step, the resulting numerical curves were approximated using the above expressions (6.9)
with (2.37), whereby the experimentally founded plateau of Apr0=0.4 was introduced as a

constraint for the calibration.

Both the expressions (6.7) with (6.8) and (6.9) with (2.37) represent Ayrton-Perry type formulae
that were calibrated for the LT buckling phenomenon using the so-called “generalized imperfection
coefficient” a as calibration factor. They were, however, not coherently derived for the specific case
at hand (LT buckling), but rather adapted (and, in the “specific” case, modified) from the column
buckling case; by contrast, for the column buckling case the formulation is mechanically coherent,

as was shown in chapter 5.
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hot-rolled I&H sections

General Specific
h/b
Case Case

<2.0 (ILTZO.Z 1 (a) U.LT:O.34(b)

>2.0 U.LT:O.34(b) GLT:0.49(C)

Table 6-1  Generalized imperfection coefficients ar for LT buckling acc. to Eurocode 3.

6.3.3. Open questions and current developments

The code provisions of Eurocode 3 — EN 1993-1-1 for the design of steel members against lateral-

torsional buckling have lately come under renewed scrutiny from different sides. Whenever these

provisions were critically reviewed, the criticism mainly focused on either one of the following

aspects:

1.

il.

Numerical buckling curves, determined using geometrically and materially non-linear
(GMNIA) finite element calculations, were compared to the buckling curves found in the
code (Rebelo et al. 2008; Snijder et al. 2008). Depending on the studied section and load
case, more or less large discrepancies between the numerical and the code curve were
thereby found to exist. This is exemplified by the buckling curves shown in Fig 6-3, where
GMNIA buckling curves obtained for the “model beam” and eigenmode-conform geometric

imperfections are compared to the applicable “general case” and “specific case” EC3 curves.

The discrepancies between numerical and code buckling curves were sometimes found to lie
on the “unconservative” side, see Fig 6-3a, resulting in numerically determined buckling
reduction factors that are lower than the code value. This was more frequently found to be
the case for the “specific case” (SC) than for the “general case” (GC) curves of EC3. While
it is not correct to regard this as a safety issue, it nevertheless led to an on-going debate
about the appropriate partial safety factor to be adopted for each of the cases (Rebelo et al.
2008).
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Fig 6-3 Numerical buckling curves for an IPE 500 (a) and HEM320 (b) section compared to EC3

iii.

1v.

curves.

The plot of the numerical buckling curve in Fig 6-3b explains another point that has been
raised: the grouping of the properties of the sections is based purely on the depth-to-width
ratio h/b, which is but a proxy representation of a variety of effects (torsional stiffness,
behavior in plasticity). This grouping often fails to represent the actual behaviour of a
certain section in a satisfactory way. In the case of the HEM320 section in Fig 6-3b, even
the “less safe-sided” specific case curve of EC3 fails to accurately represent the high
resistance of such a stocky section. Quite generally, a very large scatter of the position of the
numerical buckling curves in the -2 plane can be observed.

As is also illustrated in Fig 6-3b, the numerical calculations show a post-critical capacity of
stocky sections that, albeit being present only for lengths that exceed the practical range, is
interesting from a theoretical point of view, see 6.5.3, as well as (Taras & Greiner, 2008b).
Some recent studies have focused their criticism of current LT buckling design rules on the
perceived lack of consistency with other member buckling cases (columns) and have
envisaged the development of a common “family” of buckling curves for all buckling
phenomena (Sedlacek & Miiller, 2006). In this context, much effort is currently being
placed on the development of a “general method” for the stability design of members and
whole structures (Stangenberg 2007; Naumes et al. 2008), whereby a “general” slenderness
is used and the stability check of a structure is carried out through the application of a single
buckling reduction factor . In this design philosophy, the LT buckling case merely

represents a very special case, albeit a very important one.
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In addressing the issues raised in the first four points, the study presented in this chapter
acknowledges the need for increased consistency in the design rules for different member buckling
cases and makes use of some ideas that were suggested for the “general method”, although a
different design philosophy is advocated here in the last resort. This philosophy is traditionally
based on a careful design against stability of single elements and members, rather than on an all-

inclusive, single check of entire structural systems.

In order to achieve these objectives, the steps of a “consistent” development of buckling rules
presented in chapter 3 must be followed, whereby special attention is paid to keeping consistency
with the “benchmark™ case of column buckling. Accordingly, the next step must consist in an
identification of the parameters dominating the studied buckling phenomenon, which is carried out

using numerical tools.

6.4. Numerical studies - general remarks

The numerical studies have been carried out using the methodology described in chapter 3 for shell
element models. Beyond the general assumptions and modelling techniques described in that
section, the following assumptions were made in all numerical calculations of this chapter, see Fig
3-1:

1. Only single-span members with in-plane, out-of-plane and torsional restraints at the
supports (“end fork™) were considered.

ii.  In most calculations, and if not stated otherwise, the basic load case with constant bending
moment over the member’s length was considered. A specific subsection is dedicated to the
expansion of the findings for this basic load case to other load cases. The loads are applied
as end moments or point loads, whereby the modelling techniques for the load introduction
follow what is stated in chapter 3.

iii.  If not stated otherwise, all calculations are carried out for steel grade S235. In order to
compare the findings to a different steel grade that is as “different” as possible from S235,
yet still just within the range of applicability of slender beams, some calculations were
carried out for S460. Strain hardening was considered, using the material model as shown in
Fig 6-4.

iv.  The geometric imperfections were generally assumed to be proportional to the buckling
eigenmode of the studied case, unless it is specifically stated that other imperfection shapes
were assumed; in the latter case, purely lateral or purely torsional imperfections were
studied.
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v.  The residual stresses were assumed to vary linearly over the single cross-sectional
components. Both in the case of hot-rolled and welded members, the common assumptions

as recommended in the ECCS recommendations (1984) were followed.

6.5. Preliminary Parametric Study

In this section, the influence of certain, specific structural parameters is studied by means of
numerical GMNIA calculations in order to identify their impact on the LT buckling resistance of a

section both in terms of absolute strength and in terms of the shape of a buckling curve.

6.5.1. Geometrical imperfections: shape and amplitude

As for other buckling phenomena, the shape and amplitude of initial geometrical imperfections is
relevant to the ultimate LT buckling resistance of a member. Fig 6-5 shows numerical buckling

curves for the case of a single span IPE 240 section under constant bending moment. Thereby, Fig
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6-5a shows the influence of the chosen imperfection amplitude in the case of an imperfection shape
that is affine to the first LT buckling eigenmode. Three curves are shown for length-proportional
amplitudes €0 equal to /2000, L/1000 and L/500. The largest differences in absolute buckling
strength (as percentage of the plastic moment resistance of the section) is present in the region of
intermediate slenderness (around XLTZI.O); at this slenderness, the numerical buckling reduction
factors are 1 1=0.697, 0.660, 0.616, respectively.
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Fig 6-5 Influence of the

imperfection amplitude (a) and shape (b) on numerical LT-buckling

curves.

The largest relative differences (in terms of percentage points) between the three buckling curves
are reached at a somewhat higher slenderness range of around ALt =1.2. The difference between the
central line for eo=L/1000 and the other two lines just exceeds 8% as a maximum value of

discrepancy.

Fig 6-5b shows numerical buckling curves resulting from different assumptions regarding the shape
of the initial imperfection. Again for a single span IPE 240 under constant bending moment, 3
different shapes (with constant amplitude ¢0=L/1000) are considered: “vy” with a sinusoidal lateral
deformation equal to the weak-axis flexural buckling eigenmode; “EV” affine to the first LT
buckling eigenmode; and “¢y” equal to a merely rotational initial deformation, equal to the first
eigenmode for torsional buckling, with no out-of-straightness of the section’s centroid. As the
figure shows, the influence of the shape is not very pronounced in the given load case; the purely
lateral shape of imperfection, leading to the highest values of buckling resistance, lies less than 3%
above the line corresponding to an eigenmode-conform imperfection up to Arr=1 .5, and 7% above

the lowest line corresponding to a purely rotational imperfection.
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Fig 6-6 Influence of the imperfection shape — load case “Q”, concentrated load at mid-span, top
flange

This explains why relatively little importance was given to the actual shape of the imperfection
assumed for numerical calculations that led to the current Eurocode 3 LT buckling curves for the
“specific case” of hot-rolled I- & H sections (Greiner et al 2000). For those calculations, a purely

lateral out-of-straightness was chosen.

An additional figure, Fig 6-6, points out that the above statements regarding the low influence of
the shape of buckling curve do not entirely hold their validity when other load cases are looked at.
This figure again shows numerical buckling curves for the three different shapes of imperfection
described above, but for a different load case: the case of a concentrated load “Q” at mid-span of an
IPE 240 section, and acting on the upper flange. As is illustrated in the figure, the difference
between the resulting buckling reduction factors yrr is larger in this case, being quantitatively
comparable to the differences discussed for Fig 6-5a. This is explicable in light of the higher
“driving” force of the torsional deformation for this load case, since in the case of the “EV” and
“do” imperfections a first-order torsional moment is present due to the eccentricity of the load with

respect to the shear centre in the imperfect configuration.

6.5.2. Residual stresses: amplitude and distribution

The influence of the amplitude and distribution of residual stresses has been studied extensively for
the case of flexural buckling. In these studies, the amplitudes and distributions of residual stresses
found to be typical for welded I- & H-sections were shown to lead to significantly lower buckling
coefficients yrr than e.g. the case of hot-rolled beams. Similar effects can be observed when
analyzing the LT buckling case; this is illustrated in Fig 6-7 and discussed thereafter.
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Fig 6-7 Numerical buckling curves resulting from different assumption reg. residual stresses.

The figure shows three different numerical buckling curves, calculated for the same IPE 240 section
for the M=constant load case and the same, eigenmode-conform imperfection shape and amplitude.
The difference between the three lines is represented by the assumptions regarding the residual
stresses, whereby “0” denotes the curve for no residual stress at all, “r” for the pattern considered to
be typical for hot-rolled beams of this series, and “w” for the distribution of residual stresses
typically assumed for welded sections in accordance with the ECCS (1984) recommendation. The
figure shows that the assumed residual stresses result in marked differences in the position of the
buckling curves of more than 15% between the upper and lower lines in the region of maximum

discrepancy, around Ar=1.0.

A remarkable feature of the numerical buckling curve for welded sections has already been
discussed in the ECCS TCS report that presents the background to the “specific case” LT buckling
curves of Eurocode 3 (Greiner et al 2000): the curve’s marked bend at approximately XLTZI.O,
which is a unique feature of the residual stress distribution assumed to result from welding. In this
report, it was pointed out that, after the bend at Ar=1 .0, the curve matches very well with the one
resulting from a calculation for an IPE240 with a yield stress of £,=0.75 * fj nom,s235= 176.25 MPa
and no residual stresses, and plotted over the values of AL and yur that relate to the plastic
moment capacity of a S235 section. The drop in yield stress of 0.25 times the nominal value fj om 1S
equal to the almost constant compressive residual stress assumed to be present in the flanges. The
fact that the red line for £,=0.75 - 235 MPa matches the “w” line at high slenderness indicates that
the assumed, almost constant distribution of residual stresses in the “w” case is quite
disadvantageous at slenderness ranges around ALT =1.0, since it appears to be equivalent to a drop

of the yield strength by 25%. This is vastly more severe than the bi-linear distribution usually
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assumed for hot-rolled sections, even though the amplitude of the maximum compressive stress at
the flange’s exterior edge is larger in this case.

In reality (see already Brozzetti et alt., 1971), the stress distribution in welded sections depends on a
variety of different parameters, among them the fabrication / cutting method for the flange plate
itself (rolled plate vs. oxyflame-cut...). Many common welding and cutting processes can cause
residual stress distributions in flange plates that are far more beneficial than the one assumed in Fig
6-7, case “w”. Considering the wide range of parameters that influence the amplitude and
distribution of residual stresses around welded joints, it would therefore certainly be worthwhile to

re-assess the representativeness of this distribution.

6.5.3. Section series

The fact that the section series, or more generally the cross-sectional geometry, influences the shape
of the LT buckling curve has already been discussed in section 6.3 and will be at the centre of the
considerations made in the remainder of this chapter. Fig 6-8 shall therefore merely serve as

additional, exemplary evidence of the influence of cross-sectional geometry on LT buckling curves.
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Fig 6-8 Numerical LT buckling curves for different hot-rolled beams.

What should be particularly appreciated already at this point is the relatively poor
representativeness of the current classification of sections with regard to depth-to-width ratios h/b.
The figure shows two sections with widely different h/b ratios, an HEA 200 (h/b=0.95) and an
HEM 600 (h/b=2.03), to lead to very similar buckling reduction factors yrt at least up to AL =1.0,
which corresponds to lengths close to the limit of practical application for both these sections.
Conversely, two sections with almost identical h/b ratio (again the HEM 600 and IPE 240 with
h/b=2.0) have buckling curves that, albeit being close, are farther apart than the HEA 200 and HEM
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600 curves, with the section with the (slightly) lower value of h/b actually having a lower-lying
buckling curve. Only very deep sections such as the HEAA 1000 (h/b=3.23) clearly show a
tendency towards lower buckling curves. The relatively poor describing quality of the depth-to-
width ratio has recently also been criticized by Beier-Tertel (2009), who proposed to use the
parameter I,/It instead of h/b, arguing that this factor is better able to reflect the significance of a

section’s torsional stiffness.

Another interesting aspect of the buckling curves in Fig 6-8 is represented by the tendency of the
stockier sections to exceed the Euler critical buckling moment M., (indicated by the hyperbola 1/
XiT) at high slenderness. In order to understand this “post-critical” load-carrying mechanism, it is

necessary to take a look at the load-deformation plots, see Fig 6-9.
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Fig 6-9 Load-deformation paths for an HEM section with L. =6.60, L=32.68 [m].
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The right-hand plot in Fig 6-9 shows the lateral and vertical deformations v and w at mid-span, as
well as the cross-sectional rotation 0 at this position, plotted over the load proportionality factor
LPF=M/My,, for a member with 12=6.60 and a physical length of 32.68 m. The left-hand side of the
figure shows the calculated path of deformation, plotted with a deformation scale factor of 1.0. The
usual geometrical imperfections were assumed, which follow the shape of the eigenmode and have
an amplitude of ¢0=L/1000. The figure illustrates that, for a member of this extreme length and
with the given compact cross-section, very large deformations occur before the ultimate load is
reached. Special attention should be paid to the calculated cross-sectional rotation at the ultimate
load: this rotation reaches a value of 34°. At this stage of deformation, the cross-sectional strength
for bending about the weak axis becomes relevant. With increasing length of the member, the

ultimate cross-sectional rotation increases even further: eventually, the cross-section at mid-span
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rotates so much that the external bending moment — which, at the end supports, is still applied about
the strong axis- acts about the weak axis on this cross-section. Therefore, it can be shown that the
numerical GMNIA buckling curve for this specific case asymptotically approaches the ratio
M;1./Mp1y, which for this profile is calculated to 0.478.

This behaviour is only explicable by the large-deformations theory and can therefore not be
included in the analytical, second-order formulation proposed in section 6.7. This should however
not be considered as a limitation of the practical applicability of the equations presented in that

section, as members of such extreme slenderness are not of any practical relevance.

6.5.4. Steel grade

The influence of the steel grade on the buckling strength and buckling reduction factor for the case
of flexural column buckling has already been treated by Schulz (1968) and has more recently been
subjected to renewed scrutiny by Wolf (2006). In terms of buckling reduction factors y, numerical
curves for two different steel grades were shown to be (practically) identical if two conditions are
fulfilled: (a) the residual stresses have the same distribution and are proportional to the yield
strength (this includes the case were they are zero), and (b) the amplitude of the geometrical
imperfection is assumed to be proportional to the dimensionless slenderness X, instead of length or
the geometrical slenderness A. Wolf showed that the latter factor has a relatively small influence,
leading to values of x for S355 lying not more than 3% above the values for S235. Whether or not
the residual stresses are proportional to the yield stress, on the other hand, was shown to have a
larger impact (above 10% for S355/S235 around XZI.O) in the flexural buckling case.
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Fig 6-10 Numerical LT buckling curves — influence of steel grade; with fixed residual stress
amplitude (a) and with residual stress proportional to the yield stress (b)
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Fig 6-10 shows the influence of the assumed proportionality of the residual stresses on the buckling
curves for two different steel grades for the LT buckling case under constant amplitude, again for an
IPE 240. The curves in Fig 6-10a were calculated considering a fixed maximum amplitude of the
residual stresses of 0.3 times 235 MPa, while the curves in Fig 6-10b are based on the assumption
that the residual stress amplitude is proportional to the yield stress. The figures illustrate that the
influence of the yield stress on the resulting factor ypr is relatively small, being practically non-
existent in the proportional residual stress case, and nowhere larger than 6% in the case of fixed

residual stresses. As for other structural parameters, the maximum influence is observed around
XLT =1.0.

The following figure, Fig 6-11, serves the purpose of bringing to attention an aspect that is of
particular interest in the context of statistical evaluations of test data and reliability analyses: the

decreasing influence of the yield stress on the buckling strength with increasing member length.
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Fig 6-11 Influence of steel grade without residual stresses — plotted over ALT (a) and A, (b)

Thereby, the diagram in Fig 6-11a again shows that the yield strength per se has almost no
influence on the position of a buckling curve in terms of yr 1, shown here for the case of an IPE 240
with no residual stresses. Fig 6-11b, on the other hand, plots T over the geometrical slenderness
Az; this quantity is of course proportional to the physical length of the member, and each value
represents a certain member length independently of the the steel grade - while ALt does not. While
this is trivial and might appear to be irrelevant, it is relevant to the determination of which
parameters can be considered to be “independent” - and which ones cannot- for the purposes of a
statistical reliability analysis. King (2009) pointed out that the ultimate LT buckling strength My of
a beam is a function of f,”, whereby o is an exponent ranging from 1 at very low slenderness to 0 at
very high slenderness.
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If we acknowledge that yt, as function of XLT, is independent of the steel grade, and if we know
the buckling strength Mg 5235 for the (arbitrarily chosen) steel grade S235, we can write Mg s for

any other steel grade with a yield strength f; as follows:

MRf :MR S235 (f—y] (6.11)

y
fy,8235

Wlth MR,SZ35 = XLT,SZ35 (L) : Wpl ' fy,SZ35

For a fixed set of geometrical and structural imperfections, and a certain load case, the independent

variables of the problem are thus:

1. the member length L — contained in y 15235, Which is of a function of L.
ii.  the cross-sectional geometry — contained both in yr1 5235 for the reference steel grade and in
W, (see section 6.5.5).

iii.  the steel grade, represented by its yield stress fj.

The dimensionless buckling reduction factor yrr for a discretionary steel grade is thus, by itself, not
an independent variable, as it depends on all of the above variables; it is therefore not possible to
separate the scatter of Lt from the scatter of any of the above variables (compare Rebelo et al.,
2009). By solving equation (6.11) for a, we obtain equation (6.12).

oo ln(MR,fy /MR,S235) 6.12)

In (fy /E, 235 )

In Fig 6-12, the factor a for the example given above is plotted on the right-side axis, along with the

resistance Mg for the two steel grades shown in Fig 6-11, but normalized in both cases to the plastic
moment capacity of a S235 section (plotted on the vertical axis on the left). This representation is
much better suited than the one given in Fig 6-11 to illustrate the swift decrease of influence of the

yield stress on buckling strength with increasing member length.

It should be noted that this behaviour attains particular relevance not as much due to the difference
in yield stress between two different steel grades, but much rather due to the wide scatter of the
yield stress within a certain (nominal) steel grade: while this scatter dominates the total scatter of
the buckling strength at low slenderness ratios, it does not influence the total scatter at all at a very
high slenderness. This is visually very well expressed by the course of the curve representing o in
Fig 6-12.
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Fig 6-12 LT buckling strength for S460 and S235 as fraction of the sectional moment capacity for
S235 (left axis); Exponent a. (right axis).

6.5.5. Cross-sectional shape tolerances

The manufacturing process of steel members —whether they are rolled, welded or otherwise
assembled- must allow for certain geometrical tolerances, i.e. deviations of the actual shape of the
cross-section from the nominal one. For the IPE 240 studied in all the examples so far, the
allowable deviations of depth, width and thickness are given in EN 10034 (1993) and reported in
the following table:

nominal value tolerance max/min
[mm] [mm]
section depth h 240 +4.0/-2.0
section width b 120 +4.0/-2.0
flange thickness 9.8 +2.0/-1.0
web thickness 6.2 +0.7

Table 6-2  Nominal value and maximum permissible shape deviations for an IPE 240 section
according to EN 10034 (1993)

Due to the manufacturing process of hot-rolled I-section, the fillet radius itself is basically constant
in all cases, thus no tolerance is specified in the code. Other tolerances refer to total weight and the
out-of-straightness of the both cross-section; these are not taken into further consideration in the
following.
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Fig 6-13 Influence of the cross-sectional shape deviations on the LT buckling strength in relative
(a) and absolute terms (b).

The above figure, Fig 6-13, illustrates the impact that the tolerances have on the shape of the
buckling curve. Thereby, plot (a) shows the value of the buckling reduction factor yr related to the
“real” moment capacity, and plotted over the “real” value of XLT, both calculated with the
“maximum”, “nominal” and “minimum” cross-sectional dimensions; the “maximum’” cross-section
has a depth of 244 mm, a width of 124 mm, a flange thickness of 11.8 mm and a web thickness of
6.9 mm, and the “minimum” cross-section is determined accordingly. As the figure shows, the
deviations from the nominal size represented by the cross-sectional tolerances are not large enough
to significantly alter the shape of this “real” buckling curve; a comparison with Fig 6-8 thereby

helps explaining why there is any difference between the curves at all.

What is perhaps more interesting to notice is the buckling strength in absolute terms, shown in
figure Fig 6-13b in terms of y L1 as reduction factor of the nominal section moment capacity, plotted
over the nominal value of Arr. The figure gives a clear indication of the large scatter of buckling
stress (for any given length, respectively value of L it qom ) that can be caused by deviations of the
cross-sectional geometry. As a matter of fact, the influence of the geometry, while slightly
decreasing with increasing slenderness (length) in terms of yrLrnom, actually increases with
slenderness in relative terms. For example, at ALT.nom =0.0 an IPE 240 section made of S235, with
the “maximum” cross-section geometrical parameters within tolerance, has a moment capacity
approximately 21% higher than a “nominal” section; at Art..om =2.0, this ratio reaches 40%, and
the difference between the LT buckling moment capacity of the “minimum” and “maximum”
section exceeds 80%. It is clear that —especially in the high slenderness range, where the yield
stress’s scatter was shown to be of secondary importance- the cross-sectional geometry will be

paramount to the total scatter of the buckling strength.
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6.5.6. Fillet radius

A question often raised in the context of the determination of numerical buckling curves is whether
or not a curve for a certain hot-rolled beam is correctly determined even if the fillet radius is
omitted. This question is of practical relevance, rather than theoretical, because modelling the fillet
with beam- or shell elements is not entirely straight-forward — see chapter 3. In the numerical
calculations that underpin the current Eurocode LT and combined N+M buckling provisions, the
fillet radius was generally omitted. This has sometimes been criticized. A justification by means of
an example calculation has already been given by Kaim (2004). Here, a similar example —but for a
different section- is shown, see Fig 6-14. The plot shows that the difference in terms of buckling
curves between an IPE240 with the nominal fillet radius (r=15mm) and without (r=0 mm) is indeed
small — provided of course that yr, My and ALt are calculated for the corresponding cross-section.
However, if the goal of a calculation is to determine the LT buckling strength in terms of Mg, the
fillet must be included, as it has a significant impact in this case. For an IPE 240, the cross-sectional
plastic moment capacity My, is ca. 6% higher with fillet radius than without. The M=const. LT-
buckling strength Mg of an IPE 240 beam of 3500 mm of length is ca. 10% higher with fillet when
compared to the case with r=0. However, the slenderness XLT for these two cases is also different,
being slightly higher in the case of r=0; in order to have the same value of ALT , two beams with or
without fillet must have different length. As the figure shows, this results in differences in terms of

yLt as low as 2.5% in the given case.

In summary, it can be said that the omission of the fillet radius is justified if only the shape of the
buckling curve is studied, while it is obviously not justified if the buckling strength in absolute
terms is of interest. The criticism sometimes directed at the omission of the fillet in numerical
calculations thus seems to stem more from a misunderstanding of the aims of a certain calculation,

rather than an actual questioning of the simple mechanical relationships discussed in this section.
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Fig 6-14 Influence of the omission of the fillet on the shape of the buckling curve.
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6.6. Numerical buckling curves with nominal input parameters

In order to obtain buckling rules that are consistent with and comparable to the ones for the
“benchmark case” of flexural column buckling for LT buckling, the procedure during the
development of the column buckling curves must be followed. In practical terms, the first step thus
consists in the determination of numerical (GMNIA) buckling curves that are based on the “model
beam” assumptions of Beer & Schulz / ECCS: nominal geometric and material input parameters,

and “fixed” imperfection amplitude coefficients.

The residual stresses were assumed to vary linearly over the single cross-section components,
following the provisions given in the ECCS recommendation (1984). Accordingly, a distinction was
made between hot-rolled beams with a depth-to-width ratio of h/b=<1.2 and sections with h/b>1.2,
see Fig 3-1. The magnitude of residual stress thus depends on the type of rolled cross-section and is
expressed as a fraction of the yield strength f; of mild steel S235. Strain hardening was included in
the calculations, also in accordance with the ECCS recommendation. All calculations were

conducted for steel grade S235, assuming a yield strength of £,=235 N/mm?.
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Fig 6-15 Numerical LT buckling curves for hot-rolled sections of steel grade S235, compared with
Eurocode 3 “general” and “special case” curves, h/b<2.0 (a); h/b>2.0 (b).

The results of these calculations for hot-rolled sections are shown in Fig 6-15 and compared to the
current Eurocode design curves. The figure illustrates what has been stated in the introduction, i.e.
that the rather coarse grouping of the properties of the sections according to the depth-to-width ratio

h/b can only accurately describe but a few of the sections by one single buckling curve.
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Fig 6-16 shows numerical buckling curves valid for welded cross-sections, whereby cross-section
geometries almost equal to rolled sections (from HEA 200 to HEA 1000), but without fillet radius,
were studied. For these sections, the lack of a “general” accuracy (for all section geometries) of the
current design provisions seems to be even more severe.
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Fig 6-16 Numerical LT buckling curves for welded sections of steel grade S235, compared with
Eurocode 3 “general” and “special case” curves; h/b<2.0 (a); h/b>2.0 (b).

6.7. Ayrton-Perry formulation

In this section, case-specific analytical formulae are derived along the lines of the Ayrton-Perry
formulation: using second-order internal forces and a first-yield criterion for the definition of an
ultimate buckling load. For a single-span member with double-symmetric cross-section and
constant bending moment, the assumption of initial lateral and torsional imperfections vy and 6, of

sinusoidal shape lead to the following second-order equilibrium equations:
N, V=M, -0=M, 09 (6.13)

_ Mr2 _ _
—My-V+ < -GzMy-Vo (6.14)

cr,z

with: M_,N_ , elastic critical buckling loads for lateral-torsional and flexural buckling.

cr?

Of all possible combinations of vy and 6y, three special cases can be considered: one case with only
lateral imperfections vy, one case with only torsional imperfections 6y and one case with a
distribution of 6y and v, corresponding to the shape of the first buckling eigenmode of the system.
The latter approach was e.g. also used by Stangenberg (2006); it implies a coupling of the two
degrees of freedom of the problem according to (6.15).
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M -
V0=N <--0o (6.15)

cr,z

By using equation (6.15) in (6.14) and combining (6.14) and (6.13), the following relationships

between the deformation amplitudes v and 0 and the initial torsional imperfection 6, are found:

M

0=00 —L— (6.16)
M, -M,

cr Yy

N., M,-M,

cr,z

- - M M
A%

(6.17)

The following expressions can be used to determine the second order internal forces (out-of-plane

bending moment M, and warping moment M) as a function of the occurring deformations:

MzzElz-z—z-C (6.18)
7'[2 =
Mw=E1w~?-6 (6.19)
By using (6.16) and (6.17) in (3.7) and (6.19), we obtain:
_ My
M, =00 - (6.20)
M
1— y
MCI‘
2 _ M N I1 = M
T
M, =EI, =60 L= 22 gy —2 6.21
® ® Lz 0 Mcr—My Mcr (IZ] 0 1_& ( )
M

cr

M, and M, can also be expressed in terms of the imperfection amplitude €0 by considering the
following geometrical relationship:

00 =
M, /N, +h/2

(6.22)

The maximum stress equation can now be written for the outermost fibre of the compressed flange

and set equal to the yield stress in a first-yield failure criterion:

M M M e N
Y MZ n Mm o, = Y I\}/,[ ) €o . L_‘_ cr,z I_(,) Drmax :fy (623)
Wy Wz Io) Wy 1— y Mcr /Ncr,z +h/2 WZ MCY IZ I(D
M

Ccr

In the present case of a double-symmetric I cross-section, the following relationships hold:

I, h-b
Z: ; (Dmax:
b/2 4

(6.24)

resulting in the following simplified form of equation (6.23):
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My 1\/[y l EO Ncrz
a : 1+ =22 h/2 | =1, (6.25)
Wy W, My M. /N, +h/2 M.,
M

cr

In order to obtain a dimensionless equation, expression (6.25) must be divided by the yield stress fi.

Furthermore, the second term on the left side can be expanded with Wy /W, and A/A:

M M s W N
y oMy 1 Aer y J14=2 072|210 (6.26)
W, f, W,f, M, W, A(M_/N,,+h/2)| M

cr

1-

cr

The dimensionless slendernesses and buckling reduction factors can now be introduced:

My o A'fy.x Wy'fy 6.27
XLT_Wy'fya z= Ncr,z s MLT = M. (6.27)

Using the expressions (6.27) in (6.26) and simplifying finally leads to the following equation:

or + ——=1.0 (6.28)
Wz Az I_XLT ALT
. A-eo A
By substituting: n*= Weo _LZT (6.29)
z }\42

we obtain an equation that is identical to the Ayrton-Perry formula (5.2) of chapter 5 and can be

solved accordingly:

Yig = — <10 (6.30)
Dy +y/Pp —ALT
and O, =%.(1+n*+m) (6.31)

The result of the (elastic second-order) derivation given up to this point is identical to the one given
by Stangenberg (2006). Equation (6.28) is evaluated for three cross-sections using the elastic values
of A and W, and an amplitude of the initial, sinusoidal geometric imperfection of eo=L/1000 (of
EV-conform shape) and plotted in Fig 6-17. The resulting buckling curves show that the torsional
rigidity of the sections is quite distinctly taken into account by the proposed analytical formulation.
The fact that stocky sections like an HEB400 and HEM200 have a higher resistance against LT
buckling when compared to a slender HEAA1000 is thereby (qualitatively) correctly predicted.
However, the curves illustrated in Fig 6-17 just represent the outcome of an elastic second order
calculation and do therefore not realistically (quantitatively) reflect the actual characteristic

resistance against LT buckling.
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Fig 6-17 Analytical buckling curves according to the purely elastic, second order derivation.

The above derivation has been carried out using the assumption that the initial geometric
imperfection is affine to the first eigenmode; this assumption led to a design equation that has the
shape of the Ayrton-Perry formula. It is interesting to study how the derivation is affected if a
different assumption regarding the initial imperfections is made.

Two cases can be considered: the case where the initial deformation is purely lateral — vo; and one
case where the initial deformation is purely torsional - ¢o. Following the same steps that led from
equations (6.13) and (6.14) to (6.28), the following relationships are established

§0=VO \ E Eozéo - h/2
Vo Ih
LA
- - M2 I M,
V=vo———7 L v=vo- o T (6.32)
M, —M, | M,-N,, M, -M,
_ _ N M. 2 _ M. 2
= Vo —% ——— 0=00——"— (6.33)
M, M,>-M, M, -M,
- 2
A €0 7\«LT Ncr,z'h/2 - —
XLt - — y A-eo At n M,
2 M Mg Aot i YW, 0 N b
, = 2 : ez’ LT “XLT
Xt ALt ; (6.34)
. 4 :1,0 ' 2 .X 2
l_XLTz'}\‘LT XLT—ET4=1,0
1= e’ Aot
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In the above representation, only the most important results of the derivation have been reported, as
the other points (internal forces, stress-based limit state formulation, introduction of dimensionless
variables) are identical to the steps taken in equations (3.7), (6.19), (6.24), (6.25) and (6.27). The
main difference between the eigenmode-conform and the above derivations lies in the different
appearance of the deformation amplification factor, compare e.g. (6.16) and (6.32); in the latter
case, this amplification factor is quadratic. This follows through till the final dimensionless limit
state equations (6.34).

Contrary to (6.28), which is an Ayrton-Perry equation that can be solved for yrr accordingly,
equations (6.34) cannot explicitly be solved for ¢ r. However, iterative root-finding methods can be
employed to find values of yr that fulfill (6.34). The following figure, Fig 6-18, shows the result of
such an analysis for two sections and the two initial imperfection shapes “vy” and “¢¢”, as well as
the eigenmode-conform imperfection shape.

1.0 \ 1.0 \
\ 1 \\ 1
=2 =2
\ A A
0.8 \ LT 08 - \\ LT
\ \
\\ vo \\
= 0.6 - Yo \ 0.6 - EV \
s’ EV \ o \
T ) \\ \\
=
n_ 0.4 0.4 1 N
o \\
—— IPE 500 —— HEB'600 NN
0.2 - M=const. 0.2 - M=const. _
== §,=L/1000 == &,=L/1000 second order int. forces
first-yield failure criterium
(Ayrton-Perry)
00 T T T 00 T T T
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0

AMr a) My b)

Fig 6-18 Impact of the imperfection shape on the position of a purely elastic, second-order LT

buckling curve.

As in Fig 6-17, the elastic values of A and W, and an amplitude of the initial, sinusoidal geometric
imperfection of eo=L/1000 were assumed for this calculation. The same remarks regarding the

quantitative interpretation of this plot apply as for Fig 6-17.

The two key points illustrated by Fig 6-18 are discussed in the following. For one, the effect of the
imperfection shape on the LT buckling strength discussed in section 6.5.1 is also reflected in the
analytical derivations. The purely lateral deflection is shown in the figure to result in higher values
of yrr than the the other two imperfection shapes, with the purely torsional being the most
detrimental. Additionally, it should be noted that the difference between the three lines depends

rather strongly on the studied section, whereby this is especially the case for the purely torsional
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imperfection. If we look at equation (6.34) for this case, we can see that the term M¢/(Nc,  h/2) is
present in the term in parenthesis, in the numerator - and not in the denominator as is the case for
the purely lateral imperfection. This term is larger for stockier sections than for rather slender ones,
and increases with member length and slenderness. This explains why the curve for the purely

torsional imperfection appears not to converge towards the curve for the purely lateral and
eigenmode-affine imperfection.

Finally, Fig 6-19 illustrates the impact of both imperfection shape and amplitude on the buckling
curves obtained from equations (6.28) or (6.34). It is thereby interesting to note that the difference

between the curves pertaining to a certain shape strongly increase with raising imperfection
amplitude.
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Fig 6-19 Influence of shape and amplitude on the results of the analytical LT buckling curves.

The curves for the eigenmode-affine and purely lateral imperfection are clearly “rational” in the
sense discussed in chapter 2, since they converge towards the Euler hyperbola both with decreasing
imperfection and increasing slenderness. The curve for the purely torsional imperfection also

approaches the Euler hyperbola with decreasing imperfection, but has a much slower convergence

rate towards the hyperbola at high slenderness.
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6.8. Calibration

The analytical, Ayrton-Perry type buckling curve formulation presented in the preceding section
and given by expressions (6.30) and (6.31) is specific for the studied case of LT buckling. In the
next step, this formulation must be calibrated to the representative numerical buckling curves that
were produced in section 6.6. That is done in this section, whereby existing approaches are
discussed and new ones are presented. Since the objective of the section is to show the
methodology, all considerations are made solely for hot-rolled, commercial European I- & H

sections. However, at the end of the section the results are expanded to welded sections.

6.8.1. Representation of existing rules

The existing Eurocode 3 approach, see section 6.3, can be interpreted as a calibration of the factor
M* in equation (6.31) to best represent the numerical/experimental buckling data by analytical
curves. Similarly to the assumptions made in the column buckling case, the Eurocode 3 calibration

expression for n* is expressed represented by a linear function of the slenderness ALT.
n*=o '(XLT —XLT,O) (6.35)

with A1 .... plateau value, equal to 0.2 for the EC3 “general case”.

As has been discussed in chapter 5, it is convenient —in order to get a “feel” of the quality of the
approximation function for m respectively m*- to compare the proposed calibration expression —

here, (6.35)- to the values of m*,um that precisely describe the numerical values.
The latter are obtained by solving (6.28) with (6.29) for m*:

1 — 2
T‘l*num ZL _IJ'(I_XLT,num ‘ALt (636)
LT,num

with Ypum... value of the buckling reduction factor as obtained from a numerical (GMNIA)

calculation, see section 6.6.

Fig 6-20 shows the comparison of the values of n* that match the numerical buckling curves for
hot-rolled I- & H sections presented in section 6.6 —obtained using equation (6.36)- with a buckling
curve that results from equation (6.30) with expression (6.35) and using the values for art and

Liro of the “general case” of Eurocode 3, see section 6.3. Two aspects can be pointed out:

1. The numerical values m*,,m are rather coarsely described by the expressions for n* found in
EC3, (6.35). The lack of accuracy of the current rules was already discussed in the
introduction. The representation in Fig 6-20, however, aids the understanding of why this is
the case; it also shows that the description is less accurate for stockier sections (with

h/b=2.0) than for more slender ones.

139



6. Lateral-Torsional Buckling of I- & H Beams

04 1 =20 °° T~ ownm hib>2.0

- 2 D) - - EC3
1 +\/(DLT2 —LT ND% _ N /|

[

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
0 a) 2, b)

LT LT

Fig 6-20 Comparison of the factor n* -see equation - found in EC3 with the numerical values.

il.  Quite generally, the numerical values of m*,m,m, when plotted over XLT, are not well
represented by a straight line, having a distinctly non-linear course when At >1.0. Some of
these curves actually fall below a value of n*,,,=0.0. Expression (6.30) degenerates into the
Euler hyperbola 1/ }_LLTz for the case of *=0.0, and values of m* lower than zero indicate
that the Euler hyperbola has been exceeded; indeed this is what was observed in the

numerical buckling curves for stocky sections in the high slenderness range.

6.8.2. Generalized imperfection n and equivalent geometrical imperfection eo

As is discussed in the previous section and in the introductory section 6.3, the current Eurocode 3
formulation is neither very accurate, nor consistent with the physical behavior. Bearing in mind the
second-order, Ayrton-Perry type derivation in section 6.7, this can be explained. If we look at the
elastic expression for n* (6.29), we see that this term differs from the term for n used in the column
buckling case by the additional coefficient (XLT /Nr )2, which represents a stiffness and strength
modification factor that is peculiar to the LT buckling case. By using expression (6.35) to
generalize m* and calibrate it to the numerical values, this term is “blurred” in the calibration and its
potential is thereby lost. It therefore makes sense to include this parameter in a description of m*
and to write:
=2
n* =n-k_%T (6.37)
z
The factor n thereby replaces the elastic terms A'ey/W,. This is exactly the term that was replaced

by a generalized expression in the column buckling case by o.- (X—Xo) , see chapter 4.
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Again, a calibration function with appropriate calibration factors is needed that is as accurate and

simple as possible. Two different expressions for m are discussed here:

n = a~(XZ —0.2) (6.38)
My =o-(Aer—0.2) (6.39)

Expression (6.38) represents a generalized imperfection m that increases linearly with the
dimensionless slenderness for weak-axis buckling A , and therefore with the length of the member,
analogously to the column buckling case. Expression (6.39) represents a factor m that is
proportional to XLT, as is currently commonplace in the EC3 rules for LT buckling. Since ALT is
not length-proportional, the generalized imperfection does not increase linearly with length if
(6.39) is used.

It is worthwhile to elaborate on this point, which was already mentioned in broader terms in chapter
4; the generalized imperfection m can more tangibly be expressed by an “equivalent” geometrical

imperfection, which is easily calculated by solving equation (6.29) for eo:

20 =1- VZZ (6.40)

This equation is also used —in a slightly modified form— in EC3, see clause (5.10), to calculate the
equivalent geometrical imperfection amplitudes of frames to be used in second-order design

calculations.

Equation (6.40) is evaluated for both expressions (6.38) and (6.39) and plotted over the length in
Fig 6-21. Thereby, the elastic section modulus W, and the area A of an HEM600 section were
chosen, as this stocky section series lends itself to a good representation of the studied effects. The
imperfection factor o was set to be equal to 0.34 in both cases; this is equal —for this specific
section- to both the factor app, for weak axis flexural buckling and to apr for the general case LT
buckling case according to EC3. For completeness, it should be stated that, for the calculation of A
and XLT, once more the yield strength of steel grade S235 and the basic cases of single-span

members with constant normal force or bending moment were considered.

Two representations of eo are chosen. In Fig 6-21a, the ratio of length to imperfection L/eo is
plotted, while figure Fig 6-21b shows the imperfection itself plotted over the length. The latter
figure illustrates that the equivalent geometrical imperfection indeed increases linearly with length
when equation (6.38) is used, while (6.39) results in an imperfection that is clearly under-
proportional with regard to length. Due to the plateau, both lines do not start at L=0, but at the
length corresponding to A.=0.2 and Arr =02, respectively. Fig 6-21a, on the other hand, shows
that —due to the inclusion of the plateau value Ao = 0.2, not even equation (6.38) corresponds to a
geometrical imperfection that is a constant fraction of length. It does however approach a constant

fraction, as is illustrated by the comparison with the imperfection resulting from n = a -1, without
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the plateau. Equation (6.38) does therefore qualitatively reflect the assumptions made during the
calculation of numerical buckling curves for column buckling (chapter 5) and LT buckling (section
6.6), where the geometrical imperfections were assumed to have an amplitude proportional to the

member length.

It should be noticed again that also fabrication tolerances for the out-of-straightness of members are
generally defined by constant fractions of length. Equation (6.39), in comparison, represents an
equivalent geometrical imperfection that —as a fraction of length- is far from constant. The

implications of these findings are discussed in the following sub-section.
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Fig 6-21 Equivalent geometrical imperfections for a HEM600 section, plotted as L/ co (a) and eo
(b) over the member length.

6.8.3. Calibration of the Ayrton-Perry “generalized imperfection” m

In the preceding paragraphs, it was already pointed out that only a generalized imperfection m
expressed by equation (6.38) preserved the basic assumption regarding the geometrical
imperfections made during the development of the numerical buckling curves. The implications of
this fact on the calibration of the specific Ayrton-Perry formulation of section 6.7 to the numerical

curves are discussed in the following.

For the purpose of selecting the expression among (6.38) and (6.39) that is best suited for
calibration, the “best-fit” value of o for both expressions is determined and the results are

compared.

Additionally, a third proposal is examined, which is being brought forward in different publications
(Sedlacek/Miiller 2006, Naumes 2008) as the expression for the “new European member buckling
curves”; in this proposal, it is suggested to use an expression similar to (6.39) and the same factor
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for orr that is valid for weak axis flexural buckling, i.e. arp., which leads to the following form in
the LT buckling case:

n= g, -(Aer —0.2) (6.41)

This proposal is included in the considerations made in the following paragraphs in order to check
its validity for LT buckling.
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Fig 6-22 Comparison of the numerical value of the Ayrton-Perry generalized imperfection n with
the three approximations given by the three expressions (6.38), (6.39) and (6.41).

An example is conveniently used to compare the three expressions (6.38), (6.39) and (6.41) for the
generalized imperfection. In a first step, the expression for m itself is compared to numerical values

obtained by evaluating the following equation — compare with (6.36).

—_ 2
7\42 1 _2
Noum = [_ ] ( _IJ'(I_XLT,num '}\’LT) (642)
}‘LT XLT,num

Fig 6-22 shows values of m that match the numerical buckling curve for LT buckling of an

HEMG600 section, plotted over A (Fig 6-22a). In the figure, these values are compared to the
expressions (6.38) and (6.39) with the respective “best-fit” values of arr, as well as to expression
(6.41) with the value of opp,=0.34 taken from tables 6.1 and 6.2 in Eurocode 3 (2006).

In these calculations, the “best-fit” value of art was defined as being the value resulting in the

smallest “error” according to a least-square-fitting of the resulting reduction factor y .t for values of
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Nnum from zero up to the peak in the "q:f(i) curve. They are equal to 0.28 for expression (6.38) and
0.48 for (6.39). The following observations can be made:

1. When plotted over A , the numerical values of m,,m have a clearly linear course up to a
value of A, that corresponds to approximately Ar=1.0 (see Fig 6-22b). Beyond this point,
the slope of the numerical curve quickly changes and the values of mum peak at a value of
L, of approximately 3.0, decreasing beyond this point.

ii.  This is explicable by a change of the dominant imperfection and strength component. The
linear segment of the curve reflects the assumptions made for the numerical LT buckling
curves in section 6.6, with length-proportional geometrical imperfections. The linear
segment of My, thus indicates that geometrical imperfections are dominant here, whereas -
for higher - residual stresses and large deformations become more relevant.

iii.  The function for n given by (6.41) is far removed from the numerical values both in shape
and position. At high slenderness ratios (around XLT=1.6) it does intersect the numerical
curve, but this does not seem to reflect any mechanical behaviour. Since most of the
numerical line lies above the values of m given by (6.41), the analytical buckling curve
resulting from this expression will yield reduction factors y 1t on the “unsafe” side compared

to the numerical buckling curve.

In light of these results it can be concluded that expression (6.38), representing a generalized
imperfection that is proportional to A, and therefore to the member’s length, is the suitable one to

approximate the numerical curve, at least in the linear segment of the M, curve.

Contrary to (6.38), expression (6.39) represents imperfection amplitudes deviating from the length
proportional ones, which causes problems of fitting the function for n,m and may lead to “unsafe-

sided” results.

The last points are confirmed in Fig 6-23, which shows the analytical buckling curves given by the
evaluation of equation (6.30) with (6.31) and (6.37) for expressions (6.38), (6.39) and (6.41) and
compares these curves with the numerical curve for the HEM600 section discussed above. If (6.41)
is used to describe m, the value of agp; is equal to 0.34 for the HEM600 according to EC3 tables 6.1
and 6.2. Two forms of representation are used, the classical representation with the buckling
reduction factors yrr plotted over ALT (a), and the Merchant-Rankine representation where ypr is
plotted over the ratio of the ultimate buckling load My to the Euler critical load M, (b). The latter

form of representation has the advantage of better showing the differences between each curve.

The figure shows that the analytical curves given by expression (6.38) —with the best-fit value of
o 7=0.28- practically overlaps with the numerical curves up to a slenderness of ALT =1.0, while the
“best-fit” curve given by expression (6.39) - 1=0.48-slightly diverges from the numerical one. The
curve given by (6.41), on the other hand, lies significantly above the numerical curve over a wide

range of slenderness. A comparison with Fig 6-22a shows this to be consistent with that plot, where
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the values of m for expression (6.41) were shown to lie significantly below the numerical values

Nnum OVer a wide slenderness range.

It has already been stated that also the analytical curve resulting from expression (6.38) diverges
from the numerical curve towards the “safe side” beginning at ALr=1.0. Itis interesting to point out
that this divergence almost precisely occurs at a length corresponding to the practical limit of
applicability for the given section and load case; lengths exceeding the ratio of L/h=25
(corresponding to L=15.5m for the HEM600) represent a realistic estimate for an upper limit of
practical application for the given loading condition, since at a service load level (assumed to be
70% of the ultimate load level) a deformation limit of L/200 is exceeded here. It can therefore be
ascertained that a very small error results from the description using expression (6.38) and the best-

fit value of arr for all practical member lengths. This was found to be the case for all studied

sections.
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Fig 6-23 Comparison of numerical and best-fit analytical buckling curves for a HEM600, y-\
representation (a); Merchant-Rankine plot (b)

The maximum error inherent to expression (6.39) with the best-fit value of a;1r=0.48 is slightly
larger, and reaches its maximum on the “unsafe” side for the studied section. This is not necessarily
the case for all sections; as a matter of fact, due to the under-proportionality of m with regard to
length resulting from (6.39), this expression can in some cases even yield more accurate results in
the high slenderness range than expression (6.38) — provided again that the section-specific best-fit

value of art is used.
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The inaccuracy of expression (6.41) is inherent to its core assumption regarding the value of the
“generalized imperfection coefficient” a. The values of app, given in EC3 for weak axis flexural
buckling are larger for hot-rolled beams with h/b=<1.2 than for deeper sections, which is coherent
with the higher residual stresses in stockier sections. The adoption of these values in an equation
like (6.41) for LT buckling, however, appears to be going against the actual trend observed in the
numerical calculations, where sections with larger h/b require a higher value of a than stockier ones.
Thus, using expression (6.41) will result in “un-safe sided” buckling curves for most sections with

h/b larger than approx. 1.8, and very “safe sided” curves for sections with h/b=<1.2.

This last statement is further confirmed by two additional examples, plotted in Fig 6-24. The figures
show GMNIA curves for an HEA 200 and an HEAA1000 section, it is hot-rolled, class 1 sections
that are at the two extremes of the h/b spectrum of commercial sections. These numerical GMNIA
curves, calculated using the common model beam geometry and imperfection assumptions, are
compared to the result of the Ayrton-Perry formula (6.30) with n* according to (6.37) and n taken
to follow the function (6.41), i.e. the linear function in XLT, with the generalized imperfection
amplitude o equal to the value that is valid for weak-axis flexural buckling, arg, according to the
Eurocode.

The figure again shows the built-in inaccuracies of this formulation. As has been expected, the
stocky HEA 200 section is clearly penalized by this formulation of n, since the value of arg, =0.49,
applicable in the weak-axis flexural buckling case for this section, is too “conservative” for LT
buckling. The opposite is true for the slender HEAA 1000 section, where the value of app,=0.34,
applicable for flexural buckling, is not high enough, yielding results that don’t reflect the behaviour
observed in GMNIA calculations.
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Fig 6-24 Comparison between GMNIA curves for an HEA 200 (a) and HEAA 1000 (b) section
with the results of the analytical formulation (6.30) and 1 according to (6.41).
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Whether or not the observed discrepancies in Fig 6-24 are acceptable from the point of safety would
have to be decided at a code committee level; in spite of margins of error of more than 10% to the
“unsafe” side, one could still argue that the discrepancies are in the range of the current design
rules. It is however clear that the proposed “new European member buckling curves” (Sedlacek &
Miiller, 2006), which use expression (6.41) and are intended to be employed for all imaginable
combinations of cross-sections and loading conditions, is actually not able to consistently and
accurately describe the LT buckling behaviour of the simple, prismatic model beams, on which the
benchmark case for member buckling design -column buckling- is also based. Considering that the
“second simplest” (after column buckling) basic member stability case is being treated here, the
above observation cannot but make one sceptical regarding the introduction of the “general
method” with the “new European member buckling curves” as a codified design procedure, at least
not without considerable additional numerical studies. Due to the apparent lack of accuracy and
consistency for LT buckling observed for curves resulting from expression (6.41) in the above—and

many other- studied cases, this expression will not be further considered in this chapter.

If we now return our attention solely to expressions (6.38) or (6.39) and on the task of their
calibration to the developed numerical LT buckling curves, it can be stated that the differences
between buckling curves that were calculated using either one of the two expressions do not appear
to be dramatic. Provided that the “best-fit” value of arr is used in both expressions, the curve
resulting from expression (6.38) was shown in Fig 6-23 to be only slightly more accurate —in

absolute more than in relative terms- than the curve resulting from (6.39).
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Fig 6-25 “Best-fit” values of the generalized imperfection amplitude coefficient a.
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Nevertheless, the adoption of expression (6.38) is recommended. This is desirable from a
theoretical point of view because it (better) reflects the underlying assumptions regarding
geometrical imperfections made during the calculation of the numerical buckling curves. More
importantly, it is far better suited for the “grouping” of sections with regard to their geometrical
properties (h/b). This is shown in Fig 6-25 through a comparison of “best-fit” values of o1 for
some representative sections and expressions (6.38) and (6.39). The sections are ordered with
ascending h/b ratio. Up to IPE200, all sections have values of h/b=<2.0, the classification limit for
the LT buckling rules in EC3.

Fig 6-25 shows that, if the parameter h/b with a classification limit at 2.0 were to be maintained,
only expression (6.38) allows for a satisfactory representation of the actual behaviour. For this
formulation, a tendency to an increase of the best-fit value of oLt with increasing h/b is (at least
qualitatively) noticeable. For formulation (6.39), no such tendency was observed, showing a
remarkable scatter depending on the rolling series (HEAA, IPE, HEM), especially for sections with
h/b<2.0.

Thus, maintaining the classification limit at h/b=2.0, values of art according to Table 6-3 are
proposed. This proposal is shown in Fig 6-25 as a dashed horizontal line. In Fig 6-26, it is compared

to numerical values of m plotted over A

h/b hot-rolled I & H

<2.0 orL=0.28

>2.0 GLT:0.38

Table 6-3  Proposed categorization according to h/b for the approach of section 6.8.3.

When compared to Fig 6-20, the improved accuracy of this proposal in contrast to the current
Eurocode provisions is probably not immediately appreciable. This is better shown in Fig 6-27,
which compares the new analytical curve calculated using Table 6-3 with the numerical curve in
terms of the buckling reduction factor yrr; thereby, the sections with the largest observed
discrepancies between the numerical value n,m and m according to Table 6-3 were chosen. Again,

both the classical x-i and the Merchant-Rankine representation are used.

Even for these four sections, the error in the prediction of yrt is small within the practically relevant
lengths with L/h=<25. If discrepancies beyond a few percentage points are observed, they are
consistently “safesided” and occur only at the upper limit of applicability of the respective section.
As the comparison of the lines for the HEM200 section in Fig 6-27 shows, the proposed analytical
formulation does not allow for a representation of the post-critical behaviour that was observed for
very stocky sections; this is however of no practical relevance, since this behaviour only occurs at

unrealistically large lengths.
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Fig 6-26 Generalized imperfection m for all numerical buckling curves and proposed

approximation.

The formulation proposed in this sub-section is therefore able to represent the numerical LT
buckling curves with good accuracy, whereby the geometrical classification limits of h/b in EC3 are
maintained. When compared to the current EC3 curves, the proposal is much more accurate
(compare Fig 6-27 with Fig 6-15) especially because the new factor (XLT /N )* accounts for the
most relevant characteristics of each beam.

1.0 3 1.0
—o— GMNIA
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. J IV
0.0 : : : 0.5 ! — 34
0.0 0.5 1.0 15 20 00 0.2 0.4 06,5 0.8 1.0
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Fig 6-27 Comparison of the numerical and proposed analytical curves; “worst-fit” sections.
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6.8.4. Introduction of an additional “cross-sectional” factor

While the approach presented in the preceding section is already sufficiently accurate and simple
for a code regulation, it still has one major disadvantage from the point of view of mechanical
coherence: it doesn’t directly reflect the change of residual stresses that —in consistence with the
derivation of the column buckling curves- was assumed to occur at the depth-to-width ratio of
h/b=1.2. As a matter of fact, art in Table 6-1 and 2 is higher for sections with lower residual

stresses, which is neither logical nor consistent with the column buckling case.

Therefore, an additional factor must be included, while at the same time simplicity must be retained.
By observing the best-fit values of oyt for expression (6.38) —see Fig 6-25-, it was found that the
increase of this value is approximately proportional to (h/b)*> or, with far greater accuracy, to the
square root of the ratio of the two elastic section moduli Wy /W, . By dividing m by this new
factor, Fig 6-28 is obtained. Thereby, the numerical values of m are conveniently separated for
sections with h/b>1.2 (a) and h/b=<1.2 (b). When compared to Fig 6-26, the introduction of the new
factor (Wy,el/WZ,el)O‘5 results in a remarkable reduction of the scatter of the numerical lines. What is
even more remarkable, the slope of the mnum curves is now consistent with the change of residual
stresses at h/b=1.2.

A proposal can therefore be made: the buckling reduction factor can be calculated using equation
(6.30) and the value of @1 expressed by (6.43).

—2 —2
1 Ar 72 |1 Y ALt | 32
(DLT:E 1+n'%+}\‘LT :E 1+(X,LT'(}\«Z_O.2)'%+}\‘LT (6'43)

The value of a1 can be taken from Table 6-4. The red, dashed lines in Fig 6-28a and b show the
resulting function for the generalized imperfection m.
0.6 0.6

1 h/b>1.2

— 12
@1+ \/‘I’LT2 — AT

AT =

1 PV R
0.4 +— Pp==H1+ _LT2 A +ALT
2 Az

+0.3 | 235MPa +0.5: 235MPa
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
. a) . b)

Fig 6-28 Reduction of scatter by introduction of an additional factor.
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h/b hot-rolled I&H

< 12 oLT— 016 : \’ Wy,el / Wz,el
>1.2 0~LT:0'12 Y} Wy,el / Wz,el

Table 6-4  Generalized imperfection amplitude coefficients for the proposed formulation.

Finally, the analytical buckling curves ypr=f( XLT) resulting from the proposal made in this sub-
section can be compared to the numerical curves, see figure Fig 6-29a. The comparison is carried
out for four representative sections, illustrating the remarkable degree of accuracy that is achieved
by the proposed formulation. For all considered sections, the error in the prediction of yrr is
extremely small in absolute and in percentage terms, with the exception of members with large

ALT , where a small, safe-sided divergence is present.

If the accuracy in the region of large slenderness is deemed to be insufficient, it can easily be
increased by introducing a limit value of m; for example, if m is set to be constant for values of ALT
>1.1, we obtain analytical curves of the shape shown in Fig 6-29b. For the sections shown in that
figure, the maximum error on both the “safe” and “unsafe” becomes negligibly small for all
member within the realm of practicality. A comparison between Fig 6-22a and b —where the
proposed “cut-off” is signified by the horizontal line beginning at Ar=1.1- helps explaining this:
beginning at ALt =1.0, Mnum diverges from a straight line; by introducing a “cut-off” limit of n, this

1s somehow acknowledged.

Thereby, it helps that the precision of m rapidly loses relevance with increasing slenderness; thus,
even this very coarse approximation of the “non-linear” segment of the mu,m curve already results in
an appreciably higher accuracy in terms of y . Of course, whether or not the cut-off limit discussed
in this paragraph is worthwhile of inclusion in a design provision should be considered in light of

the overall safety requirements of the proposal.

In this respect, the Montecarlo simulations carried out in section 6.10 point out that the numerical
buckling curves obtained from nominal material and cross-sectional values and “fixed” amplitudes
for geometric imperfections (Eo =L/1000) and residual stresses do not have the same level of
reliability throughout the slenderness ranges. While such curves were shown to be clearly “safe-
sided” at low slenderness, and in good agreement with the target reliability for “characteristic”
values in the most common practical range of slenderness, the curves tended to fall above the values
representing this “target” level of reliability at high slenderness. The reason is that imperfection
types become relevant, from a probabilistic point of view, that are not necessarily sufficiently

covered by the fixed imperfection assumptions made during the numerical GMNIA calculations.

151



6. Lateral-Torsional Buckling of I- & H Beams

1.0 \ 1.0
<
o, il
Y \ for all ALT
0.8 1 5 0.8 1
LS \n:(XLT'(Xz—O.Z)
- 0.6 1 0.6 1
271 HEM320|
< HEB400|
= 04 - IPE240 0.4
5 HEAA900
= —_—
0.2 - = 0.2
Mc_m M
0.0 w v v 0.0
0.0 0.5 1.0 1.5 2.0 0.0

A LT

—o— GMNIA
- - EQU.

for ALt >1.1
1 = const.

HEM320
HEB400)|
IPE240
HEAA900

0.5 1.0 1.5 2.0

r b)

Fig 6-29 Numerical vs. analytical curves - proposal of section 6.8.4 (a); introduction of a cut-off

limit of m (b).

This is exemplified by the plots in Fig 6-30. They show the results of the Montecarlo simulation of

section 6.10 for an HEB 400 section, with mean values and m +/— 2s values marked by the dots in

the vertical lines, as well as a numerical buckling curve for this section — calculated according to the

criteria mentioned in section 6.6- and the analytical curve that results from (6.30) and the value of

@1 expressed by (6.43).

1.50

1.25 1

1.00 ¢

0.75 ~

X‘LT,nom
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— EQU.
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0.0 0.2 0.4 0.6

T

T

0.8 1.0

LT,nom

1.6 1.8 2.0

Fig 6-30 Results of a Montecarlo simulation for a HEB 400 compared to a numerical buckling

curve and the analytical formulation of section 6.8.4.
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In section 6.10, it is discussed with more detail that the numerical curve with “fixed” imperfection
amplitudes changes from a very low fractile to one that falls within the interval m-2s<y;r<=m with
raising slenderness. Fig 6-30 shows that the tendency of the analytical curve to fall below the
numerical curve at a slenderness exceeding ALr=1.0 actually has the welcome effect of
compensating this effect. In light of this, it makes sense to maintain (6.43) in its proposed form, at
least for hot-rolled sections.

6.8.5. Welded sections and other residual stress distributions

In order to encompass the scope of the current “specific case” LT buckling formulae found in EC3,
the description of LT buckling curves presented in the previous section 6.8.4 must be expanded to
include welded sections that are geometrically “comparable” to the commercial hot-rolled sections.
This has been done and is illustrated in Fig 6-31. The figure shows that the parameters discussed in
the previous section again allow for a description of the slope of the numerical values of m in the
practical, intermediate slenderness range. A “best-fit”, least-square calibration of arr to the
numerical yr values for all studied sections led to a value of apr=0.21- /W, ., /W, in the case of
welded sections in the studied h/b range of 1.0 to 3.3.

The distinctive bend around XLT =1.0, discussed in section 6.5.2, is very noticeable both in terms of
the generalized imperfection coefficient m and in terms of yrr. Again, the accuracy of the
description could be improved by introducing a “cut-off” limit for m, but this is not followed
through here. More pressingly, it is the assumptions regarding residual stresses in welded sections

themselves that would be worthwhile of a deeper reconsideration, see section 6.5.2.

0.6 7 1.0
AT = — —o- GMNIA
D1+ O™ —ALT - - EQU
2 1 o8/
1 LT 7
0.4 1 Ppr =g l—=—n+MT 7
Az /
3 ) g}/ — 06
= Q¥ —
Q _ -
EN Py == = HEA200
2 02 " = 04 1 _HEB600| g e
= " IPE240)| S
, 2 HEA1000
”welded profile 0.2 =
0.0 5 h/b-1.0-... 3.3 =L
e MCx 2OM
-0.2571,
T T T T 0.0 ; ; ;
0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 15 2.0
7z a) )\’LT b)

Fig 6-31 Generalized imperfection coefficient for welded sections (a); buckling reduction factors

for four selected sections (b).
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From a theoretical point of view, the most interesting finding is the fact that —again- the
assumptions regarding residual stresses are reflected by the best-fit value of ayr. In this context, it’s
worthwhile to add another “extreme case” to the considerations made herein, i.e. the case in which
no residual stresses at all are considered. Fig 6-32 shows the results of numerical calculations for

both in terms of the factor m and i r, as well as the results of the analytical formulation (6.43) with

a best fit value of 4 1=0.08- /W, /W, .

Again, the agreement of numerical and analytical curves is excellent in the slenderness range up to

ALt =1.0, although the curves seem to separate slightly before this slenderness in this case.

It can be concluded that the proposed formulation (6.30) with (6.43) is very well suited to represent
the LT buckling strength of I- & H-beams for any range of geometrical properties (h/b, Wy, W, ...)
and given set of assumptions regarding residual stress distribution and amplitude — the latter,
however, requires a specific calibration, resulting in different values of oyt for different underlying
residual stress distributions. This is fully consistent with the flexural buckling case.

The following potential for further improvement is given by the proposed equation: it can be
asserted that a better knowledge of the actual residual stress amplitudes and distributions found in
hot-rolled and —even more importantly- welded I- & H-beams would make it worthwhile to develop
an expression for ot that is a function of the residual stress amplitude and distribution, hence
allowing for an inclusion of the (expected) residual stresses in the design function; this would allow
for a consideration of such effects as stress relief heat treatment (“opr= 0.08-, /Wy’el /W, q7) or
improved welding procedures with low heat input (“op1<0.21-, /Wy,el W, 7).

0.6 1.0
—o— GMNIA
- - EQU.
0.8 -
LQ -4
9;0.4 6...=0
EN = Zero res. stresses 0.6
5 h/bl1.0... 3.3 L HEM320
= | =3 HEB400)|
IPE240
= 04 4 —PELt)
- HEAA900
N
0.2
i i i i 0.0 i v v
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0
_z a) Ay b)

Fig 6-32 Generalized imperfection coefficient for sections without any residual stresses (a);

buckling reduction factors for four selected sections (b).
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6.8.6. Cross-sections with “extreme” geometry - limit values of aLr

All calculations up to this point dealt with commercial, hot-rolled sections of the European IPE or
HE series, as well as with “equivalent” (that is similar) welded sections. The cross-sectional factor
JWy.er/ W, was shown to be an accurate descriptor of the behaviour of these sections; however,
the factor does not asymptotically approach any constant finite with increasing ratio Wy /Wi,
meaning that for very deep sections, or any sections with “extreme” ratio Wy /W, the generalized
imperfection becomes increasingly, excessively large. In other words, it can be expected that this
approximate classification factor will not be accurate enough to describe the behavior of at least
some, extreme cross-sections. A limiting value of opr might be necessary, whereby the most
straightforward —and desirable- such value is given by oz, the generalized imperfection amplitude
valid for out-of-plane flexural buckling. The reasoning behind the last statement is that the flange of
a very deep section with (comparatively) low torsional rigidity should behave similarly to a column

in weak-axis buckling.

In order to check the validity of this reasoning, the sections shown in Fig 6-33 were added to the
pool of studied sections. These sections include three (fictitious, non-commercial) hot-rolled
sections, one with a very wide flange (ratio h/b=0.75) and a thin web, one very slender rolled
section with h/b=6.6, and one section with h/b=4, but with very thick web and flanges, making this
a torsionally very rigid section in spite of the high h/b ratio. Two welded sections were also studied,
one with a very high h/b ratio of 10, and one with h/b=1.0 and thick plates. The residual stresses
were assumed as shown in the figure, which means that no distinction between h/b ratios was made
in the case of hot-rolled sections. The geometrical imperfections were assumed to have a shape
affine to the eigenmode and to have an amplitude of eo = L /1000. The single sections are identified
in the figure by “R” for rolled and “W” for welded sections. The exact geometrical input data is

contained in Table 6-5.

This table also contains the values of ot that are obtained by applying the formulae in Table 6-4,
as well as the value of 0.21- /W, /W, , shown to apply for welded sections in 6.8.5. It also

contains the value aprmax=0z, which is assumed to be the limiting value of the generalized

imperfection.
hot-rolled sections (fictitious) welded sections
G (=]
== T S 235 15 4101,
{ M=const. jﬂ -0.25f,
= €p=L/1000 =
ey
+0.31, -0.25f,
=t = I

Fig 6-33 Studied “extreme” geometries; “hot-rolled” (fictitious) and welded sections.
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R1 R2 R3 W1 w2
h [mm] 450 990 400 1000 300
b [mm] 600 150 100 100 300
te [mm] 30 31 35 40 30
tw [mm] 8 16.5 35 15 30
r [mm] 20 30 35 - -
It [em®] 1076.8 524.5 1384.1 530.2 756.1
OLLT* 0.171 0.642 0.412 1.339 0.343
OLLT,max™ oczwk 0.34 0.64

: 0.12- (Wy,el/WZ,el)O'S for all hot-rolled sections, all (h/b); 0.20 (Wy,e]/Wz,el)O'5 for welded sections
™ 0.34 for hot-rolled, 0.64 for welded sections (0.21/0.16 * 0.49=0.64)

Table 6-5 Studied “extreme” geometries and underlying imperfection amplitudes oy r

One might notice that the value of arrmax for welded sections (0.64) is higher than the value for a
found in the Eurocode for these sections; this stems from the fact —not discussed in full detail here-
that the value of o, for welded sections is not fully compatible with the now-common residual stress
assumptions for welded sections; as a matter of fact, Young & Schulz (1977) clearly state that the
theoretical/numerical calculations that led to the establishment of buckling curve ¢ for weak-axis
buckling FBzz of stocky hot-rolled and welded columns were all based on the same assumption

regarding residual stresses, and that is the one used for stocky rolled sections.

As a consequence, it can be shown that the imperfection factor a, should be somewhat higher to
accurately describe (column) buckling curves calculated with the “welded” residual stresses of Fig
6-33. This also was reflected in the value of o 1=0.21- /W, /W, shown to apply for welded

y.el
sections in LT buckling. This factor is 31% higher than the one that applies for stocky rolled

sections (0.16- /W, /W.

y.el z,el

31% above the value of 0,=0.49; Thus oLt max 1S set to 0.64 for welded sections.

). Therefore, the upper limiting value of ot max is also assumed to lie

Having concluded these introductory considerations, it is now possible to study the behaviour of the
sections in Fig 6-33 by means of numerical GMNIA calculations, and to compare these results with
the results of the new design formulation of section 6.7 and 6.8 for the different values of oy, as

well as to the current Eurocode rules.

For hot-rolled sections, this is done in Fig 6-34. Figure a shows the behaviour of the very stocky
“R1” section. For this section and the given imperfections, for which the formula of Table 6-4 for
h/b>1.2 is applicable in spite of the actual ratio, a value of o 1=0.171 is calculated. This value is
much smaller than the applicable a,=0.34, hence leading to a very high buckling curve. The

question was whether or not this behaviour corresponds to the realistic, GMNIA behaviour.
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Fig 6-34 GMNIA buckling curves for fictitious hot-rolled sections with “extreme” geometry;
comparison with EC3 rules and with the new design formula.

The main concern regarding such an unusually stocky section, with wide flanges and a thin web, is
that the formulation yields too high values, which would be the case if the two flanges acted
“independently”, as a two-point cross-section. However, as Fig 6-34a shows, the “EQU” curve
representing the new formula and the GMNIA curve almost overlap up to a slenderness of ALt of
ca. 0.8; at this point, the analytical curve safe-sidedly diverges from the numerical one. It should be
mentioned that, once again, this divergence only occurs at very high, non-practical lengths: a
slenderness of Art=0.8 corresponds to a length of 17.55 m for this section, i.e. to a L/h ratio of 39.

The formulation for apt therefore seems to be able to accurately describe the behaviour of even
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very stocky hot-rolled sections, at least within the practical ranges of length. The advantages in
accuracy of the new formulation in comparison to the EC3 rules are also clearly felt for such a
section.

Fig 6-34b shows the GMNIA buckling curves for the deep, slender R2 section and the resulting
curves according to the new formulation, evaluated for the values of apr obtained from
OLLT:O.IZ"/Wy’el / WZ’el =0.642 and for orLrmn=0.34. As the figure shows, the curve for
o 7=0.642 lies much too low for this section, which is what was expected in the first paragraph of
this sub-section; the correction factor /W,
shape. Indeed, the postulated limiting value of ot max=0,=0.34 is much better suited to describe

/'W, . is not accurate anymore for sections of this

sections of this type, as is clearly illustrated in the figure.

A partly similar, partly opposite tendency is observed in Fig 6-34c for the R3 section; this deep and
narrow, yet very thick and torsionally stiff section features a GMNIA buckling curve that lies well
above both FEurocode curves. It also lies well above the curve calculated with o =
0.12-,/Wy,el /W, =0.412, and is most accurately described by the curve calculated with the
limiting value ot max=0,=0.34. The proposed formulation, combined with the limiting value of

oL T=0,, thus seems to satisfactorily describe all studied hot-rolled sections.

The studies conducted for the two welded sections W1 and W2 are illustrated in Fig 6-35. For the

slender, deep section W1, the expression oap=0.21- Wy7el

Fig 6-35a to lead to a buckling curve that lies significantly below the numerical curve; by

/W, =1.339 is again shown in

introducing the “limiting value” of ap1=0.64 discussed above, the description becomes very

accurate.
10 f V' [ cmNA
\ = |--Eau.
\ M7 |__ EC3
0.8 - GC/SC
\
O 6 CXLT=0.343
gﬁ.
o
= 04
T @
0.2
00 T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

}\‘LT b)

Fig 6-35 GMNIA buckling curves for welded sections with “extreme” geometry; comparison with
EC3 rules and with the new design formula.
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For the very stocky section in Fig 6-35b, the expression o r=0.21- /W,

/' W, =0.343 is shown

to be very accurate within the practical ranges of length.

/W,

z,el >

In summary, it can be said that the general formulation oyt=a; ;- /W. with a1 being a

y,el
constant, should be amended by a limiting value corresponding to o, for hot-rolled sections, and a
modification of o, for welded sections. While this limiting value hardly becomes effective with the
common geometries of commercial hot-rolled members, its introduction allows for an accurate and

safe description of even some rather unusual sections.

Additionally, the limiting value has the advantage of making the inherent, equivalent imperfections
— to be used e.g. in a second-order calculation- more consistent with the weak-axis flexural column

buckling case. These can be calculated quite simply from (6.44), also see (6.40):

co = n.‘Zz -MIN{ag; (%, -0.2):a, | ‘X (6.44)

With the inclusion of the limiting value, a beam designed against LT buckling using a second-order
calculation and a stress-based limit state will require an equivalent geometric imperfection that is
lower or equal to the one that applies for weak-axis flexural buckling. This is theoretically desirable

and particularly advantageous when one thinks of an application with combined loading N + M.

Finally, the following Table 6-6 is proposed for the calculation of the generalized imperfection

amplitude a1 for the design of hot-rolled and welded I- & H-sections.

h/b hot-rolled I & H Welded I & H

<12 |aur=0.16- /W, /W, <0.49
: aLT=0.21~ W, el
>1.2 =012 /W, /W, <0.34 g

Table 6-6  Generalized imperfection amplitude ayr and its limit values; final table.

/W, £0.64

z,el —
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6.9. Treatment of non-uniform bending moments

In this section, an expansion of the proposed, new formulation for the buckling reduction factor yrr
is presented that allows for a simple and accurate inclusion of the effects of non-uniform bending
moment diagrams on the LT buckling strength of I- & H-sections. Since this formulation depends
on a correct calculation of the normalized slenderness A and hence of the elastic, critical bending

moment M., for the non-uniform moment case, this aspect is discussed first in the following.

6.9.1. Euler critical buckling moment

The formulae for the calculation of the elastic critical bending moment were given in section 6.2. It
was pointed out that, in the widely used, so-called 3-factor formula (equation (6.1) respectively the
subsequent simplification), the factor C; serves as the correction factor that modifies the critical
moment M, for uniform bending moment to obtain the applicable value for non-uniform moments
Mernu:

M =C M, (6.45)

cr,nu

Similarly, and bearing in mind that the critical bending moment is used primarily to calculate the
normalized slenderness Art, it is also common to see the use of a modification factor k. to be

applied to the slenderness:

AT = K, - ALT (6.46)

Due to the definition of Art =, /M, /M, and the fact that My, is constant for prismatic members,

C, and k, stand in the following relationship:

ko= (6.47)

C
VG
Many solutions for either C; or k. are found in the literature for a variety of load cases. The ENV
(1992) version of Eurocode 3 part 1-1 contains values of C; in form of a table; selected values of

C,, as well as the corresponding values of k. calculated using (6.47), are given in Table 6-7.

Specifically for the case of a linear bending moment diagram, several slightly different formulae for
C; or k. are found in the literature. Trahair (1993) mentions the following two, whereby the first one

is originally taken from Salvadory (1955):
C,=1.75-1.05-¥ +03-¥> <25 (6.48)

L 55 (6.49)

1T 06104-%

Additionally to, and slightly diverging from the values in Table 6-7, ENV 1993-1-1 contains the

following formula:

C,=1.88-1.40-¥+0.52-¥><2.7 (6.50)
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Moment diagram Ci[-] ke [-]
] 1.00 1.00
~_ ~ 1.132 0.94
A 1.285 0.88
-~ 1.365 0.86
B 1.565 0.80

¥=+0.5; C,;=1.323 0.87

M| yM ¥=+0.0; C,=1.879 0.73

¥=-0.5; C,=2.704 0.61
Y=-1.0; C,;=2.752 0.60

Table 6-7  Values of C; according to ENV 1993-1-1 (1992), and cooresponding values of k., valid

for double-symmetric beams and end-fork conditions, load acting in the centroid

Finally, EC3— EN 1993-1-1 clause 6.3.2.3 gives the following formula (6.51) for k. for the beam

under constant moment gradient. All four formulae are evaluated and illustrated in Fig 6-36.

1

Kk =——mM (6.51)
¢ 1.33-0.33-¥
ENV 1993 (1992)
_——— Salvadory (1955)
————— +—  Trahair (1993)
.............. ke -EN 1993-1-1
28 1 1.0
26 1~ e
— MM e
2.4 1 0.9 1 /-
2.2 //
2.0 1 0.8 1 7
w R
= 1.8 o _//
O 16 0.7 1 /
1.4 1 L .z
1.2 4 0.6 1
1.0 4
0.8 — 0.5 —
-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
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Fig 6-36 Values of C; and k. for constant moment gradients.
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6.9.2. Elasto-plastic behaviour (GMNIA)

Throughout this chapter, it was shown that the buckling reduction factor yrr is greatly variable
when plotted over ALT , with the resulting buckling curve’s position and shape depending on a
variety of factors that are not sufficiently taken into account by ALt alone. This is again true for the
case of non-uniform bending moment diagrams, as is shown in Fig 6-37. The figure illustrates
numerical, GMNIA buckling curves for a hot-rolled IPE 500 section and a variety of bending
moment diagrams. The numerical values of yrr were obtained for geometrical imperfections

corresponding to the first (LT) eigenmode shape and with amplitudes of Eo =L/1000.

While the reduction factors yrt in the figure all refer to the same value of My, it shall be noted that
the value of Art was consequentially calculated with the correct value of M,,, using the results of
numerical bifurcation analyses and validating them by comparison with the values of C; discussed
in the previous sub-section. Therefore, the studied IPE 500 section will have different lengths,

depending on the moment diagram, for a given value of ALT.

The figure clearly illustrates that, due to reasons that are discussed with more detail farther below,
the buckling curves are greatly influenced by the moment diagram when plotted over ALT.
Specifically the “plateau” value of the curves is clearly very heavily influenced by the moment
diagram. Indeed, the differences are so large that ignoring them will necessarily lead to an
uneconomical design. This is better illustrated in Fig 6-38. In this figure, GMNIA results are plotted
for an IPE 500 section and a linear bending moment diagram with M=0 at one end of the beam.
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0.0 05 1.0 15 2.0
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Fig 6-37 Numerical (GMNIA) values of yir for an IPE 500 section and different bending moment
diagrams; steel grade S 235, residual stresses according to Fig 3-1.

The results are compared to the two different codified LT buckling curves for this section according

to the Eurocode, as well as to the (unmodified) formulation developed in section 6.7 and calibrated
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in section 6.8.4. Again, ALt is calculated using the correct value of M., for all cases. The figure
shows that, without modification, neither the Eurocode formulae nor the new formulation are
accurate in any but the very large slenderness range. The largest differences occur at low
slenderness, which especially for the particular load case studied in Fig 6-38 is the practically most
relevant range.
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Fig 6-38 Comparison of unmodified LT buckling formulations with GMNIA results for moment
gradient.

Thus, the buckling reduction factors must be modified if accuracy ought to be improved. Before this
is done for the new formulation proposed in this thesis, the current rules in the Eurocode 3 are
briefly discussed.

6.9.3. Treatment of non-uniform bending moments in Eurocode 3

In the Eurocode 3, the impact of the bending moment diagram on the buckling reduction factor yr
is only explicitly addressed in the so-called “specific case” discussed in clause 6.3.2.3 of the code,
which was specifically calibrated to double-symmetric hot-rolled (or equivalent welded) sections. In

this case, the reduction factor yr valid for the “specific case” (SC) is modified by a factor f as

follows:
AL <1.0
AT mod = 22 _ (6.52)
FEmd T
f :1—0.5.(1—kc)[1—2.0-(2m —0.8)2} <1.0 (6.53)

This formulation was proposed by Lindner (2000) and based on curve-fitting of an extensive series
of GMNIA numerical calculations (Greiner et al., 2000). Specifically, the factor f was calibrated to

give best-fit results when applied to the “specific case” formulations valid for the constant moment
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load case. It was found to be convenient to make use of the factor k., which was discussed in
section 6.9.1, to include the influence of a variable moment diagram by using the information

contained in this factor concerned with elastic bifurcation.
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Fig 6-39 “Specific case” buckling curves for different bending moment diagrams according to the
Eurocode (a); modification factor 1/f (b).

The resulting factor yrrmod and the factor 1/f are plotted in Fig 6-39. The figure shows that the
factor 1/f, which indicates the increase of the buckling factor .t when compared to its un-modified
version, was formulated so that it has a parabolic shape when plotted over ALt and reaches its
maximum at ALt =0.8, with a value of 2/(k.+1). This was observed to be in good agreement with
the numerical results. At a value of Art=1 .5, the un-modified value of yrr is again valid for all load

cascs.

The presented treatment of non-uniform bending moments using the factor f has the advantage of
being fairly straightforward and often quite accurate when compared with FEM calculations. It

does, however, present the following disadvantages:

i.  The factor f was fitted to be accurate when used in combination with the “specific case” LT
buckling curves of EC3. Since the formulation yrtsc itself must be correctly seen as curve-
fitting to FEM calculations amended by the statistically justified plateau value, the accuracy
of the factor yrrmoa depends heavily on the accuracy of yrrsc; the latter was shown to be
high only for some sections, see Fig 6-15.

ii.  Since the factor f has no mechanical justification, other than resulting in a good fit of
numerical curves when used in combination with the Eurocode “specific case” factors for
yLT1, 1t has been questioned whether or not it can be used in combination with other LT

buckling curves, e.g. with the “general case” curves of the same code. Through a “loop-
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hole”, this possibility is not entirely excluded by the code, which leaves the option open for
so-called “nationally determined parameters”. From a “safety” point of view, one can also
show that the factor would actually always be “conservative” when used in combination
with the (generally lower) general-case curves. Nevertheless, it is clear that this use was not

intended by the developers of the factor f, and is mechanically entirely unfounded.

6.9.4. Proposal for an adaptation of the new formulation

The development of a new, specific formulation for yrt in section 6.7 and the calibration of section
6.8 proved to be very accurate and effective for the case of uniform bending moments. However, in
Fig 6-38 it was shown that not even this new, specific formulation (referred to as “new formulation”
in the following) is able to accurately describe the course of a numerical buckling curve for cases
with non-uniform bending moment diagrams. This is of course not surprising and explicable by the
fact that the formulation was derived only for the basic case of constant bending moments.

It is therefore clear that the newly developed formula of section 6.7 and 6.8 must be modified in
order to obtain an accurate formulaic description of the realistic buckling behaviour of members
under non-uniform bending moments. Thereby, existing modifications, specifically the factor f of
the Eurocode 3, cannot directly be applied due to the reasons given in the previous section, where it
was shown that f can correctly only be used in conjunction with the “specific case” buckling curves
of the code. If the factor were applied to the new formulation, it would also often be “unsafe”, since
the new formulation yields values of .t that can lie above the specific-case curves.

A different, new type of modification is therefore introduced in the following, which is based on

realistic assumptions and approximations regarding the ultimate LT buckling behaviour.
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Fig 6-40 Basic idea: introduction of an “over-strength” factor ¢.
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The result is a factor yrrn, 1.€. @ modified version of the “new formulation™ for y;r introduced in

section 6.7, which takes into account the non-uniform bending moments. The basic idea behind the

development of this formulation is shown in Fig 6-40.

The plot on the left of Fig 6-40 shows a qualitative, plausible extension of the GMNIA buckling

curves presented in section 6.9.2. This fictitious extension can be interpreted as follows:

1.

ii.

In the case of bending moment diagrams with constant moment gradient, the main effect
leading to the observed shifting of the plateau value of the numerical buckling curves
towards higher values of slenderness is given by the fact that the location of the maximum
(first-order) bending moment in the beam at failure does not correspond to the location of
failure x¢; the former is at the beam’s extremity, while the latter is at a certain location
within the beam’s free span. By observing the shape of the (extended) curves, one can see
that this has a quite similar effect to the one given by an “over-strength” of the material,
confront with Fig 6-12; the influence is largest at very low slenderness, and vanishes at very
high slenderness. This “over-strength” ¢ is of course actually not related to the cross-section
capacity itself, but to the moment that would need to be applied at the beam’s extremity in
order to reach M), at the location of failure. This end moment is also the one to which Mg,
M, and yr refer. If we assume that, in the case of constant moment gradients, ¢ indeed
only depends on the difference between the location of maximum moment and failure xy, it

can be calculated as follows:

I
T P+(1-%)-(1-x, /L)

¢ (6.54)

The difficulty of evaluating (6.54) is of course entirely given by the identification of the
failure location xr. In principle, this location can only be determined by a non-linear
calculation, which defeats the purpose of developing a buckling design formula in the first
place. However, it can be shown that —in the simple, yet practically most relevant cases- the
failure cross-section is fairly stably located at certain fractions of the total beam length.
Some examples are given in Fig 6-41a for an IPE 500 section with eigenmode-conform
imperfections of amplitude e0 =L/1000. In this figure, the failure location was identified

by the location of the maximum (plastic) strains in the compression flange at failure.

In the case of variable moment distributions with a clearly identifiable failure location, i.e.
for example failure at mid-span for a concentrated load at the same location, the beneficial
effect in terms of y 1 is less pronounced, see again Fig 6-40. However, in principle the same
“over-strength” behaviour is observable. As is indicated in the figure, in this case this cannot

be attributed to a mismatch of failure and maximum load position, as these are the same.
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Fig 6-41 Results of GMNIA calculations for an IPE 500 section of S235, L, =2.0, contour plot of

Mises stresses in the compression flange at failure.

As was pointed out by Greiner et alt. (2000), this must much rather be attributed to a
difference in the size of the plastic zone surrounding the exact failure location/cross-section.
In Fig 6-41b, the length of the plastic zone at failure, defined as the distance between the
outermost locations where the yield strain has been exceeded, is compared for three typical
moment diagrams. While the higher “supporting” action cannot be directly quantified from

these figures, they do point out the general tendency.

In summary, it can be stated that the observations made regarding the influence of the moment
diagram in the GMNIA calculations of Fig 6-40 can primarily be interpreted as the effect of an
“over-strength” factor ¢ with respect to the maximum moment in the beam at buckling. In order to
incorporate this “over-strength” in the design formula for yrt developed in section 6.7, the terms
containing “Mp,” must be replaced with “M,; * ¢”. This results in the following modification to the

limit-state formulation:

— ALt
ALT [0)
1 .. 2L — 10 (6.55)
(P }\‘Z 1 m® }\‘LT
®
with: n=oy;-(2:-02) (6.56)

and o1 taken from Table 6-4.
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Equation (6.55) can again be solved as follows:

Yor = <10 (6.57)
D, +\/q)iT —@-ALT

1 »
with Dyp=|1+o- PRALLI (6.58)

The value of yr is limited by 1.0 in this formulation in order to cover all cases where the failure
criteria is given by the cross-sectional capacity at the location of the (reference) maximum moment

alone.

It must be clearly stated that the above formulation is a simplificaton of the actual behaviour. The

following assumptions are thereby made:

1. The second-order buckling amplification factor 1/(1-y, ~XLT2 , shown in section 6.7 to
be applicable to the LT buckling case under constant bending moment if eigenmode-conform
imperfections are considered, is applied without modification; in reality, non-uniform
bending moment diagrams would require a (moderate) modification of this factor to be fully
accurate, as is the case for amplification factors applied to columns with variable shapes of
initial imperfection and/or lateral load.

1.  The generalized imperfection amplitude m, calibrated in section 6.8, is taken to be valid in
this formulation. This is justified by the fact that the same geometrical and material
imperfection amplitudes are applied in the GMNIA calculations, with the only difference

being the shape of the imperfection.

In practical terms, these simplifications do not necessarily affect the accuracy of the resulting
formulation. As a matter of fact, the newly introduced “over-strength” factor is conveniently used to
also cover the inaccuracies stemming from the above simplifications, additionally to the actual
physical effects that it is intended to take into account (i.e. the distance between failure and loading

point, respectively the influence of the size of the plastic zone).

For practical applications, a table (Table 6-8) is proposed containing values of ¢ for some typical
bending moment diagrams, to be used in (6.57) and (6.58). As the following section shows, these
values give very satisfying result in terms of accuracy. They were obtained through a series of 96
GMNIA calculations (8 sections, 12 load cases).

The proposal spans values of ¢ ranging from 1.00 to a maximum of 1.267 at W=-1/3 in the case of a
constant moment gradient. In the case of non-uniform moments with maximum sagging moment at
mid-span, values of 1.05 and 1.11 were found to apply for parabolic and triangular diagrams,
respectively. Interestingly, the shape of the curve between the two values at the extremities seems to

be the predominant factor in these cases.
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Moment diagram o [-]
E— 100
~ b4 1.05

~_ %74 1.11
M yM 1.25-0.1-y —0.15-y*

Table 6-8  Proposed values of ¢ for hot-rolled and welded I- & H-sections.

Fig 6-42 shows the results of some of these GMNIA calculations in terms of ¢, calculated by
identifying the failure location in the numerical calculation and applying equation (6.54) for a series
of hot-rolled I-sections with values of h/b spanning from 1.0 to 3.30, and loaded by a constant
gradient bending moment. The failure location was thereby identified as the position of the cross-

section where the maximum strains occurred.

Additionally, the figure shows a formulaic approximation of the GMNIA results, obtained from a

polynomial regression analysis.

The scatter indicates that any formulation of this type can only be an approximation, as the exact
failure location is dependent on the section type itself. Nevertheless, the general tendency of the

values of @ can be described fairly well by a parabolic approximation.
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Fig 6-42 GMNIA results in terms of @ for contant moment gradients and hot-rolled I- & H-

sections.
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6.9.5. Accuracy of the new formulation

The accuracy of the proposed expansion of the new formulation to a number of cases with non-
uniform bending moment is demonstrated in this section by comparing the results of GMNIA
calculations with an evaluation of (6.57) with values for ¢ taken from Table 6-8. Thereby, results
for two typical hot-rolled beam sections are included, i.e. an IPE 500 and an HEB 400 section.
These are representative of slender and stocky sections, respectively. All calculations were carried
out for steel grade S235, and for eigenmode-affine initial imperfections with amplitude e0=L/1000.
The results of these calculations are shown in the following figures (Fig 6-43 - Fig 6-45). The
accuracy of the proposed formulation is apparent. In order to be able to better appreciate gains in
comparison to the current Eurocode design practice, the applicable formulae (general case and

specific case modified by the factor f) are included as well.
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Fig 6-43 Accuracy for parabolic and triangular moment diagrams with maximum at mid-span.
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Fig 6-44 Accuracy for various non-uniform bending moment diagrams.
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Fig 6-45 Accuracy for constant gradient bending moment diagrams
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Fig 6-43 to Fig 6-45 show that the proposed, new formulation is able to describe the behaviour of
the GMNIA model beams better than the current Eurocode 3 formulations. However, it shall not
remained unmentioned that the “specific case” formulation, when modified by the factor f, is also
often quite accurate. This should come as no surprise, since this formulation was also specifically
calibrated to describe quite similar GMNIA calculations for hot-rolled sections. Again, the main
advantage of the new formulation is a combination of accuracy and mechanical soundness. The
greater mechanical soundness is, for example, clearly felt by the fact that equation (6.57) requires
no additional check against the exceeding of the Euler load Mr=M,, naturally converging against
this upper limit for very high slenderness or if ot is set equal to zero, while the “specific

formulation” (6.52) does require such a check.

Additional calculations for different sections (hot-rolled and “equivalent welded”) have shown the
accuracy resulting from the new formulation to be comparable to what is shown in the following
figures, with the largest (conservative) deviations in the practical range of beam length occurring in

the case of welded sections, and being smaller than 7%.

The proposal made in this section is by no means exhaustive, as many other bending moment
diagrams would need to be analysed even to be considered complete for the simple case of simply-
supported beams with uniform cross-section. Nevertheless, it is believed that the proposed
procedure could fairly easily be expanded to other cases by obtaining suitable values of ¢ for these
cases, thus providing a methodology that can be replicated in order to obtain accurate design

formulae that are based on simple, yet consistent engineering models.

6.10. Reliability Level & Monte Carlo Simulations

All considerations up to this point in this chapter were concerned with the “deterministic”
description of the behaviour of a “model beam” with certain, specified structural parameters. The
expected reliability level of the newly developed formulae in terms of the Eurocode semi-
probabilistic design philosophy is treated in this section. Thereby, reference is made to both real,

physical tests published in the literature and to Monte Carlo simulations.

6.10.1. Statistical evaluation based on physical tests

The source of the recommended values of the partial safety factor yam; for LT buckling in the ENV
and EN versions of the Eurocode has already been discussed in chapter 4, Fig. 4-4d, and is re-
plotted here in Fig 6-46. In this most recent work dealing with the statistical evaluation of physical
test results for LT buckling, Miiller (2003) considered tests on I- & H- sections (144 hot-rolled; 71
welded) that were carried out internationally and collected e.g. in the CEC (1988) background
document to Eurocode 3, or later by Greiner & Kaim (2001). He evaluated these tests for the so-
called “general case” LT buckling rule of EC3 and thereby grouped together a variety of different

load cases.
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Evaluation of physical LT- buckling tests
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Fig 6-46 Background of the recommendations for yy; for LT buckling in the ENV and current (EN)
version of EC3.

The results of this evaluation in terms of yu* led to the conclusion that the “general case” LT
buckling curves require a safety factor of yy=1.1, whereby this becomes conservative with

increasing slenderness.

In the following, the above conclusions drawn from physical test results are verified and expanded
to include the new design formula proposed in this chapter, as well as the “specific case” curves. In
order to eliminate the possibility of influencing the statistical evaluation by the grouping of too
many different effects, only tests concerned with a single section series and the constant bending

moment load case are considered.

Of the more than 140 tests on hot-rolled sections reported in the CEC (1988) Eurocode background
document, the vast majority were carried out in Japan, using Japanese H sections. Of these, 46 tests
were carried by Suzuki, Fukumoto and Wakabaya with constant bending moment diagrams between

lateral supports and using a H 200x100x5,5x8 section with a steel grade equivalent to a S235.

These tests are plotted in Fig 6-47 and compared to the current Eurocode regulations and the new
design equation (EQU) proposed in this chapter. The GMNIA calculations on which the latter
proposal is based are also shown in order to again demonstrate the accuracy of the proposal in

describing the behaviour of the deterministic “model beam”.

In Fig 6-47a, the results are presented in terms of the nominal buckling reduction factor yrtnom
based on the nominal plastic moment capacity My nom=48.2 kNm of the studied section, and plotted
over the nominal normalized slenderness. In Fig 6-47b, the results (theoretically) refer to the
“actual” measured values of My, whereby this fact needs some more discussion in the following
paragraph. Both plots make use of values of y and A\ taken from the report by Greiner & Kaim
(2001), with only a minor modification of the nominal values, which are made to refer to a nominal
yield strength of f ,om=235 N/mm? instead of the original 240 N/mm?.
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Fig 6-47 Test results for Japanese H200x100x5,5x8 sections under constant bending moment,
plotted over the nominal (a) and actual (b) slenderness; comparison with EC3 rules and the

proposal of sections 6.7 & 6.8.

While Fig 6-47a gives an overview of the “safety level” of the current and proposed rules for this
section with regard to actual tests, Fig 6-47b should give an overview of the accuracy of the
formulations. Fig 6-47b features somewhat surprising results. For one, it is remarkable that the
value of yr1a=1.00 is exceeded, even though the “measured” value of My, is used as the basis of
the calculation of the reduction factor. The fact that the three design curves do not match the plotted
results is not in itself surprising, as these curves were already intended (through the choice of
imperfections in the GMNIA calculations) to represent a lower bound of the actual behaviour. It is
however surprising that the scatter of the results appears to be rather large. This is understandable at
“intermediate” slenderness ranges, where the imperfections dominate the problem, i.e. parameters
that don’t enter neither My nor M. It is anyhow not really understandable at low and high
slenderness, where cross-sectional geometry, modulus of elasticity, the yield stress (only at low
slenderness), but not the imperfection amplitudes, govern the problem. Since these parameters do
all enter My, or M, an exact knowledge of them would certainly mean a rather low scatter of the
test results when plotted over XLT,act. Both these observations give rise to the suspicion that the
values of 1 r.act and XLT,act do actually not contain all measured values that concur to the calculation

of these parameters.

This is confirmed by a representative excerpt of the data-pool plotted inFig 6-47, given here in
Table 6-9. In the table, the data given in the CEC (1988) background document and in the report by
Greiner & Kaim (2001) are combined, using the numbering of the CEC document. The CEC

document contains “measured” values of the ultimate load (Mgy), yield strength (fy.) and of the
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plastic moment capacity (Mpic). In order to prove the conjecture made above, the “measured”

plastic section modulus Wy, is calculated from My, and fy .

H 200x100x5,5x8 hrom 200 |mm tf nom 8 mm fynom| 235 [N/mm?
brom 100 |mm twnom 55 |mm Wi nom| 205.1 |cm?
Fom 8 mm Woinomro| 200.2 [cm?
# Source MR,e fy,e Iv'pl,e ! pl,eII Iv'pl,nom TLT,act,e ALT,acte ALTnom.e A LT,nom,e
[kNm] [N/mm?] [kNm] [cm®]  [kNm] [-] [-] [-] [-]
722 Suzuki 58.0 297.2 59.5 200.2 48.2 0.34 0.975 0.313 1.206
719 | Wakabaya 65.3 312.9 62.6 200.2 48.2 0.5 1.042 0.443 1.355
752 Suzuki 56.9 305.1 61.1 200.2 48.2 0.68 0.931 0.602 1.184
721 | Wakabaya 55.9 304.1 60.9 200.2 48.2 0.8 0.918 0.713 1.162
759 Suzuki 45.2 292.3 58.5 200.2 48.2 1.01 0.773 0.917 0.940
761 Suzuki 49.2 305.1 61.1 200.2 48.2 1.03 0.805 0.917 1.023
1177 | Fukumoto 39.7 306.3 63.5 207.3 48.2 1.22 0.625 1.100 0.825

Table 6-9  Excerpt from the considered test data pool

The resulting values of W, contained in Table 6-9 show that, in the case of the Suzuki and

Wakabaya tests, all values are identical and are equal to the nominal section modulus Wyl nom =0

valid if the fillet radius is not considered. Only in the case of the Fukumoto tests, a different value

is retrieved. It is therefore safe to assume that the majority of the results plotted in Fig 6-47b are, in

reality, not “actual” values of slenderness and of the buckling reduction factor. In all likelihood,

only the (coupon) yield stress was measured in many of the LT buckling tests that underpin the

current Eurocode safety factors, while the cross-sectional geometry was assumed to be equal to the

nominal values. This observation is important due to the following reasons:

1.

ii.

The lack of information regarding the “actual” values of some base variables (specifically
here, the cross-sectional geometry), and the resulting inaccuracies in the calculation of
strength according to the design formula for 7, result in discrepancies and —more
importantly- a scatter of the discrepancies between the prediction of the design function r;
and the observed test results r. that are larger than they would be if all values had been
measured. This increases the value of the coefficient of variation Vg of the error of the
design function and thus leads to a lower design value rg.

Additionally to the unknown variability of the cross-sectional geometry in the LT buckling
tests, the measured yield stress in all of these tests was significantly higher than the nominal
value for a steel grade of S235. In the EN 1990 — Annex D procedure, such cases are
specifically addressed and it is recommended to take pre-information of base variable scatter
into account when computing the value of the coefficient of variation of the design function
V. In order to include some degree of pre-information, the statistical evaluation carried out
by Miiller (2003), which underpins the current Eurocode recommendations, made use of a

constant value of V=0.08. Thereby, the total impact of the variability of the yield stress and
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cross-sectional geometry was considered to be constant for all slenderness ranges. This is of

course a strong simplification.

The scatter of the test results, when compared to the value predicted by design formulae, is further
illustrated in Fig 6-48. The test results of Fig 6-47are plotted in terms of the nominal buckling
reduction factor yrrnom and compared to the prediction given by three design formulae. Thereby, a
distinction is made between tests with values of XLT,nom smaller and larger than 0.8. The calculated
values of the regression correction factor b and of Vs are also included in the plot. Due to the
mentioned lack of information regarding what are really the “actual” values of the base variables

that enter yrr.nom, the calculated values of Vs must be assumed to be significantly too high.

EC3 "general case" - curve a EC3 "specific case" - curve b new formula - o;7=0.12

XLT,nom,e

Q Q N+ N N N Q Q- N N N N Q Q- N N N N°
_ XLTnomt _ X LT nomt _ X LT nomt
5 7\'LT,nom>0-8 12 }‘LT,nom>0-8 12 7\'LT,nom>0-8
\ \ \ \ ' \ \ \ ' \ \ \ \
1 S " T RS R N N PV P B B B BV A P
£ R W OO Y S I Ca
I P (P N R I R o B R R ™ a N
2 | I~ | | . ' | A
é’ 06 - o—‘l—‘——‘—— 0.6 . 1—‘——‘—— 0.6 - —‘1—‘——‘——
= /| | | y7d | | 6 /| | |
Ny | Ny | WS |
/| | b=1.250 <>/\ | b=1.157 /| | b=1.292
‘ ‘ Vs=0.071 ‘ ‘ V;5=0.069 ‘ ‘ V;s=0.074
0.2 T T 0.2 T T 0.2 T
N o K @ O N N2 o © & O N N2 o K 2 O v
XLT,nom,t XLT,nom,t XLT,nom,t

Fig 6-48 Accuracy of the three different formulations in describing the tests.

The results of the statistical evaluation of the examined physical test results on H200x100x5,5x8
sections in terms of yu™ is shown in Fig 6-49. The values of yu* were thereby again calculated
using the assumption that V,=0.08. For the factor kg, D.8.2.2.5.(4) of EN 1990 Annex D was
considered, which allows to use the total number of considered test results (n=46) even though
smaller sub-groups were analyzed. Therefore, kq,=3.04 was used. A so-called “tail approximation”
was also performed in order to eliminate the potentially negative effects of excessively “safe sided”

test results from the data pool; this meant the exclusion of three test results.
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Fig 6-49 Results in terms of yM* of a statistical evaluation of the tests in Fig 6-47 for the three

formulations

Fig 6-49 can be commented upon as follows:

1. When compared to Fig 6-46, the evaluation for the “general case” in Fig 6-49a curves shows
somewhat lower values of YM* at low slenderness, and higher ones at higher slenderness.
Even though the exact same assumptions were used in both figures, one should note that
only a portion of the data pool considered for Fig 6-46 was also considered for Fig 6-49a.
This alone is a source of discrepancy. The fact that tests with variable bending moment were
also included in Fig 6-46 further explains the differences, particularly in the higher
slenderness range; since the “general case” curves do not take the (positive) effects of
variable bending moments into account, the evaluation must lead to a lower value of yM* if
such tests are included, particularly for higher slenderness ratios. The “un-safe” effects of

this common grouping are irrelevant to practice in this case, as they only affect one
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1l.

1il.

slenderness range and do not modify the maximum value of yM*. Nevertheless, this is an
example of the need for caution when different test populations are grouped together.

The evaluation for the “specific case” buckling curve leads to values that are fairly constant
and just above yM*Zl.l. Since the change from yy=1.1 to 1.0 between ENV end EN
versions of the Eurocode was justified independently of the test results (see comments in
chapter 4), this result would be in accordance with the desired outcome at the time of the
development of the “specific case” curves. King (2008) carried out a separate evaluation of
LT buckling tests according to EN 1990 for the “specific case”, whereby he also included
adequate pre-information regarding the variability of the base variables and, thus, of Vi.
This led to the conclusion that values of yy=1.0 could be justified by the tests alone, with
calculated values of YM* lying in the range of 1.00-1.05 for tests up to Py LTnom=1.5.

The evaluation for the new formulation yields results that are very similar to the ones given
by the “general case”. This is not surprising, considering that the curves themselves are

almost overlapping for this one section, see Fig 6-47.

Finally, some comments can be made concerning the general representativeness of the LT buckling

tests documented in the literature when seen in the context of the Eurocode and of the newly

proposed LT buckling curves:

1.

1l.

The CEC (1988) Eurocode background document only contains 8 tests with hot-rolled
sections with a depth-to-width ratio of h/b>2.0. This means that such sections are severely
under-represented in the test population underpinning the Eurocode rules, making it
somewhat questionable whether or not the statistical evaluation of Fig 6-46 is significant for
this type of section.

More than 50% of all the test results for hot-rolled sections were carried out with sections
that had a depth-to-width ratio of exactly h/b=2.0. As was seen in section 6.3.2, this is
exactly the “switching point” between different buckling curves, with sections with this ratio
still falling in the higher curve (e.g. curve “a” for hot-rolled sections in the “general case”).
At least in theory, this situation is always safe-sided for “stockier” sections with h/b<2.0,
since sections with smaller h/b than 2.0 should generally have a “higher resistance” in the
normalized sense of y L1, and this is not accounted for by the “general” and “specific case”
curves. It is however accounted for by the new formulation, indicating that the results of
Fig 6-49 can no longer be accepted as being generally accurate, or “safe sided”, for the new,

section-specific formulation.

In summary, the current partial safety factors yy; for LT buckling in the Eurocode are based on an

extensive, yet not entirely satisfactory and comprehensive test population. The fact that a majority

of the main structural base variables influencing the buckling problem were not measured during

these tests has a negative influence on the outcome of the statistical evaluation, leaving the door

open for interpretation, as is proven by the different outcomes of the evaluations done by Miiller
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(2003) and King (2008). Additionally, the tested section geometries lead to more open questions

regarding the actual reliability level for a range of un-tested sections.

In order to address the shortcomings of the data pool and be able to better estimate the influence of
the “missing” parameters (h/b ratios, section geometry, more representative yield stress etc.) on the
outcome of the statistical evaluation, Monte Carlo simulations are performer in the following sub-

section for some exemplary cases.

6.10.2. Monte Carlo simulations and evaluation

The following sub-section documents some selected results of Monte Carlo simulations for LT
buckling of hot-rolled sections under constant bending moment. In the absence of any more specific
information concerned with the single base variables, the data collected during the development of
the ECCS column buckling curves, as well as the data published by Alpsten (1972, 2002), will be

used for reference, see chapter 5.

Three sections are studied: the Japanese H200x100x5,5x8 section already treated above, an IPE 500
section representing “slender” beams, and a stockier HEB 400 section. All beams are again assumed
to be made of steel grade S235, with a nominal yield stress of £;=235 N/mm?. The assumptions
made for the random input data generation in the Monte Carlo simulations are summarized in Table
5-4. Compared to the column buckling case treated in chapter 5, the main difference is represented
by the inclusion of the amplitude of the initial rotation 0 of the section at mid-span. This inclusion
became necessary due to its larger significance in the LT buckling case. Since no measured data has
been published pertaining to this quantity, a simplified assumption was made for the purposes of
this study: it was assumed that one of the flanges has an initial out-of-straightness that conforms to
the measurements of the ECCS column buckling tests (i.e. with an average value of €0=0.00085 L
and a standard deviation of 0.0002 L), while the second flange of the I-section is on average only
half as crooked. The standard deviation was chosen so that having a beam with both flanges equally
deflected in the same direction and having a beam with one flange perfectly straight have the same

probability of occurrence, with both being at one standard deviation from the assumed mean value.

Of course, due to the fact that all the parameters governing the random data generation in Table 5-4
contain a certain degree of assumption and conjecture, the results presented in this section are to be
seen as an indication of general tendencies, rather than absolute representations of the real physical
and statistical behaviour. Nevertheless, it is believed that important information can be retrieved
from these calculations, as these calculations are not hampered by the above-mentioned

shortcomings of the experimental program.
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section Parameter m ] Nominal value
Initial curvature Eo " 0.00085 L 0.0002 L -
Initial rotation 0, | 0.00085 L /(2h) | 0.0002 L /(4h) -
Yield stress f, 285 N/mm? 17 N/mm? 235 N/mm?
H200x100x5,5%x8 | Residual stress Gyes | 0.20 235 N/mm? [0.05 235 N/mm? |0.30 ' 235 N/mm?
Flange thickness t; 8.0 mm 0.40 mm 8.0 mm
Web thickness t,, 5.5 mm 0.28 mm 5.5 mm
Depth h 200 mm 2.0 mm 200 mm
Width b 100 mm 1.0 mm 100 mm
Initial curvature Eo " 0.00085 L 0.0002 L -
Initial rotation 0, | 0.00085 L /(2h) | 0.0002 L /(4h) -
Yield stress f 285 N/mm?* 17 N/mm? 235 N/mm?
IPE 500 Residual stress 6, | 0.20 235 N/mm? [0.05 235 N/mm? |0.30 ' 235 N/mm?
Flange thickness t; 16.0 mm 0.8 mm 16.0 mm
Web thickness t,, 10.2 mm 0.51 mm 10.2 mm
Depth h 500 mm 5.0 mm 500 mm
Width b 200 mm 2.0 mm 200 mm
Initial curvature Eo " 0.00085 L 0.0002 L -
Initial rotation 60** 0.00085 L /(2h) 0.0002 L /(4h) -
Yield stress f 285 N/mm? 17 N/mm? 235 N/mm?
HEB 400 Residual stress 6, | 0.20 235 N/mm? [0.05 * 235 N/mm? [0.30 ' 235 N/mm?
Flange thickness t; 23.4 mm 0.72 mm 24.0 mm
Web thickness t,, 14.3 mm 0.54 mm 13.5 mm
Depth h 400 mm 4.0 mm 400 mm
Width b 300 mm 3.0 mm 300 mm
" refers to one of the flanges, assumed to have a sinusoidal shape
™ on average, one flange has half the initial curvature of the other.

Table 6-10 Base variables: assumptions for the Monte Carlo simulations.

In a first step, a Monte Carlo simulation is carried out for the H200x100x5,5x8 section studied in
section 6.10.1. The plots in Fig 6-50 show the results of this calculation in a form already used in
Fig 6-47 to present the results of the physical LT buckling tests on this same section. Accordingly,
Fig 6-50a shows the results in terms of the achieved nominal buckling reduction factor, thus being a
representation of the absolute buckling strength, normalized with the nominal plastic moment
capacity of the section. Fig 6-50b shows the results in terms of the “actual” values of yrt and XLT,
meaning that the “actual”, randomly generated values of the base variables of Table 5-4 were used
in the calculation of My, Mg, xrt and XLT.
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MONTE CARLO SIMULATION
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Fig 6-50 Monte Carlo simulation results, plotted over the nominal (a) and actual (b) slenderness.

Comparing Fig 6-50 and Fig 6-47, the following differences are apparent:

1. A “lower bound curve” connecting the lowest values of the test results would lie
significantly lower in Fig 6-50a when compared to Fig 6-47a. On the other hand, a curve
connecting the upper values of the test results in the two figures would be very similar in
both. In order to explain this, the base variables leading to two Monte Carlo test results
(marked with “1”” and “2” in Fig 6-50a) at a nominal slenderness of A L1=1.0, corresponding

to a length of L=2922mm, are looked at in detail in the following Table 6-11:

Base variable MC test “1” MC test “2”
Initial curvature €o” L/954 L/1078
Initial rotation é o 2.67 mrad 6.21 mrad

Yield stress f, 309.9 N/mm?* 253.3 N/mm*

Residual stress Ge 41.5 N/mm? 62.9 N/mm?
Flange thickness t; 8.87 mm 7.19 mm
Web thickness t,, 5.69 mm 6.01 mm
Depth h 199.6 mm 200.0 mm
Width b 100.4 mm 100.2 mm

Table 6-11 Monte Carlo tests “1” and “2” of Fig 6-50; generated input data.

The comparison of the values contained in the table shows that the main differences between
the highest (“1”) and lowest (“2”) test results are to be found in the initial rotation, the

residual stresses and, most importantly, the flange thickness and the yield stress.
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11.

In order to explain the differences between Fig 6-50a and the physical tests in Fig 6-47a, it
is important to recall (by looking at Table 6-9) that the yield stress in the physical tests was
also rather high, never falling below 280 N/mm? in any of the tests included in Fig 6-47,
and often lying above 300 N/mm?. Since no values are included in Fig 6-47a with yield
stresses as low as the one generated for the Monte Carlo test “2”, it is clear that the lowest

Monte Carlo tests had to be lower in terms of %L1 nom

A comparison between the Monte Carlo and the physical test results in Fig 6-50b and
Fig 6-47b, plotted in terms of ¥t .act OVer Py LT.act, at first sight gives some confirmation to the
points made in section 6.10.1, i.e. that the scatter of the physical test results in Fig 6-47b is
high and caused by a lack of information regarding the base variables. In the Monte Carlo
tests, all input data is (inevitably) known, leading to the narrow scatter band in Fig 6-50b.

It is interesting to discuss this figure with some more detail, as it is perhaps not readily
understood why even in the case of the Monte Carlo tests, where all input data is known, the
test results in terms of Yt lie at @ more or less noticeable distance from the (Eurocode or
new) design buckling curves. As a matter of fact, judging from Fig 6-50b, for this specific
section the newly proposed design curve appears to be the most inaccurate of all three
included curves. This seems to be in contrast with what has been demonstrated in section
6.8, where the new formulation was shown to be far more accurate in describing the
behaviour of any given section.

Of course, the reason for this apparent inconsistency lies in the fact that the accuracy of the
new formulation is referred to the deterministic “model beam” alone; the GMNIA results for
this beam with nominal yield stress and cross-sectional geometry, eigenmode-affine
geometric imperfections and fixed, high imperfection amplitudes is also included in
Fig 6-50b and is shown to also lie significantly below the Monte Carlo test results in terms
of Y1t Furthermore, this doesn’t necessarily mean that the curve is “inaccurate” for the
purposes of reliability, since the assessment of the accuracy of a given formulation (i.e. the
calculation of V;) is only performed after the linear regression correction factor b is
calculated:

n n
Z LoiTii z XLT,nom,e.i * XLT,nom,t,i
b = =L — i=l (6.59)

i(rt,i )2 i(XLT,nom,t,i)2

i=l i=l

The factor b can also be thought of as an in-built safety factor in a given design rule. A value
of b=1.0 would mean that the design curve describes the mean values of the test results, in
terms of yr7act, While values higher than 1.0 would indicate that the design curve already
describes a lower fractile. Neither one of these scenarios affects the “accuracy” of a design

rule for the purposes of a reliability analysis.
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Fig 6-51 GMNIA curve calculated with the mean values of the input parameters and compared to

the newly-developed Ayrton-Perry formula evaluated with (6.43).

This is further discussed in Fig 6-51. The figure on the left is similar to Fig 6-50b, but omits
the current Eurocode curves and only includes the new LT buckling design curve (in red).
Additionally, it includes a new GMNIA buckling curve; contrary to the numerical curve that
was used for the calibration of the new design rule, this GMNIA curve was calculated using
the mean values m of Table 5-4 as input variables. Even in terms of yrrac, this curve is
higher than the new design formula based on the “model beam”. The reason for this
primarily lies in the beneficial combination of higher yield strength and lower residual
stresses, as well as somewhat smaller initial imperfections and a slightly more convenient
shape of the imperfection when compared to the eigenmode-affine shape used for the
“model beam”. Since this curve passes in the middle of the scatter band of the Monte Carlo
test results, Fig 6-51a proves that a buckling curve representing the mean values of the base
variables would be far better suited to describe the (average) position of test results in terms
of YLT.act OVer XLT,act. Such a curve would, however, require far larger safety factors than
one based on a low fractile in order to cover the rare low fractile combination cases that

define the design points.
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The “accuracy” in terms of Vs of the new formulation is not affected by these
considerations, since the linear regression, and thus the factor b, is very well able to lead to a
very accurate description of the tests, see Fig 6-51b. When compared to Fig 6-48, this plot
shows the values of Vs to be significantly smaller in the case of the Monte Carlo tests. The
figure contains the results for two values of XLT,nom; interestingly, if all considered
slenderness values are looked at, a tendency can be observed for the factor Vs to be very low
at low slenderness, somewhat larger at values of Py LTnom around 1.0, and then decrease
again. This is in keeping with the fact that the imperfections are mostly felt in the
intermediate slenderness range, and are not included in the buckling design formulae. This
means that even though the imperfection amplitudes are known in the case of the Monte
Carlo tests, their value is irrelevant to the result of the formula and leads to a larger value of
V; if the imperfections are relevant. The attention can now be turned to the results in terms of
the safety factor YM* of the statistical evaluation according to EN 1990 Annex D for the three
sections of Table 5-4. This is done by calculating the values of yM* for all three considered buckling
design curves (“general case”, “specific case” and “new formulation”). For a better visualization
and interpretation of the results, the results of the Monte Carlo simulation are also plotted as m +/-
2s lines in a Y LT nom/ XLT,nom plot and compared to the position of the design buckling curves in this

space. In all plots, the “specific case” curve is the higher one of the two Eurocode 3 curves.

Fig 6-52 shows the results of this evaluation for the H200x100x5,5x8 section. The plot on the left
essentially contains the same information given by Fig 6-50a, with the difference that the m+/-2s
lines already contain some statistical information. It can be seen again that the new formulation
yields the lowest design curve for this specific section up to the higher slenderness values, where it

basically overlaps with the “general case” curve for this section.
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Fig 6-52 Monte Carlo simulation and statistical evaluation: H200x100x5,5x8 section, S235.
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Fig 6-52b shows the the results of the statistical evaluation in terms of yM* for the H200x100x5,5x8
section. The results are best discussed in combination with Fig 6-49, where the values of yM* were
calculated for the physical tests performed with the same section. The values calculated for the
Monte Carlo tests are generally lower than the ones calculated for the physical tests, which is in
keeping with the comments made about the origin of rather large values of Vs in the case of the

physical tests.

In relative terms, the results in the two figures generally confirm the same tendencies for the values
of yM*; both for the “general case” and the new formulation, the obtained values of YM* are (slightly)
higher at low slenderness. The new formulation seems to be best suited at maintaining the required
value of yM* fairly constant, as the obtained values range between 1.025 and 0.965 with no sudden

changes.

The “specific case” evaluation shows a behaviour similar to Fig 6-49b, with the values being
slightly higher than for the other two curves, and remaining fairly constant throughout the
slenderness ranges. The exception in this case is represented by the results for the nominal
slenderness value of A LTnom=1.6, where yM* shows a “peak”. As Fig 6-52a shows, at this
slenderness the “specific case” buckling curve is coincident with the Euler hyperbola. A look at Fig
6-47a reveals that only very few physical tests were carried out at high slenderness XLT,mm~1.6,
and these tests were grouped together with tests with lower slenderness beginning with N LT.nom=0.8
in Fig 6-49b. In the Monte Carlo simulation, 30 tests were simulated at XLT,nom=1.6, meaning that
enough data points for this specific slenderness are contained in the evaluation. Thus, it can be

assumed that the representation in Fig 6-49b “missed” a peak in the required value of yM*.

The following two figures (Fig 6-53 and Fig 6-54) show the results of identical statistical
evaluations for the IPE 500 and HEB 400 sections, respectively.
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Fig 6-53 Monte Carlo simulation and statistical evaluation: IPE 500 section, S235.
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Fig 6-54 Monte Carlo simulation and statistical evaluation: HEB 400 section, S235.

The figures on the left show the new formulation (dashed red line) to be specific to the section,

while the existing Eurocode formulations are fixed in their position in the %1 nom/ N LT.nom plane for

a certain categorization of h/b. The advantages of the section-specific new formulation become

apparent for these two cases: the calculated values of yM* become far more homogeneous in this

specific formulation when compared to both the “general case ““ and “specific case” curves of the

Eurocode. The new formulation yields values of yM* that fluctuate around values at or just above

1.0. The “general case” seems to have the general tendency of becoming “more conservative”, i.e.

requiring lower values of yM*, with increasing slenderness, while the opposite tendency seems to be

true for the “specific case” curves.

In summary, the Monte Carlo simulations presented in this section helped to clarify some points

concerned with the reliability level of current and proposed LT buckling curves:

1.

1l.

1il.

1v.

The advantages of actually knowing the measured values of all relevant base variables were
emphasized.

The difference in accuracy between a curve that describes a beam with average values of
input variables and one with lower fractile values was described, and the implications of
these differences on a reliability analysis were discussed.

The possibility of “missing” peaks or sudden increases in the demand for YM* by grouping
together tests pertaining to a rather broad range of slenderness was demonstrated and, in one
example, shown to be risky in the case of the “specific case” curves.

One advantage of the newly proposed buckling curve formulation was shown to lie in the
fact that the curve is specific for any given section, meaning that the reliability level is
intrinsically more homogeneous for different sections than the Eurocode curves with their

coarse categorization in accordance to h/b< or > 2.0.
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6.11. Constant Reliability Curves

In this section, the potential for an applicability of “constant reliability curves” to the development
of probabilistically calibrated and categorized LT buckling rules is investigated and briefly
presented. Thereby, the basic principles presented in chapter 4 and applied to the column buckling
case in chapter 5, section 5.6, are adopted. The main purpose of this presentation is to demonstrate
the viability and the difficulties of this sort of calibration.

The same three sections studied in 6.10 (H200x100x5,5x8, IPE 500, HEB 400, all of steel grade
S235) are treated again. The method requires probabilistic input data; the values of Table 5-4 are
therefore adopted. The numerical partial derivatives for each of the eight base variables, essential to
the development of the constant reliability curves, are performed using the same methodology

already discusses in chapter 5, section 5.6.

The results of this first order reliability analysis (FORM) are shown in the following figures (Fig 6-
55 to Fig 6-57) for the three studied sections. The diagrams can be described as follows:

1. In the figures on the left, the curves ry, r4 and 1y, are plotted, representing the mean curve,
the “design value” curve that would (theoretically) require a partial safety factor of exactly
vum =1.0, and the “upper bound” curve representing values that are at the same “distance” (in
terms of probability) from the mean value as the design value. All these plots are presented
in terms of (1.1 nom OVEr XLT,mm.

il.  Additionally, the figure on the left features the design curve resulting from the new
formulation proposed in this chapter (red dashed line), a line representing a FORM constant
reliability curve that would require exactly a value of yy =1.05 (1.05 rq - blue dashed-dotted
line), and a best-fit approximation of 1.05 r,4 (green dashed line).

iii. It was chosen to approximate the 1.05 rq line with a best-fit description, and not the rq4 line,
because the ry4 curve inevitably drops below yr1nom= 1.0 at very low slenderness. This is due
to the fact that the cross-sectional capacity itself actually requires a partial safety factor
slightly larger than 1.00, at least if the assumptions regarding the statistical distributions of
the base variables in Table 5-4 are taken to be valid. This is particularly felt at the end of the
plateau of the new design curve (Aznom =0.2) , where values of vm of ca. 1.04 ... 1.05 are
needed for all three studied sections. The same tendency was also observed in the column
buckling case.

iv.  The best-fit description was carried out using the same technique employed in section 6.8,
particularly using the final formula (6.43) of sub-section 6.8.4, leaving the generalized
imperfection amplitude 7, or rather the generalized imperfection amplitude factor orr, up

for calibration:
T] = (X'LT . (Xz,nmn _02) (660)

/W,

z,el »

And oarr=4arr - W,

yel with art being a constant.
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Fig 6-55 Constant Reliability Curves for a H200x100x5,5x8 section, steel grade S235.

The figure b), on the right in Fig 6-55 to Fig 6-57, shows the functions of 1 over Xz,nom that
based on the
“model beam” calibration), the “numerical values” of | that were calculated using equation
(6.42), and the best-fit function.

result from the proposal of Table 6-4 (aLr=0.12, ouwr=a ;- (W, /W,

z,el »

The following observations can be made regarding Fig 6-55 to Fig 6-57:

1.

When the lines for ry and for the new proposal based on the “model beam” (o 1=0.12) are
compared, the near-equivalence of the evidence conveyed by the constant reliability curves
and by the Monte Carlo simulations of section 6.10.2 becomes evident. This is particularly
true of the calculated values of vy in Fig 6-52b to Fig 6-54b are looked at. The value of yy
is directly comparable to the relative distance of the red dashed line for apt=0.12 and the 14
line in Fig 6-55 to Fig 6-57. For the IPE 500 and the HEB 400 section, the two lines are very
close beginning at intermediate slenderness (XLT,nom~0.4). In the case of the IPE 500, the
distance between the two lines rq and a;r=0.12 is actually the smallest at xLT,mm~O.6 and
then again after XLT7n0m~1.O. These are the points were v is closest to 1.0 in Fig 6-53b. In
the case of the H200x100x5,5x8 section, the calculated value of YM* decreases with
increasing slenderness, see Fig 6-52b. This is reflected in Fig 6-55 by an increasing
difference between the a;1=0.12 and the rq line. This difference again becomes somewhat

smaller at XLT,mmq.s, which is also reflected in the increase of yy in Fig 6-52b.
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Fig 6-56 Constant Reliability Curves for an IPE 500 section, steel grade S235.

ii.

The “best-fit” calibration of the new formulaic expression to the 1.05 rq line highlights an
interesting aspect of a probabilistic calibration: it shows that the type of categorization
currently present in EN 1993-1-1 (Tables 6.4 and 6.5 of the code), and also proposed in
section 6.8, i.e. an essentially deterministic categorization based on the assumptions made in
the GMNIA calculations to which a certain formula is calibrated, is not necessarily able to
reflect the differences between different sections in a probabilistic sense.

This is seen in the figures by comparing the determined values of ot that best fit the 1.05 r4
curves. In the case of the HEB 400 and of the IPE 500 section, values of a;1=0.09 and 0.10
were determined to yield the best-fit values in terms of yrrn.om over all considered
slenderness ratios. In the case of the H200x100x5,5x8 section, the best-fit value was found
to be a;=0.07.

Whether or not this already constitutes a sufficient difference to justify a different
categorization cannot be decided at this point, for one because the calculations presented in
this section are only partly based on actually measured statistical distributions of structural
base parameters, and also because such a limited number of sections was considered. It
should however be kept in mind that a probabilistic categorization of sections, while
desirable from the reliability point of view, will probably require a finer distinction between
different types of sections. This is reflective of the different sensitivity to certain parameters:
e.g. deep sections will react differently to a variability of flange thickness, or overall depth,

than stocky sections.
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Fig 6-57 Constant Reliability Curves for a HEB 400 section, steel grade S235.

Summarizing this section, it can be said that the “constant reliability method” using a numerical

FORM analysis with numerical GMNIA derivatives seems to be applicable to the LT buckling

case, since it could be shown to be fully compatible with the results of (far more cumbersome)

Monte Carlo simulations.

The comments given in section 5.6.5 of chapter five, where the same method was applied to column

buckling, hold their validity here. It is believed that an application of the proposed method as a

basis for a probabilistically better-founded

calibration of a design formulation could be very

advantageous, provided that sufficient information is gathered regarding the statistical distribution

of the base variables, and widely accepted as sound.
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Torsional & Torsional-Flexural Buckling of I- & H Sections

7.1. Introduction and Scope

Columns in the shape of I- or H-profiles are frequently restrained in lateral direction; examples for
such supports are side rails supporting a cladding system, liner trays, trapezoidal sheeting, sandwich
panels, etc. In either case, these elements of the building envelope can usually be thought of as a
continuous restraint for the purely lateral deflection of the column, effectively preventing the pure
weak-axis buckling mode. In these cases, the buckling failure mode is described by a rotation of the
cross-section about the axis of lateral restraint. Depending on the location of the restraints, the
column may react by a mere torsional deformation (when the lateral support is in line with the
column’s centroid), or by a combined torsional and flexural deformation (when the lateral support is
eccentric, as is usually the case in the case of cladding). The global ultimate limit (buckling) load is

thereby usually reached when one of the flanges reaches its plastic limit load.

The problem of the ultimate strength and buckling behaviour of laterally supported columns and
beam-columns is well known; fundamental research work on the topic has already been published
by Horne & Ajmani (1971). These early studies mainly focused on the determination of maximum
slendernesses (or minimum support spacing and stiffness) for a fully plastic design of beam-
columns under combined axial compression and in-plane bending moment using the plastic hinge
theory. They constitute the theoretical background for the so-called “stable length” method found in
Annex BB.3 of Eurocode 3-1-1 (2006), see also King (2005).

Nevertheless, the basic case of torsional (T) and torsional-flexural (TF) buckling—seen as a member
instability phenomenon comparable to flexural or lateral torsional buckling and expressible in the
general form of a buckling curve ¥ =N/(A- fy) = f(7_u)— is treated with a certain degree of neglect
in most international design codes. In the Eurocode 3, torsional and torsional-flexural buckling is
considered to behave somewhat similarly to out-of-plane flexural buckling, with the A-dependent

reduction factor y being equal to the one for out-of-plane flexural buckling.

This chapter is therefore aimed at developing and representing specific buckling curves of members
with double-symmetric I- and H-sections with lateral restraints under pure axial compression, which

tend to fail in torsional or torsional-flexural buckling. Thereby, single span members are considered
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and the lateral restraints are assumed to be applied continuously along the span, see Fig 7-1. The
possible contribution of the lateral support to the torsional rigidity of the column-cladding system,
as would be given in practice whenever the lateral support runs continuously (rigid node) across the
studied column, is ignored in the present study; for many conventional cladding systems, this effect

will be comparatively small.

Numerical simulations are carried out on the basis of geometrically and materially nonlinear
analyses with imperfections (GMNIA). The results of the GMNIA calculations are illustrated in the
form of buckling curves for different cross-section shapes and different positions of the lateral

restraints in relation to the centroid of the sections.

Following the procedure applied in chapter 6 for the LT buckling case, a specific, second-order
formulation is then developed for the torsional buckling phenomenon. Again, a generalized
imperfection is defined in the typical form of the Ayrton-Perry formulation, allowing for a

subsequent calibration to pre-established numerical curves.

In a final step the numerically obtained buckling curves are described by a possibly encompassing,
calibrated definition of the generalized imperfection. Finally, the newly developed curves are
compared to both the numerical curves and the rules given in Eurocode 3-1-1, illustrating the

advantage in accuracy provided by the new formulation.

7.2. Elastic critical buckling loads

7.2.1. General relationships

Before the ultimate strength of members subjected to torsional or torsional-flexural buckling can be
represented in the familiar form of buckling curves, it is necessary to determine the critical Euler
buckling loads N, for these cases of member instability. The normalized slenderness At or At for
torsional or torsional-flexural buckling can then be calculated as the square root of the ratio

N, /N, =A-f /N, as costumary.

The critical Euler buckling loads N¢.1 or Ne.rr for torsional and torsional-flexural buckling of
members with double-symmetric sections and enforced axis of rotation are well known -see e.g.

Timoshenko (1964) or Bleich (1954)- and can be expressed by the following set of equations:

2 2
c“+d
Ncr,TF = Ncr,z T ) (71)
1,"+d
El
Ncr,z = Tcz T
Where L (7.2)

iy =@, +1,)/A 73)

194



PART II - Columns and Beams - Basic Load Cases

(7.4)

and d is the distance of the lateral restraint from the centre of gravity, see Fig 7-1.

For practical use in design, the relationship between the buckling loads Nt and N, can be
expressed equivalently to the procedure used in BS 5950-1 (2000) - Annex G, by referring to the

slenderness coefficients Arr and A, and combining them through a factor kr :

Arr =k A (7.5)
where kr is a factor accounting for the influence of the torsional rigidity of the section.

In a paper by Greiner et alt. (1999), kr was evaluated for different cross section shapes and
represented in form of diagrams. The diagram in Fig 7-1 was thereby developed under the
geometric assumption that the thickness of the web is half the thickness of the flanges. This
assumption was necessary in order to eliminate the otherwise free parameter of web thickness from
the chosen form of representation. By comparing the results of the calculations carried out under
these assumptions with results of calculations for actual rolled beam sections (IPE500 and
HEB300), it could be shown that the parameter which best reproduces the beneficial effect of
torsional rigidity on the critical buckling behaviour of double symmetric I- and H-sections is the
ratio h/ty of section depth to flange thickness. The assumption concerning the web thickness was
shown to yield slightly higher values of slenderness than the ones calculated for actual rolled beam
sections and is therefore somewhat on the safe side. Hence, the application of the procedure
illustrated in Fig 7-1 allows for a simple and safe evaluation of critical torsional buckling loads over
the more accessible buckling loads for out-of-plane flexural buckling.

1.1 7

] 4 |PE 500
1.0 ® HEB 300 RZ-EIZ
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Fig 7-1 Ratio kt of weak-axis flexural and torsional-flexural slenderness
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7.2.2. Comparison with in- & out-of-plane buckling and “limit slenderness”

In order to appreciate the significance of the studied buckling phenomenon, it is first useful to take

a look at the critical buckling loads for torsional and torsional-flexural buckling (TB & TFB) and

compare them to the other main global buckling modes associated to column buckling, i.e. strong-

and weak axis flexural buckling (FByy & FBzz, respectively). This is done for three different

sections in Fig 7-2 and Fig 7-3, representative for relatively slender (IPE500), indermediate
(IPE240) and stocky sections (HEM 400) as far as their torsional rigidity is concerned. In these

figures, the normalized critical (bifurcation) buckling loads N¢,/Np, for the different modes is plotted

over the length of the section; in all calculations, the fillet radius was included in the calculation of

area, torsional rigidity It and second moment of area I,. The boundary conditions are shown in Fig

7-1.
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Fig 7-2  Comparison of critical buckling loads and modes for an IPE 500 and IPE 240 section.
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Fig 7-3  Comparison of critical buckling loads and modes for an HEM 400 section.

In Fig 7-2a, ¢ and Fig 7-3a TB is compared to FByy and FBzz with a number of intermediate lateral
restraints, with n=0 representing a member free of lateral restraints within its span. The figure
shows that it takes a varying, section-dependent number of intermediate restraint points in order to
have a lower critical buckling load for FByy than FBzz; this number is n=4 in the case of the IPE
500, n=3 for the IPE240, and only n=2 for the HEM 400. More interestingly, in all studied cases a
single intermediate lateral restraint is sufficient to push the FBzz critical buckling load beyond the
TB bifurcation load in the “lower” range of member length; this “lower” range of length is shown to
lie in a very relevant domain of practical applications, with the change of mode lying at ca. 4 to 8
m, and L/h~14 to 18, depending on the section. With increasing number of intermediate restraint
points n, the transition from the TB to the FBzz mode is of course pushed even farther towards
greater member lengths. Thus, in many practical cases the question of whether or not the lateral
restraints represent a “continuous” support will make little difference in design; this is especially
true if one considers the current Eurocode rules, where the buckling reduction factors ¥, and yrg are
to be calculated with the exact same buckling curves and with the value of A corresponding to the

lower value of N, or N, 1, see also the explanations given in section 7.3.

If one considers the case where n is large enough to make the strong-axis buckling case FByy more
relevant than the purely flexural FBzz case in terms of N, the practical significance of the TB case
becomes even more evident from Fig 7-2a, ¢ and Fig 7-3a. The change of mode between TB and
FByy occurs at lengths corresponding to ratios L/h of ca. 36 and 47 in the case of the IPE 240 and

500 sections, respectively, making TFB clearly relevant in practice for these sections.

The considerations made up to this point are only further accentuated if the lateral restraints are
placed eccentrically with regard to the section’s centroid line, i.e. in the case of torsional-flexural
buckling TFB. This is shown in Fig 7-2b, d and Fig 7-3b for the three studied sections and a
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position of the lateral support that is aligned with the centroid of one of the two flanges of the
symmetric I-section. A positioning of the (continuous) lateral support at this location, or rather
slightly farther “outside”, is quite typical for the effect of cladding in building envelopes. The
figures show that the eccentricity d of the support line leads to a significant drop of N . In the
case of the more slender IPE sections, boundary conditions of this type will cause the TFB case to
be the only relevant global bifurcation mode in all ranges of practical application, particularly for

single-span members.

It has thus been shown that the normalized column slenderness 7_L:4/Np] /N, will indeed be
governed by N1 or Ngr1r In many cases of practical application. One additional, possibly
surprising fact resulting from the calculation in Fig 7-2 and Fig 7-3 must however be pointed out:
all diagrams in these figures illustrate that, while the critical buckling load N, and N for flexural
buckling approach values of zero for infinite member length, the N, and N, rr curves approach a
non-zero value. Indeed, a limit value of N, tr (Which includes N, as a special case) for L equal to

infinity can be calculated from equation (7.1):

. GI
N =limN_ n=——
cr,TF,0 Lsoo cr,TF ipz +d2

(7.6)

This is, of course, always a non-zero value. As the term itself implies, while the warping
resistance’s I, contribution to the load-carrying behaviour approaches zero with increasing length
the torsional rigidity Gt maintains a non-zero stiffness contribution even at infinite length, causing

there to be an almost-constant value of N, rr at higher lengths.

This characteristic of TB and TFB has another remarkable effect: it causes all buckling curves
x(L1F) to stop at a certain value of the normalized slenderness. This is quite untypical for buckling
curves, which generally tend towards infinite values of slenderness. By using (7.6) in the column

slenderness definition, we can calculate the limit slenderness as follows:

L2, 12
N, _ A~fy-(1p +d) a7
Gl;

ATE lim =
cr,TF,0

As will be shown in the following section, the existence of the limit slenderness means that —as far
as the TB and TFB mode itself is concerned- all buckling curves for TB and TFB will stop at
ArEjim for the simple reason that there is no value of Arr beyond this point. How this affects the

shape of (numerical) buckling curves will be shown in the following section.
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7.3. Numerical (GMNIA) buckling curves and comparison with

Eurocode rules

7.3.1. General remarks

In this section, the general behaviour of columns failing in the torsional- and torsional-flexural
buckling mode are studied by means of numerical GMNIA calculations and compared to the current

Eurocode design regulations.

Again, only single-span members with end fork boundary conditions and intermediate lateral
supports were considered, i.e. members with in-plane (parallel to web), out-of-plane (lateral) and

torsional restraints at the ends and solely lateral restraints along the free span.

The numerical methodology followed the general indications given in chapter 3. Both beam and
shell element models were used, whereby the shell models were mostly used to confirm the beam
model’s accuracy. The initial geometric imperfections were assumed to be distributed in a
sinusoidal shape along the length of the member, having their maximum value at mid-span. The
possibility that the imposition of the restraints will influence the initial shape of the member was
ignored for the purposes of this study. Both initial rotations and (in the torsional-flexural case)
lateral deflections were considered. The amplitude of these imperfections was assumed to be equal
to e0=L/1000. Only global imperfections were considered, i.e. no imperfections involving cross-
section distortion were taken into consideration. All calculations were conducted for steel grade
S235, with £;=235 N/mm?.

The differences between cross-sectional classes (1 to 4) were neglected for the purposes of this
study. This means that some sections are treated as if they were compact class 1 or 2 sections even
when they are actually slender class 4 sections under pure compression. This was done in order to

be able to better separate the single buckling effects and focus on the studied case alone.

7.3.2. The Eurocode buckling rules for torsional and torsional-flexural buckling

According to Eurocode 3 — EN 1993-1-1 (EC3), clause 6.3.1.4, the design buckling resistance Ny rg
against torsional or torsional-flexural buckling is calculated by multiplying the plastic resistance
Af=N; with the buckling reduction factor yrr; thereby, the torsional-flexural mode includes the
purely torsional mode as a special case. The reduction factor is calculated from the following
Ayrton-Perry formula and — in the case of hot-rolled sections studied in this chapter- the generalized

imperfection factor arr according to Table 6-4.

Yo = ! <1.0 (7.8)

=2

and Dy = %|:1+OLTF (e —0.2)+XH (7.9)
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hot-rolled I
h/b .
(buckling curve)
<1.2 orr=0.49 (C)
>1.2 (XTF:034 (b)

Table 7-1 Generalized imperfection amplitude according to the Eurocode.

The generalized imperfection amplitude factor oy is identical to the one applicable for the weak-
axis flexural buckling mode, a,. The generalized imperfection term n= 0. p (XTF —0.2) is a linear
function of Arr; as was pointed out in chapter 4, section 4.3.2, this means that the underlying
equivalent imperfection amplitude eo is not a linear function of the member length, since Atk is

not proportional to length.

7.3.3. Comparison of GMNIA and Eurocode buckling curves for different

sections

The general behaviour of I-sections in torsional or torsional-flexural buckling is illustrated for four
different sections and four locations of the lateral restraint in Fig 7-4. The four chosen sections
represent a fairly broad band of geometrical proportions, ranging from a stocky HEM 400 to a very
slender HEAA 1000, and including two increasingly slender IPE sections (IPE 240 & 500).
Nevertheless, all sections have an h/b ratio larger than 1.2, leading to a common assumption for the
residual stresses in all cases. This common categorization with h/b>1.2 also leads to the fact that all
sections are designed against TB/TFB with the exact same buckling curve b according to the

Eurocode, as this is the curve that would also apply for weak-axis flexural buckling.

Fig 7-4a illustrates the buckling strength of the four studied sections for the purely torsional
buckling case TB. In this case, the imperfection shape doesn’t contain any movement of the
section’s centroid, as the imperfections are mainly associated to the two flanges, where each of
them is pre-deflected by an amount of €0=L/1000. The centroid also doesn’t deflect during the
buckling phenomenon, which is therefore entirely associated with a (circular) rotation of the cross-
section, having its maximum at mid-span. The differences between the behaviour (in terms of shape
of the numerical buckling curve) of the single sections is clearly visible in the figure: while the
behaviour of the slender HEAA 1000 section results in a buckling curve that has a typical, sharp
drop of the buckling strength with increasing slenderness, the stocky HEM 400 section is entirely
unaffected by buckling in this case. The two IPE sections have a behaviour that is somewhat
intermediate between the two previously discussed extreme cases. All numerical GMNIA curves
have in common that they lie relatively far above the Eurocode design curve (meaning that the
Eurocode curve is “very conservative” for this case), and that they stop at (or don’t exceed) the limit
value of the slenderness }_bT,lim calculated using (7.7) for d=0. This theoretical limit value is

indicated with short, vertical dashed lines in the figures.
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Fig 7-4 Numerical (GMNIA) TB and TFB curves compared with the Eurocode curve.
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Fig 7-4b-d illustrate cases of torsional-flexural buckling for the same sections, with increasing
values of the eccentricity d of the lateral support. The first thing that catches the eye in these three
figures is that the numerical GMNIA curves progressively get closer to the Eurocode design curve;
the latter is always the same for all cases of TB and TFB.

In the case of lateral supports at the height of the centroid of one of the flanges (Fig 7-4b), the

differences between the single sections are still significant, but decreasing when compared to the

TB case. The limit slenderness 7_\4TF,lim is pushed towards higher values and disappears from the
plotted graph for the HEAA 1000 section. The HEM 400 reaches its full plastic capacity up to a

slenderness value of ca. Arp=0.5, and then suddenly begins to drop almost vertically; the last

plotted point in the curve thereby only indicates the last plotted calculation, not the physical stop of
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the curve. The same behaviour is observed for the other three sections as well as they approach their

respective value of AT jim.

When d=h (Fig 7-4c), with h being the section depth, the IPE and HEAA sections are very close to
each other and increasingly closer to the Eurocode curve. The values of XTF,lim lie beyond the
plotted range limit of 2.0 for these three sections. Only the HEM 400 section has a behaviour that
clearly diverges from the behaviour of the other sections. As the —otherwise rather high- buckling

curve approaches the calculated value of XTF,hm, the buckling curve again drops dramatically.

At a value of d=2h (Fig 7-4d) the buckling curves resulting from the GMNIA calculations are very
close to the EC3 design curve (also valid for weak-axis flexural buckling), with only minor

differences remaining between the single sections.

The shape of the buckling curves of the four sections shown in Fig 7-4 can be further commented

upon and explained as follows:

1. The fact that the curves’ shape is quite distinctly influenced by the section series in the case
of TB is —in retrospect- not very surprising. As the name of the torsional buckling mode
implies, torsional rigidities and deformations are dominant in this case. Since the torsional
rigidity —and its relative contribution when compared to the warping stiffness- is very
different for each section, the differences in the shape of the buckling curve are
understandable. The reason why the Eurocode does not at all reflect these differences is to
be found purely in the scarcity of specific numerical studies of this phenomenon found in
the literature, which clearly led the code developers to adopt a cautious lower-bound
approach.

ii.  The fact that the Eurocode provision —which is valid for TB and TFB- is a lower limit is
confirmed by the tendency to approach the Eurocode (weak-axis flexural buckling) curve
with increasing section slenderness and —importantly- support eccentricity d. In the limit
case of d=o, buckling curves must inevitably converge towards the Eurocode curve, as this
case is identical to the weak-axis flexural buckling case, with XTF,lim: o and Arp =A,.

iii.  The observed, sharp drop of the buckling curves as they reach the limit value of XTF,hm n
the torsional-flexural buckling case, but not in the purely torsional case, is best explained by
representing the results shown in Fig 7-4 in a different form, that is by plotting them over
the length and the strong-axis flexural buckling slenderness 7_\4y. This is done in Fig 7-5 for
the IPE 240 section and the cases d=0 and d=hy/2, with hg being the distance between the
centroids of the flanges. Additionally to the GMNIA and Eurocode TFB curves for the
single cases, these plots include the Eurocode buckling curve for strong axis flexural
buckling FByy, as well as the critical (Euler) buckling loads N, for TFB and FByy. The
purpose of this representation is to show that the observed quasi-vertical drop of the

buckling curves in the y ¢/ A1r space stems from a mode switch between TEB and FByy.
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Fig 7-5 TFB and FByy buckling curves for an IPE 240 section, d=0 (a) and d=hy/2 (b)

When the two plots of the numerical results in Fig 7-5a and b are compared, a fact that comes to
one’s attention is that the GMNIA curve appears to approach a horizontal asymptote in the case of
purely torsional buckling (a), which is consistent with the behaviour of the critical TB load N t.
Contrary to this, the GMNIA curve in the case of torsional-flexural buckling does not approach a
horizontal asymptote, but rather approaches the Euler critical buckling load for strong-axis buckling

Ner,y with increasing length.

By comparing the results with the Eurocode rules, it becomes clear that the GMNIA TB curve not
only lies significantly above the Eurocode values for torsional buckling, but also “misses” the
transition to the FByy buckling load predicted by the EC3 rules for this mode. In the studied TFB
case, the GMNIA curve still lies well above the Eurocode values in the range that appears to be
dominated purely by TFB, then (between L=1000 and 1500 cm) features a smooth transition to
Nery, thereby trespassing the EC3 curve for FByy. Over a relatively small range of length, this
“transition” line lies slightly below both the Eurocode TFB and FByy buckling curves, meaning that

the code regulations are actually somewhat “unconservative” in this range.

It is fairly easy to answer the question of where the differences in behaviour between the studied TB
and TFB cases in Fig 7-5a and b stem from: these are to be found in the shape of the imperfection
for both cases, particularly in the position of the centroid of the section in the imperfect
configuration and with respect to the section’s strong axis. While in the TB case the centroid does
not move at all throughout the loading process, in the TFB case the imperfection itself has a (very
small, but present) component in the direction parallel to the web in perfect configuration, given by

the circular shape of the deformation path.
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Fig 7-6  TFB and FByy buckling curves for an HEM 400 section; d=hy/2 (a) and d=h (b)

Thus, in the TFB case, at a certain length the non-linear load-deformation path enters the strong-
axis flexural-buckling path. Since the initial imperfection in this direction is rather small, and
certainly smaller than the value of ¢0=L/1000 assumed by Beer & Schulz (1970) when they
established the ECCS curve that now became the EC3 column buckling curve a for FByy, the
GMNIA curves at very high member length ends up being closer to the critical load Ny than the
Eurocode design curve for FByy. Of course, this could only happen because no (additional)
imperfection in the direction of the web was included in the calculations, as only the effect of TFB
and coupled rotational-lateral imperfections is intended to be studied. The same (intentional) lack of
imperfection with curvature about the strong axis is also responsible for the “missing” of the

bifurcation at N,y in the GMNIA calculations for the torsional buckling case in Fig 7-5a.

The transitional behaviour between TFB and FByy is illustrated a bit better when looking at the
HEM 400 section, see Fig 7-6. For this section, the classical yrr=f(A1r) type of representation
features rather sudden drops of the buckling load as the limit slenderness value of XTF,lim is
approached in Fig 7-4a-c. The GMNIA results from Fig 7-4b (d=hy/2) and c (d=h) are looked at
again in Fig 7-6, since they are the most interesting. As Fig 7-6a shows, the Eurocode would
actually predict a lower TF buckling load than the one given by the applicable FByy curve up to
lengths of over 12m for this section and d=hy/2. This is not reflected by the GMNIA curve, which
shows a behaviour typical of pure strong-axis buckling, albeit with a smaller imperfection than
¢0=L/1000. Accordingly, the numerical curve stays at x=1.0 up to a relatively high length, and then
smoothly descends towards N y. In the case of d=h (Fig 7-6b), the TF buckling mode appears to

have a stronger impact on the buckling load at lower member length, albeit not sufficient to make
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the current rules for TFB in the Eurocode any less than very “conservative” throughout the length-

range where this mode is dominant.

An additional example is illustrated in Fig 7-7, where the GMNIA buckling curves for TB/TFB and

variable support eccentricities d are plotted for an IPE 500 section and compared to the applicable
Eurocode design curves.
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Fig 7-7 TFB and FByy buckling curves for an IPE 500 section, d=variable.
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Again, the transitional behaviour from TFB to FByy is clearly visible in Fig 7-7b and c. The
“unsafe” discrepancies in the length range where both the EC3 design curves lie above the GMNIA
curve are most pronounced for the case where the lateral support is at a flange centroid (Fig 7-7b).
With further increasing eccentricity, the behaviour becomes increasingly dominated by the TFB
mode alone, until finally at d=2h the Eurocode TFB curve appears to describe the GMNIA curve
almost perfectly throughout all studied lengths.

In summary, it can be said that the current Eurocode rules describing the torsional- and torsional-
flexural buckling mode are rather “conservative” in many cases. This is particularly true in the case
of the pure torsional buckling case, where the torsional rigidity of practically all compact (class 1
and 2) hot-rolled and welded I- & H-sections would actually award a much higher TB resistance
than is currently granted by the code. In the case of eccentric lateral supports (TFB), the rotational
(circular) nature of the deformation path and the associated presence of (small) deflection
components parallel to the section’s web cause the sections to “switch failure mode” beyond a
certain length and to approach a behaviour that is increasingly dominated by the strong-axis
buckling mode. Due to the fact that the Eurocode rules do not know “smooth” transitions between
the effects of the singly global member buckling cases, this observed transitional behaviour can
show some ranges of application where even the (otherwise “conservative”) Eurocode rules are
“unconservative”. The danger of the occurrence of this transitional zone of “unconservatism” is also
strongly coupled with the actual position of the lateral support. It can be shown that the studied
position at d=hy/2 is in the worst area for this transitional behaviour; for smaller values of d, the
component of the imperfection/deformation parallel to the section’s web quickly becomes very
small, while for larger values of d (outside the section), the “real” TFB buckling behaviour quickly

becomes entirely dominant throughout all practical ranges of length.

7.3.4. TFB with one fully restrained flange

In all the above calculations concerned with torsional-flexural buckling, the studied columns were
assumed to be continuously supported only in a lateral direction, which corresponds to the
configuration most likely to be found in practical applications. These boundary conditions were
shown to be due to a transition (beginning at a certain, usually high length) from the TFB mode to
the strong-axis buckling mode FByy, due to the presence of deformation components parallel to the
web and the free deformability in this direction. This behaviour would clearly be suppressed if one
of the flanges were entirely restrained, in directions parallel and perpendicular to the web. In
practice, this bi-directionally restrained condition of an I-shaped column is possibly not very
frequent; applications can be imagined in certain steel sheet pile constructions, where the support in
the direction of the web is given (at least in one direction) by the ground. A similar configuration
can be imagined to exist for longitudinal stiffeners of large tanks and silos, especially when these
are filled and thus very stiff in radial direction. The following pages will treat the behaviour of such

columns under pure compression and lateral imperfections of the unrestrained flange.
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The comparison between the behaviour of a mono- and bi-directionally restrained flange is shown
in Fig 7-8 for an IPE 500 section; thereby, the GMNIA buckling curves for both cases are plotted in
the yre/A1r space (a), as well as over the member length (b). The differences between the two
curves are very large; the bi-directionally restrained column has a significantly higher buckling
resistance, which also exceeds the bifurcation load for TFB at a relatively low length of ca. 6m.
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Fig 7-8 Differences in TF buckling strength between the mono-directionally (laterally) and bi-
directionally restrained flange for an IPE 500 section, plotted over Lrr (a) and L(b).

Again, the explanation for this behaviour can be found in the geometrically non-linear, “circular”
deformation path of the buckling phenomenon: the prevented deformation of the restrained flange
in a direction parallel to the web allows the mid-span section to deflect (rotate) much farther and to
exploit much more of the cross-section’s plastic capacity before the peak of the load-deformation
path is reached.

This is illustrated in Fig 7-9, where load/lateral deformation paths for the unrestrained flange are
plotted for both studied boundary conditions. The studied section is again an IPE 500, with a length
of L=8070 mm corresponding to a weak-axis normalized slenderness of A,=2.0. The plotted
deformations and stresses are calculated at mid-span. As in all the GMNIA calculations in this
chapter, an eigenmode-conform imperfection was assumed in both cases, with an amplitude of
€0=L/1000=8.07mm. The figure shows that the load/deformation paths for both boundary
conditions practically overlap up to a normalized load N/Np, of ca. 0.4. This load factor corresponds
to the appearance of the first yield stresses at the right-sided (in the figure) external edge of the
upper, unrestrained flange.
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Fig 7-9 Load-deformation paths for an IPE 500 section in TFB for two boundary conditions.

Beyond this point, the mono-directionally restrained column (boundary condition BC1) features a
drop of stiffness, which culminates in the reaching of the maximum (buckling) load at a load factor
of N/Ny=y1r=0.46. Beyond this point, the column with BC1 displays a typical post-buckling
behaviour with a drawn-out, “flat” load-deformation curve.

In the case of the bi-directionally restrained column (BC2), the occurrence of yield at N/N,=0.4
produces a much more gradual decrease of stiffness, which is more typical of failure mechanisms
that involve the approach of a plastic mechanism. Indeed, the stiffness appears to “stabilize” in the
range beyond N/N,=0.5 up to ca. 0.62, where another gradual decrease occurs that leads to the
maximum load factor of N/N,="y1r’=0.66. The quotes are intended to indicate that it is up to

debate whether or not this maximum load can be classified as a TF buckling load in the strict sense.

The stresses in the unrestrained flange at the maximum (failure) load are also significantly different,
depending on the boundary condition. In the case of BC1, about one fifth of the unrestrained flange
has reached the assumed yield (compressive) stress of £,=235 N/mm?. The rest of the flange is also
entirely subject to compressive stresses. The comparatively small deterioration of rigidity against
further lateral deformation, caused by the zone of yielding, makes any further increase of
deformation impossible. In the case of BC2, the flange stresses at the maximum load feature a
significant bending component, emphasized by the fact that the yield stress is reached at both edges
of the flange, on one side as compressive, and on the other side as tensile stresses. The compressive
area with o,=- f; stretches across the entire right side of the flange, while the tensile yield zone
takes up a width of approximately b/5; this leaves little space for a resulting axial force in the
flange.
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Interestingly, the achieved maximum load factor of N/N=0.66 compares fairly well with the
section capacity of the IPE 500 section with one flange “missing”; Npiifiange/Np=(AwTAn)/Asot
=79.7/116=0.687. Indeed, the stress distribution at failure for the whole section can be shown to be

a condition very close to full yielding in every fibre, i.e. a primarily global cross-sectional failure.

For practical application, one might ask whether or not this significant over-strength afforded by the
bi-directionality of the flange support is practically exploitable, due to the large deformations that
appear to occur. As is shown in Fig 7-9, the lateral flange deformation at failure for BC1 1s 49mm,
equal to ca. b/4 of the section width. The deformation at the maximum load for BC2 is exactly three
times as large, reaching 147mm. At least for the studied section, this value appears to be too high
for practical acceptance; possibly, a design criterion based on deformations —rather than maximum
strength- would have to be defined in practice for the BC2 case, plausibly making the differences

between the two cases negligible.

In summary, it can be said that the additional support of the column in a direction parallel to the
web would cause a significant increase in ultimate strength of a column subjected to torsional-
flexural buckling. Generally, this case will be rare in design and only given in certain, specific types
of structures. Furthermore, maximum deformation design criteria might need to be introduced,
which would render the differences between the mono- and bi-directionally supported column
irrelevant. Due to these reasons, the bi-directionally supported case is not further considered in the

remainder of this chapter.

7.3.5. Additional effects: h/b ratio, fillet radius, residual stresses.

Up to now, the study of the realistic, GMNIA buckling behaviour in this section focused on four
“real”, commercial shapes. Of the four studied sections, the IPE240, IPE 500 and HEAA 1000
could a priori be expected to be sensitive to torsional and torsional-flexural buckling, merely from

“engineering judgment”, due to their perceived —and real- slenderness for these buckling cases.

The general perception is that the values of h/b, which are usually seen as the main indicator of
whether a section is “stocky” or “slender”, are —plausibly- also a good indicator of the position
(“low” or “high”) of a TB and TFB buckling curve in the yr¢/Atr space. This perception was also
confirmed by the GMNIA plots in Fig 7-4, where a higher value of h/b clearly correlated with a
lower position of the buckling curve. The results obtained and plotted in Fig 7-10 will therefore
likely come as a surprise at first sight. In this figure, the previously obtained TB buckling curve for
the hot-rolled IPE 500 section is compared with two fictitious, modified “IPE 500 sections with
b=0.5bprom=100 mm and b=hp,=500mm, resulting in h/b ratios of 5 and 1, respectively. All other
parameters were left entirely unaltered, i.e. the section’s flange and web thickness, the fillet radius,
and of course the depth h=500mm. Since beam elements were used in these GMNIA calculations,
the fact that the b=500 flange is actually vastly in class 4 range could easily be ignored for this

academic illustration example.
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Fig 7-10 GMNIA buckling curves for modified (b=var.) IPE 500 sections.

The above-mentioned “engineering judgment” will likely lead one to think that the “slender”
section with h/b=5 (b=100mm) will lead to a GMNIA buckling curve that lies significantly lower
than the one obtained for the section with h/b=1 (b=500mm). As a matter of fact, an “extrapolation”
of the observations made in Fig 7-4, where a section with h/b=1.4 (HEM 400) did not at all react to
torsional buckling, could lead to the assumption that the b=500 section will not react to this mode
either.

In reality, exactly the opposite is true: as the GMNIA plots in Fig 7-10 show, the putatively
“stocky” section is actually quite slender in terms of torsional buckling, and the “slender” section is
actually the least prone to this buckling mode. The explanation for this lies in the calculation of the
torsional rigidity Ir=1/3-> a- t*, which is most vigorously affected by the single plate thicknesses
(as well as the fillet radius), i.e. all quantities that are identical for all three sections studied in Fig 7-
10. The width of the flange affects the area A and particularly the polar moment of inertia I, much
more, which —considering that both quantities enter the numerator under the square root in (7.7)-
also explains why the limit slenderness is highest in the case of what was thought to be the “stocky”
h/b=1 section. It therefore appears that the h/b ratio is a fairly bad instrument for judging the
proneness towards torsional buckling of a section.

Another effect that is often controversial when numerical buckling curves are obtained or compared
is represented by the fillet radius; more precisely, the controversy arises from the question of
whether or not its inclusion is necessary in order to obtain accurate buckling curves, provided that
the correct/corresponding values of Ny, Ner, )tr are used for reference.
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Fig 7-11 Influence of the fillet radius on the shape of the resulting buckling curve

In chapter 6, section 6.5.6, the influence of the fillet was shown to be negligible for the LT buckling
case, at least as far as the obtained shape and position of the numerical buckling curve is concerned.
Correspondingly, Fig 7-11 shows a study of the influence of the fillet radius for the torsional
buckling case. The figure illustrates two GMNIA TB buckling curves for an IPE 500 section, both
calculated with the same assumptions regarding imperfections, and with the only difference lying in
the inclusion or omission of the fillet. It is illustrated in the figure that, contrary to what was
observed in the LT buckling case, the fillet radius has a rather significant impact on the resulting
shape and position of the TB buckling curve. This is again due to the very high influence of the
torsional rigidity on the buckling phenomenon, exemplified among other things in the resulting
value of the limit slenderness }_\«TF,lim. Of course, the purely torsional buckling case is the one most
affected by this phenomenon. It can be shown that, in the TFB case, the significance of the fillet on
the shape of the buckling curve decreases with increasing eccentricity d, and vanishes as the TFB

case approaches the behaviour of weak-axis flexural buckling.

A final effect that must be briefly addressed is the influence of the residual stresses. All sections
studied so far were assumed to have residual stresses with amplitudes of Gres=0.3 fy nom,s235, Which is
the value commonly assumed for hot-rolled sections with h/b>1.2. In Fig 7-12, one of the most
slender (for TB) possible sections with h/b<1.2, an HEA 360, is studied, using as basis of the
GMNIA calculations the applicable, higher amplitudes of the residual stresses of
0.51) nom,s235=117.5 N/mm?. Additionally to confirming the general tendencies pointed out in this
section (limit slenderness values, drop of y1r at high slenderness, poor representativeness of h/b),
the effects of the higher residual stresses also become visible in this figure: with increasing values
of d, the numerical curves again approach the Eurocode weak-axis design buckling curve, but this

time the lower curve c, applicable for these sections with higher residual stresses.
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Fig 7-12 TB and TFB buckling behaviour of a section with h/b<l.2 and correspondingly higher

residual stress amplitudes.

7.4. Ayrton-Perry Formulation

In this section, case-specific analytical Ayrton Perry formulae are derived for the torsional-flexural
buckling case of single-span members under constant axial force. The same principles are applied
as in chapter 6, section 6.7 for the LT buckling case. The special case of purely torsional buckling
(TB), where the eccentricity of the lateral support d is equal to zero, is thereby consistently included

in the following derivation as a special case.

7.4.1. Derivation

For a simply-supported column with double-symmetric cross-section and constant axial force N, the
assumption of initial lateral and torsional imperfections vy and 0, (with amplitudes vo and 6o) of

sinusoidal shape leads to the following two de-coupled second-order equilibrium equations:

Ng, ' V=N-v=N-vg (7.10)
I Il 0= 0=
N, —‘°+—GT -e—N.lf,-ezN-ljeo (7.11)
’ Iz Ncr,z

By using (7.4) in (7.11), the latter is written as follows:

25 2 7 2 7
Ne, ¢ -0-N-1;-0=N-i-60 (7.12)
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The two equations (6.13) and (7.12) are not couple, representing the behaviour of a free column, i.e.
one that is not laterally supported between end supports. In the TF buckling case, v and 6 are

geometrically coupled as follows, see Fig 7-1 and Fig 7-4 for geometrical reference:
v=d-0 and vo=d-00 (7.13)

The relationships in (7.13) can be used in (6.13); By multiplying the resulting equation by d and
summing the resulting term to (7.12), the TFB equilibrium equation in terms of the warping

moment about the location of the lateral support is obtained:

Nor,, (€2 +d%)-0-N-(i} +d*)-0 = N-(i} +d”)-60 (7.14)
or, through division by (i,” + d°)

()

0-N-0=N-0 (7.15)

The first term in equation (7.15) is identical to the TFB bifurcation load N, 1r, see (7.1). Thus, we
obtain the following simple expression for the rotation amplitude 6, which contains the second-

order amplification deformation amplification factor:

-~ = N
0=00 ——— (7.16)
Ncr,TF -N
This is conceptually identical to the relationship (6.16) in chapter 6, valid for LT buckling.
Accordingly, the following expressions can again be used to determine the second order internal

forces (out-of-plane bending moment M, and warping moment M) as a function of the occurring

deformations:
TC2 -
MZ=EIZ-?-V (7.17)
752 =
M, =El, 50 (7.18)
By using (7.16) and (7.13) in (3.7) and (7.18)we obtain:
Mzchr,Z-éo-d-L (7.19)
Ncr,TF -N
M =N, Jog,._ N (7.20)

® cr,z
Iz Ncr,TF -N

M, and M, can also be expressed in terms of the imperfection amplitude e, by considering the

following geometrical relationship:
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0 = —=
d+h/2

(7.21)

The maximum stress equation can now be written for the outermost fibre of the compressed flange

and set equal to the yield stress in a first-yield failure criterion:

M e 4
E-'_&-'__m'o‘)max:E-FNcrz' . i.,.MZ —.=f, (7.22)
AW, 1 A “d+h/2 | W, 31, | Nege-N

()

In the present case of a double-symmetric I cross-section, the following relationships hold:

I h-b
W,=—% ; =——=(b/2)-(h/2 7.23
:=%2 0 Qme = = (0/2)(h/2) (7.23)

Resulting in the following stress equation:

Non, oo g2 N (7.24)
AW, d+hi2 Ny -N Y

z

In order to obtain a dimensionless equation, expression (7.24) must be divided by the yield stress f;.

Furthermore, the second term on the left side can be expanded with A/A:

N Ncr,z A 'EO N
+ . .

=1.0 (7.25)
A-f, Af, W, Nyg-N

The dimensionless slendernesses and buckling reduction factors can now be introduced:

N — A-f, _— A-f
Xte = hz= |[—= ; ArF = 4 (7.26)

y Ncr,z Ncr,TF

Using the expressions (7.26) in (7.25) and simplifying finally leads to the following equation:

- 2
A- €o . 7\«TF . XTF

=2 —2
WZ 7\,2 1 - XTF * 7\4TF

Yp + =1.0 (7.27)

With the exception of the index of the buckling reduction factor y and the slenderness A, this

equation is identical to equation (6.28) of the LT buckling case. Accordingly, by substituting

- =
A-eo A
x50 2TE (7.28)
WZ }\.z
we obtain Yoo+ —EIE =10 (7.29)
1=9rg - rF
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This equation is identical to the Ayrton-Perry formula (5.2) of chapter 5 and can be solved

accordingly:
Y1p = ! <1.0 (7.30)
TF = <L .
[ —2
D+ O — AT
with (I =%-(1+n*+ﬁp) (7.31)

As a remark concluding the derivation, it can be stated that it again was shown to be possible to
develop a specific Ayrton-Perry buckling formulation for the studied global member buckling case.
The resulting formulation is —remarkably- qualitatively identical to the one developed for LT
buckling: again the term A-eo /W, 1s present, as well as a stiffness-related modifier of the form

—2 =2 — —
As / A, , with the “case specific” slenderness As being equal to Arr in the TFB case.

7.4.2. Representation

Prior to the calibration the newly-developed formulation to realistic GMNIA buckling curves, it is
interesting to study the shape of the elastic buckling curves, i.e. the curves that result from equation
(6.30) with (6.31) and n* calculated as given by (7.28), using the elastic values of A and W, and an
amplitude of the initial, sinusoidal geometric imperfection of e, =L/1000. This is done for the four
sections that were already studied in Fig 7-4, i.e. the HEM 400, IPE 240, IPE 500 and HEAA 1000
section. The resulting analytical, elastic Ayrton-Perry buckling curves (A-Peas) are plotted in Fig 7-
13.

1.0 v 1.0
g\ 1 — A-Pelast — A-Pejast
\ =2 — EC3-b
0.8 4. HEM400 P ATiim 0.8
IPE240 !
IPE500)
HEAA1000
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= S235 2
~ 0.4 A €,=L/1000 ~ 04 A
0.2 =3 0.2 =
0.0 T T T 0.0 : : ;
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
P a) n b)

TF

Fig 7-13 Analytical buckling curves according to the purely elastic, second order derivation.
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Quite generally, the figure illustrates that the resulting, elastic buckling curves already lie
significantly higher than the Eurocode buckling curve that would apply for these sections, with the
exception of the low slenderness range, where the missing plateau in the purely elastic formulation
leads to an immediate drop in the predicted load carrying capacity. Then, it is clear that the torsional
rigidity of the single cross-sections is (qualitatively) well represented by the formulation, which
distinguishes between different sections primarily due to the very different ratio A / ?_é for every
section: the torsionally stiff HEM 400 “automatically” has a higher buckling reduction curve than
the more slender IPE and HEAA sections. As far as the influence of the lateral support eccentricity
d is concerned, the differences between Fig 7-13a and b indicate that the drop in load-carrying

capacity associated with a larger value of d is also well represented by the developed formulation.

Furthermore, the formulation features the characteristic “limit slenderness” 7_\«TF,lim. As a matter of
fact, the perhaps most surprising aspect of the developed buckling formulation is the fact that the
curves have a tendency of pointing upwards after a certain value of Atr is passed, see especially the
lines for IPE 240 and HEM 400 in Fig 7-13a and b. The lines in the plot are not entirely drawn out,
but can be shown to converge to 1.0 at 7_\4TF,lim when the limit slenderness is smaller than 1.0, and to
the Euler buckling load corresponding to 1/ 7_»; im 1f the limit slenderness is larger than 1.0.
Mathematically, this is caused by the term Aie / }_Lz, which tends towards zero at infinite length due
to the finite value of ATr at infinite length. Thus, at infinite length equation (7.28) is zero, making
the buckling reduction factor yrtr according to (6.30) reach the solution that is valid for a perfect

column (Eo =0).

While this tendency is clearly illogical, one has to bear in mind that the parameter Are is by no
means linearly proportional to the length of the member; indeed, it can be shown that the point at
which the buckling lines start pointing upward corresponds to extreme, unrealistic lengths of the

member. This is absolutely confirmed in the comparisons shown in section 7.6.

7.5. Calibration

Having successfully determined a specific Ayrton-Perry formulation for the studied global member
buckling case, we can now proceed to the all-important task of calibrating the imperfection
definition to accurately describe the behaviour of the model beam with nominal geometry and fixed
imperfection amplitudes, as has been done by Maquoi and Rondal (1978, 1979) for the column
buckling curves and correspondingly in chapter 6 of this thesis for LT buckling.

Thereby, and as done in chapter 6, the first step is again to re-plot the results of numerical GMNIA
buckling curves in terms of the “un-modified” generalized Ayrton-Perry imperfection n* that —
when used in the Ayrton-Perry formula-, would exact/y match the obtained numerical results. This
numerical value of n*,m can be calculated from the numerically obtained values of ¥1rnum as

follows, also see chapter 5 and 6.
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1 = 2
T]*num :(X _1].(1_XTF,num - ATF ) (732)
TF,num

In Fig 7-14, this equation is evaluated for some numerical TB buckling curves for hot-rolled I-
sections with h/b>1.2, and compared to the current Eurocode rule, where n* is expressed by term
n*=ay-(Ar—0.2) and ar=0,=0.34.
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Fig 7-14 Numerical values of n* for a representative selection of cross-sections and the torsional

buckling case TB; comparison with the current Eurocode 3 formulation for n*.

Two aspects are illustrated in the plot in Fig 7-14:

- The Eurocode rule is always “conservative” for TB of hot-rolled sections; in the chosen
representation, a rule is safe when the numerical GMNIA curves lie below the chosen design
formulation.

- The numerical curves appear to diverge widely, i.e. to depend heavily on the section shape
both as far as slope and deviation from a straight line is concerned. Quite generally, the non-
linear relationship between A1 and the member length appears to cause the numerical curves
to bend upwards in the all-important (for accuracy) low slenderness range. This makes a

linear function of At a rather bad descriptor of the behaviour of many sections.

As was done in chapter 5 for flexural and 6 for LT buckling, it can again be shown that the
(geometrical) imperfection assumption underlying the numerical curves, i.e. a length-proportional
imperfection amplitude of eo =L/1000, is also very dominant in the equivalent, correct generalized
imperfection n of the Ayrton-Perry formulation, i.e. the term that comes to replace the purely-

elastic expression A eo/W,, in the specific Ayrton-Perry derivation. The equivalent numerical value
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of n that would exactly describe the GMNIA curves can be calculated by the following amended
form of (7.32):

-2 -2

Az Az 1 - 2

Noum = =3 'n*num:— 2 [ _IJ'(I_XTF,num'A’TF ) (7.33)
TF Ate \ XTF.num

Value of nnum for different sections and positions of the lateral restraints are plotted over the weak-

axis flexural buckling (FBzz) slenderness A, in Fig 7-15, and compared to the value of

N=0.34-(A; —0.2) that is used by the Eurocode for FBzz.
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Fig 7-15 Numerical values of n for different support eccentricities d, comparison with the weak-

axis flexural buckling case.

The figure shows that the imperfections Muum that would perfectly describe the GMNIA buckling
curves for TB indeed increase almost linearly when plotted over A; this is also true for TFB cases
with d=hy/2 and —at least in the low slenderness range- for d=h. More importantly, the divergence
from a straight line occurs at higher slenderness, where the significance of the imperfection
amplitude decreases, and present themselves as a bend downward, i.e. towards safer results.
Therefore, it appears safe to say that a calibration formulation for the generalized imperfection that
is a linear function of A,, i.e. an expression of the type M= O ‘(7_\42 —Xo), will again yield good
results, provided that the value of the generalized imperfection amplitude orr is correctly
calibrated. As is shown in Fig 7-15, there are clearly effects in the realistic, large-displacement
GMNIA calculation with residual stresses and plasticity that are not sufficiently well covered by the
Ayrton-Perry formulation itself; otherwise, the GMNIA curves for 1, would all be in the same

scatter-band without further modification. The TB case, for example, appears to require much lower
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values of 1 than the TFB cases with higher values of d. This must be included in the calibration of

olTr to obtain accurate results.

Considering the slopes of the GMNIA curves in Fig 7-15, as well as the general behaviour of
columns failing in TB and TFB described in section 7.3, it appears that an encompassing and

rational calibration of arp must fulfil the following conditions:

- It must account for the fact that torsional-flexural buckling approaches the behaviour of
weak-axis flexural buckling when the eccentricity of the lateral supports becomes very
large.

- It must also take into account the differences between the single sections, including the
differences in residual stresses assumed to exist between sections with h/b<1.2 and >1.2,

without the need for many additional cross-sectional classification criteria.

The first point requires the factor arr to be formulated in a way that approaches (but does not
exceed) the constant value that applies for FBzz, that is e.g. 0.34 for hot-rolled I-sections sections
with h/b>1.2. The second point requires the selection of a sensible classification parameter, which

best describes the differences between one section and the other.

As has been shown in Fig 7-10, the h/b ratio clearly is not an encompassing classification criterion,
since sections with small h/b are not necessarily “stocky” in the context of TFB. A much better
parameter is found in the most characteristic feature of the TFB mode: the limit value of the
slenderness XTF,lim, see equation (7.7). This quantity very well reflects the torsional properties of a
section, and is clearly correlated with the shape of a buckling curve, since it expresses its maximum

extent in the 1/ ATE space.

Based on the above considerations, and to a calibration to the obtained GMNIA TFB curves, the

following formulation for the generalized imperfection | and its amplitude oy is proposed:

n= o (2 -02) (7.34)
and Orp =0, -sin(arctan(XTF,nm /2)) (7.35)

Expression (7.35) is plotted in Fig 7-16b. The characteristic asymptotic shape of the sin(arctan(oa))
function is recognizable in the figure. The function is designed to converge towards the coefficient
a,, applicable for weak-axis flexural buckling with increasing values of Atrlim, and to satisfactorily

describe the numerical values of Nnum for all studied sections and lateral support configurations.

The latter point is illustrated in Fig 7-16a, where numerical values of nnum (calculated by applying
(7.33) to the GMNIA results obtained for 6 different sections and 5 locations of the lateral support)
are “normalized” by a multiplication with the term 1/ sin(arctan(XTF,ﬁm / 2)), and compared to the
weak-axis FBzz function for n=a, ~(Xz —0.2), with a,=0.34 for the studied sections according to

the Eurocode. When compared to Fig 7-15a and b, this representation illustrates that the chosen
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function for arr is well able to “bring together” the different GMNIA curves for Mpym. The
essentially empirical, “rational” selection of the cross-sectional categorization factor
sin (arctan(XTF,um / 2)) obviously cannot take all the effects into account that cause the differences
between a simple first-yield second-order failure formulation and a large-displacement, elasto-
plastic GMNIA calculation, so some differences between the function (7.35) and the GMNIA
values remain. However, as will be shown in the next section, these differences in terms of 1 do not
cause major discrepancies in terms of yt - ¥ rr.
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Fig 7-16 Comparison of (7.35) with the GMNIA values of N for different sections and support
conditions (a); representation of (7.35) for sections with h/b>1.2 (b).

7.6. Comparison of Analytical and GMNIA curves

In this section, the analytical buckling curve expression developed in section 7.5, and calibrated in
section 7.6, is compared to the numerical (GMNIA) TB and TFB buckling curves of section 7.3.
This is done in order to illustrate the increase in accuracy afforded by the new formulation, as well
as to discuss the implications for design that would follow from the application of the new

formulation.

The comparison is first done for the same four hot-rolled sections that were already treated in
Fig 7-4. In Fig 7-17, the GMNIA buckling curves for an HEM 400, IPE240, IPE 500 and HEAA
1000 section are compared to the new formulation (EQU) and to the applicable Eurocode 3
buckling curve b. The eccentricity of the lateral support is progressively increased from Fig 7-17a to
Fig 7-17d, ranging from the purely torsion TB case (a) to a case with d=2h (d).
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The figure shows that the differences between the analytical (EQU) and GMNIA buckling curves
are rather small for all studied cases and over most ranges of slenderness Arr. The proposed
analytical formulation appears to be well able to account for the different shapes of the buckling
curves, depending on section series and support eccentricity. Larger discrepancies appear only at
slenderness values that approach the limit slenderness XTF,lim. At these higher slenderness ratios,
the tendency of the analytical curve to point upward to either the value of 1.0 (if 7_\4TF,lim<1 .0) or to
the bifurcation load 1/ }_\‘?fF,lim was already pointed in section 7.4.2; the opposite tendency of the
GMNIA for TFB (d=0) curves to fall towards the FByy bifurcation load was also already
emphasized.
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Fig 7-17 Analytical (EQU) TB and TFB curves compared with the Eurocode and numerical
(GMNIA) curves.
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Since the slenderness for Arr stands in a highly non-linear relationship to the member length, it is

again helpful to plot the results of Fig 7-17 over the member length (and the strong-axis slenderness
Ay). This is done in Fig 7-18 for the IPE 500 and IPE 240 sections. In these figures, the “EQU”

lines representing the analytical buckling curve formulations also include the Eurocode buckling

curve for strong-axis flexural buckling FByy, in order to indicate at what length or slenderness the

FByy will become the most critical buckling mode in the proposed design procedure.
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Fig 7-18 Analytical formulations (EQU) for TB/TFB and FByy (=EC3 curve a) compared with
GMNIA buckling curves, IPE 500 (a-b) and IPE 240 (c-d) section.
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The plots confirm the general tendencies shown in Fig 7-17, possibly showing even more clearly
how precisely the proposed formulation is able to describe the TB and TFB buckling phenomenon

in the (lower) range of length where the phenomenon is entirely independent of the FByy mode.

In the case of TB of the IPE 500 section (Fig 7-18a), the proposed formulation is only slightly
“conservative” up the lengths of ca. 20m, when FByy becomes the prevalent buckling mode for the
studied column. In the case of TFB with d=h, (Fig 7-18b), the proposed formulation is very accurate
up to lengths of ca. 12m, after which the transitional behaviour between TFB and FByy becomes
prevalent. The proposed formulation does not attempt to take this behaviour into account, and
therefore yields results that are “unconservative” in the transitional range, with discrepancies that —
in relative terms- are rather high (with over-estimations of strength by factors of up to 1.5). In
practical applications, this might have to be kept in mind; however, the “unsafe” transitional range
only starts at lengths (L/h~20, L/b~50) and buckling reduction factors that approach the lower

limits of practical occurrence for the studied boundary condition.

Very similar findings are obtained for the TB and TFB case of the IPE 240 section (Fig 7-18c &d).
Again, the TB case appears to be very well described by the proposed formulation. The FByy
formula (EC3 buckling curve b) becomes dominant at lengths of approximately 6.0 m. The
“upwards” tendency of the TB buckling formulation only occurs beyond this point, confirming that
the buckling formulation is accurate throughout the realistic range of application. In the TFB case,
the transitional behaviour sets in at lengths corresponding to L/h~22, and causes larger relative
discrepancies for members with lengths between 8 and 13m; this is again at —or mostly beyond- the

upper-most limit of applicability of this slender section as a laterally not fully restrained column.

For a typical heavy column section like an HEM 400, the results of the evaluation of the new design
formula is plotted in Fig 7-19. In the TFB case in Fig 7-19a, this column is not affected by this
specific buckling mode, and fails in strong-axis buckling only due to the (small) deformation
component parallel to web, which initiates FByy buckling. The Eurocode 3 formula for FByy for
this section is more critical throughout all ranges of length for this section, making the TFB mode

irrelevant.

The HEM 400 section is affected by TFB only if the eccentricity of the lateral support exceeds half
the member depth, see Fig 7-19b, where d=h. In this case, the proposed, new TFB buckling
formulation is able to describe the column’s behaviour very well up to lengths of ca. 15m, where
the dominant failure mode switches to FByy both according to the design formulae (EC3 for FByy
with buckling curve a) and the GMNIA calculations.
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Fig 7-19 Analytical formulations (EQU) for TFB and FByy (=EC3 curve b) compared with
GMNIA buckling curves, HEM 400 section.

In a final figure, the accuracy of the proposed formulation is investigated for the HEA 360 section,
where h/b=1.167<1.2 and the residual stresses are customarily assumed to have higher amplitudes
of 0.5 * f;5235=117.5 N/mm?. As was shown in Fig 7-12, the GMNIA curves for this case again
approach the Eurocode buckling curve for weak-axis flexural buckling FBzz with increasing lateral
support eccentricity d. If equation (7.35) is to be used appropriately in the proposed Ayrton-Perry
formulation, the value of o, must be set equal to 0.49 in this case. The resulting analytical
formulation (EQU) is compared to the GMNIA curves for the HEA 360 in Fig 7-20a in terms of y ¢
plotted over Arp. Again, the figure shows the generally quite good accuracy of the proposed
formulation. Quite clearly, the proposed interpolation expression (7.35) between a zero-lateral and a
pure lateral weak-axis buckling behaviour is quite well able to describe an arbitrary section’s TFB
buckling loads. In Fig 7-20b, the results for the specific case of d=hy/2 are plotted over the member
length. This specific configuration was chosen for illustration because it’s with this positioning of
the lateral support that the largest transitional effects between TFB and FByy are observed within
the (upper) limits of practical application. As is shown in the figure, the Eurocode FByy buckling
curve (curve b for this section) becomes relevant before the transitional behaviour sets in at lengths
of ca. 12.5m.
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Fig 7-20 Proposed analytical and GMNIA numerical buckling curves for an HEM 400.

TF

7.7. Conclusions

In this chapter, the less well-known column buckling mode of torsional- and torsional-flexural
buckling (TB / TFB) of laterally restrained I-& H-sections was studied by means of numerical
calculations, and compared to a specifically developed and calibrated Ayrton-Perry formulation.
The practical relevance of this buckling mode was pointed out and demonstrated by comparing the
buckling reduction factors for the TFB mode to the two more commonly treated flexural buckling
modes about the main axes of inertia. The developed Ayrton-Perry formulation was shown to
represent a huge increase in the accuracy of description of the real behaviour of columns in TFB.
The proposed design formulation for this mode, and the corresponding cross-sectional classification

for this mode, is therefore summarized in the following table:

Buckling reduction factor Y1p = ! — <1.0 ... with @ = % 1+m ?‘_% +X%F
YTF Drp + \/CDTF —ATF ha
Generalized imperfection —
Tl = (X.TF '(}\Z - 0.2)
n
Generalized imperfection Oy = L, -sin(arctan(XTp,um /2)) :
amplitude oure _0.34...hot —rolled I- & H-sections, h/b>1.2
*10.49....hot —rolled (/b <1.2) & welded I- & H-sections

Table 7-2 Summary of the design proposal of this chapter
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Summary of Design Proposals - “Code Clauses”

8.1. Scope

The new design formulations proposed in this thesis for the description of buckling curves for

lateral-torsional (LTB) and torsional/torsional flexural buckling (TB/TFB) are summarized in the

following pages in a form comparable to “code clauses”. Of course, this is not intended to be a

complete representation; it is however intended as a conceptual draft for a possible codification.

8.2. “Code clauses”

Design of columns and beams with hot-rolled or welded I- & H-sections against:

(1)

The buckling resistance Ry of hot-rolled or welded, compact or semi-compact I- & H

sections, used as columns or beams may be assessed by applying the following formula:

where

and

Ruitks..-

Rul k.S
Rys= = s (8.1)
Tmi
o = L <10 (82)
D +\/c1>§ —-@-As
CDS = %[1 + (p-(OLO’S *Og '(Ximp _0-2)+X§ )} (83)

characteristic plastic section capacity. The following values shall be used:
For columns under axial forces (FB, TB/TFB): R\ s =Np y =A-f,

f,

For beams in bending (LT-buckling): Ry s =M i =Wy i -y

case-specific buckling reduction factor, see Table 8-1

normalized slenderness for the specific buckling case, see Table 8-1

slenderness used for the definition of the generalized imperfection, see Table 8-1
generalized imperfection amplitude factor of the specific case, see Table 8-1
case-specific second-order stiffness term, see Table 8-2

load diagram factor to account for variable loads, see Table §-2
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B Values of ag
BUCKLING | , | 7. T | s
MODE (index) Hot-rolled Hot-rolled Welded
h/b>1.2 h/b<1.2
FByy Xy | Ay | Ay | oy 0.21 0.34 0.34
FB,, Xz | Ao | Ay | O 0.34 0.49 0.49
TB/ — — . , .
TFB XTF }\«TF 7\,2 OLTF 0.34 BTF 0.49 BTF 0.49 BTF
LTB Aot | At | e | oowr | 0.12°Brr<0.34 | 0.16 BLr<0.49 | 0.21 Brr<0.64

Table 8-1 Generalized imperfection amplitude oy for hot-rolled and welded I- & H-sections.

Note 1: the additional coefficients used in Table 8-1 are defined as follows:

BLT: \[Wy,el /Wz,el

Brr= Sil’l(arctan(XTF,lim / 2))

_ \/A-fy-(ip2+d2)

ATE lim =
’ Gl;

d: eccentricity of lateral support;

Wyl ... W, elastic section moduli

Note 2: The numerical values of asin Table 8-1 are based on geometrically and materially
non-linear numerical (FEM) calculations that considered nominal cross-sectional parameters

and imperfection assumptions as shown in Fig §8-1.

CROSS-SECTION IMPERFECTIONS
geom. res.stress
(eigenmode)
hot-rolled hot-rolled welded
tt nom Al hib>1.2 h/b<1.2
Prom| 41 Lo s —res Ores +1.0f,
bl (+lso=L/1000 { { -0.25f,

i — o 1.0f,
: 7o 7 ALl
bt - +0.31, +05f, -0.25f,

Fig 8-1  Assumptions used to derive the values of as in Table 8-1.
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BUCKLING

VODE Oos LOAD CASE ®
FB,, 1.00
z FB,, 1.00 N=const.
5 — 1.00
@]
© TB/TFB At
Az
M=const. S 1.00
o ~— B 0.95
% LTB Air
8 Az T~ B 0.90
M wM 1.25-0.1-y—0.15-y>

Table 8-2 Stiffness factor oy s and bending diagram factor @

()

€)

The slenderness for single buckling modes may be calculated as follows:

For columns failing in strong-axis flexural buckling FBy,: Ay =

For beams failing in lateral-torsional buckling LTB: ArT =

NCT

A-fy

Y

cr

Wy,pl ) fy

In the case of semi-compact class 3 sections, the following condition shall be additionally
checked:

Where

Rys=

Mg x

“XLT < MRd,class3
TMm1

MR class3 18 the elastic cross-sectional moment capacity Wy el -fy v

(8.4)
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8.3. Comments

The above clauses allow for an accurate determination of the buckling resistance of columns and

beams with hot-rolled, compact and semi-compact sections under either constant axial force

(flexural, torsional and torsional-flexural buckling) or a variety of bending moment diagrams

(lateral-torsional buckling). In terms of practicality, the proposed formulation is thereby absolutely

comparable to current formulations found in the Eurocode.

The main differences between the current Eurocode formulation and the new proposal are the

following:

1.

ii.

iil.

1v.

In the proposal, the generalized imperfection n is defined in terms of a linear relationship
between the imperfection and the normalized slenderness for strong- or weak-axis flexural
buckling 7_\4y or A,, -respectively the length-, of the member. In the present Eurocode
formulation, 1 increases linearly with the normalized slenderness As of the specific
buckling case, which is not necessarily proportional to the length. In the case of torsional,
torsional-flexural and lateral-torsional buckling, this has been shown to cause problems for
the calibration in the specific chapters 5 to 7, due to the fact that the GMNIA numerical
curves onto which the analytical curve was calibrated are also largely dominated by the
(length-proportional) assumption for the geometric imperfection eo =L/1000; also see
section 5.3.2

The consistent definition of the generalized imperfection 1 as a function of A, allows for a
straightforward inclusion of a transitional behaviour between the specific (lateral) buckling
case and the limit case of weak-axis flexural buckling; this is observed in Table 8-1 by the
delimitation of the value of as by the value of a,, valid for weak-axis flexural buckling FB_,.
This delimitation is implicit in the formulation of orr, which “automatically” converges
towards the applicable value of o, and explicit in the definition of arr, which needs a
specific “check” to see whether or not it has exceeded o, The implications of this
delimitation have been discussed in detail in section 6.8.6 and 7.5.

The formulation for ys, respectively ®s, contains a specific stiffness correction term o s,
which takes into account the characteristic sensitivity towards imperfections of the different
studied buckling modes. This term stems from second-order, elastic derivations for the
single specific cases, see chapters 6 and 7.

Additionally, formulae (4.3) and (8.3) contain a factor ¢ to account for variable bending
moment diagrams in the LT buckling case, developed in section 6.9 of chapter 6 in this
thesis. It shall be noticed that this factor is set to 1.0 for the column buckling cases, where
only the case with constant axial force was considered in this thesis; as a matter of fact, it is
believed that a very similar concept, i.e. a specific factor ¢ for these column buckling cases,
could be developed along the lines of what has been done for the LTB case, with no need for

a modification of the formulae (4.3) and (8.3) themselves.
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By defining the normalized slenderness At uniformly as a function of the plastic moment
capacity for compact and semi-compact sections, a definition is used that allows for a
homogeneous description of the buckling resistance as observed in GMNIA calculations. On
one hand, if the elastic moment capacity had been used in the definition of both %t and ALt
in the case of class 3 sections, these sections would be designed (too) conservatively with
the above formulation. This is currently the case in the Eurocode. On the other hand, in
order to avoid an unconservative regulation in the low LT slenderness range, the proposal
needs an additional check against the applicable cross-sectional capacity, see clause (3). The
accuracy presented by this clause depends on the formula used to determine Mggclass3-
Models for the determination of the cross-sectional capacity of semi-compact sections,
which are more refined than the simple elastic capacity, have recently been developed and
presented e.g. by Kettler (2008), and could be used to increase the accuracy and consistency
of clause (3).
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On the Derivation of Design Rules for Beam-Columns

9.1. Introduction and Scope

In this chapter, an outlook is given on some aspects of beam-column design that are currently of
interest to the scientific community and at code-committee level. The chapter begins with a
discussion of the main concepts for the design of members subjected to combined load cases, the
“interaction” and the “generalized slenderness” concept. Then, it proceeds with a brief numerical
study of the in-plane buckling behaviour of beam-columns, thereby using types of representation of
strength that are not commonly used in the literature. After a discussion of the design rules currently
contained in Eurocode 3, which are based on the interaction concept, a new formulation for the in-
plane buckling check of beam-columns is developed and presented that is integrated in the
“generalized slenderness” concept and makes use of an overall, in-plane buckling reduction factor
formulated using an Ayrton-Perry type representation. The accuracy and efficiency of the proposed
formulation is demonstrated by means of comparative numerical (GMNIA) calculations, leading to
the conclusion that the proposal is fully compatible in terms of safety and mechanical soundness—if
not slightly superior- to the design rules currently found in the Eurocode. In a final section of this
chapter, some remarks are made with respect to the “general method” in EN 1993-1-1 — clause 6.3.4

for the design of beam-columns against spatial buckling.

9.2. Concepts for Beam-Column Design

Beam-columns are characterized by the presence of compressive axial forces and bending moments.
The resistance of a steel member against either one of these two sources of compressive stresses has
been dealt with at lengths in part II of this thesis, and can be determined using the methods detailed
therein. For a given level of the axial force N and the bending moment M, one can thus calculate the
utilization of a steel member for either N or M by using the design formulae for columns and beams
of Eurocode 3, or of part II; these can be written as npg=N/ (x A, /YM1) for flexural buckling of
a member under axial load and my =M/ (X Wt/ YM1) for LT-buckling of a member in

bending.
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Due to the non-linearity of both stresses and deformations with respect to the level of loading, the
resistance against the combination of axial forces and bending moments cannot generally be
calculated directly from a (linear) superposition of the utilizations for the single loading
components. In other words, the total utilization under N+M will often be higher, sometimes
smaller, and only by pure chance equal to ngg+my . This obviously must be —and is- considered by

design rules for beam columns.

In this context, two distinct concepts have come to be seen as the most advantageous ways of

dealing with the beam-column buckling behaviour, see Fig 9-1:

1. The first and (currently) most common is the so-called “interaction concept”. It directly
makes use of the valuable information contained in the utilizations ngg and myr by adding
them together, and accounts for the mentioned effects of the simultaneous presence of N and
M by an interaction factor k. As described by Lindner (1986) and later Greiner et al. (1998),
different uses (multiplier or addend) and positions (before ngg or myt) of k have been

considered. For the Eurocode, a format where k is a multiplier of the bending term was used.

ll\? INTERACTION CONCEPT GENERALIZED SLENDERNESS CONCEPTS
N / N N<) ("overall slenderness"”; "general method"; ...)
OO M L 1 M N N
yYOC& ; padN )
° \ Y My -y =) My
/ My\‘ My LBA/MNA GMNIA

geometric residual

1
i
i
; - X ) LPFMNA B imperfections  stresses
| GS = LPF = | } Ih/b>1.2
| _ Npl _ Mpl LBA :
i A= N——)X 7\4LT: __)XLT R J—'O'Sfyy%
i cr cr — |pl :€0
i Rer B } Ih/bs12
i - Nrk =Npi % Mri =Mpi %Lt 2051, P
1
; =0———0 n [l R
nFP, ........ ) ‘/mLT " Rok =Rpi xes XGs = GQANIA ?
N “Neg L Mgg P!
M -i k- <10 Rok

Fig 9-1 Concepts for beam-column design, interaction concept versus generalized slenderness

concepts.

ii.  In the second type of concepts, a generalized definition of the (normalized) slenderness is
used; they are therefore called ‘“generalized slenderness concepts” in the following.
Specifically, these concepts encompass the “overall method” commonly used for the design
of plates and shells (see e.g. Rotter, 2002) and the so-called “general method” for the design
of beam-columns of clause 6.3.4 of Eurocode 3 - EN 1993-1-1 (2005). These methods have
in common that they do not explicitly consider the utilizations for the single components of

a given loading condition, but rather consider total utilizations for the combined case as
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basis for design. As is illustrated in Fig 9-1, these methods define the slenderness XGS ina

generalized form as the square root of total load proportionality factors LPF:

= /LPF /R
LBA cr

LPFyvna 1s the maximum amplifier of a combined load case that can be reached in a

(materially non-linear) analysis of the structure without taking into account the effects of the
studied buckling case. In the “overall method” used for plate and shell buckling analysis,
this load proportionality factor is calculated by omitting all stability effects, but taking into
account the material non-linearity in a materially non-linear analysis. This corresponds to
the plastic resistance Ry, of the studied structure for a linear amplification of a given load
case. In the “general method” of EN 1993-1-1, LPF\na is replaced by the in-plane buckling
strength, 1.e. the (plastic) resistance Ry j, of the studied member for a linear amplification of
(N+M), including the second-order effects of imperfections and deformations in the main
plane of bending.

LPF g4 is the maximum amplifier of a combined load case until bifurcation is reached for
the studied buckling phenomenon. It can also be seen as the resistance R, against elastic
buckling of the studied member for a linear amplification of (N+M).

In the concepts that make use of the “generalized slenderness”, the buckling design check

has the following format:

R, , = Xas Hhwa 5 g 9.2)
Twmi

Thereby, Ry 4 1s the design resistance (in terms of a maximum load amplification factor) of
the structure against the studied buckling phenomenon for a given load combination.
Equation (9.2) contains a buckling reduction factor ygs, which is a function of the
generalized slenderness Lgs. As is indicated by the question mark in Fig 9-1, the values to
be adopted for ygs are not clear and still up for debate, with a common opinion being that
they must be studied and calibrated by means of GMNIA calculations, see e.g. Greiner
(2003). This is also the topic of section 9.6 of this chapter.

(It shall be noted that in the “general method” of EC3 for the design of beam-columns the
index of both slenderness and reduction factor is “op” for “out-of-plane”, instead of the

general “GS”).

In summary, the “interaction concept” and the “generalized slenderness” concepts (“overall” and

“general method”) use different formulations for the buckling resistance of members under

combined loading. Clearly, the formulation for the buckling design check according to (9.2) can be

said to be “consistent” in the sense that it is a generalized formulation that also implicitly contains

the buckling checks used for single load cases of only N or only M. (In the case of the general

method this is only true for M, since for N it is based in ¢, Ny instead of on Ny alone). However,
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the formulation does not —by itself- contribute to a solution of the design problem of members
under combined loading, since the buckling reduction factor ygs must account for the exact same
effects as the interaction factor k. The two concepts are therefore best thought of merely as two
different forms of representation of the same information, without attributing an (inexistent) higher
degree of mechanical consistence to any of the two concepts. Therefore, both concepts are
considered in the remainder of this chapter.

9.3. In-Plane Buckling Behaviour of Beam-Columns

As has been stated in the introductory section 7.1, this chapter focuses on the in-plane buckling
behaviour FB;j, of beam-columns, and thereby aims at developing a new formulation that better
harmonizes the design rules for this buckling mode with the Eurocode rules for the modes
associated with single load cases. A preliminary step in this direction is to study the behaviour of
beam-columns for FB;, by means of GMNIA calculations, and to compare the results of these

calculations to the current Eurocode rules for beam-columns. This is done in this section.

9.3.1. Variable definitions

The variables and forms of representation used in the remainder of this chapter are presented and
discussed in the following. The plots in Fig 9-2 thereby serve the purpose of helping to interpret the
single variables. Plot (a) in Fig 9-2 shows the strength of a certain beam-column, an IPE 500 with Py
v=1.0, and load case (N+My constant) @s obtained from GMNIA calculations in terms of a N-M,
interaction curve (line with circles indicating the single results). This type of representation
indicates the maximum obtainable value of n=N/N, and m=M/M;, whereby m refers to the

maximum applied first order moment, which for this load case is constant over the member length.

1.0 1.0 —
’1’/4¢O ':':\l/DIE 500 | -o-GMNIA MCN &,L/1000 Ney | —o-GMNIA, "
=const. —vw
&//7/@ :Xy =1.0 R..=b/
08 T /.O,, n, =n / 08 T pl_ nO
%, y 0/ XyEC3 R. . = n
" b,ip~ Xyngo/ No
/ %ip = Rbjip / R
_ 06 - 0.6 - . v
- / Aip = Ay \/B
s ’
< /
z 7
L 0.4 0.4 {mg ¥ b/o/
@
/ 1
0.2 1 0.2 Aill ; y:mo
n 0 . W
(3/ \‘3(< m”=M+N eo+w)
v v v Mpl
0.0 T T T T s 0.0 < . ! I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
m=M/M,, [-] a) m'=M"/My; [-] b)

Fig 9-2 Used variables as they appear in a GMNIA N-My interaction resistance plot (a) and in a
N-Myll plot (b).
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The plot also shows the N-M cross-sectional interaction curve, i.e. the plastic limit load for this

section. In this plot, the following characteristic values and variables can be identified:

1.

1l.

iil.

1v.

V.

At a given (design) load level, a certain (“zero”) reference combination of n and m is
present. This loading condition is identified by the red circle with coordinates n=n, and
m=my, in the plot. For the beam-column to be “safe” against in-plane buckling, no/my must
lie below the GMNIA curve.

The ratio mo/ng, which represents the eccentricity of the axial force N=n¢'Ny, that would

equivalently lead to my, is denominated by the variable 1 in the following.

_(M/Mpl)=E11

MNo = (N/Npl) n, (93)

The value of the GMNIA N-M; resistance curve lying on the straight line passing throuh the
the plot’s origin and the point my/ny indicates the combination of n and m at which the given
beam-column has just reached its GMNIA buckling strength if ny and my are both amplified
proportionally, i.e. by maintaining the ratio no constant. The value of n reached in this case
is denominated as 7y o in the following. It is the buckling reduction factor with regard to the
axial force section capacity Ny, that can be reached if a N/M pair is proportionally increased
until failure.

If no bending moment is present, the value of the GMNIA resistance curve at m=0 is
(practically) identical with the buckling reduction factor y, rc3 valid for a column failing in
in-plane flexural buckling, provided of course that the same imperfections and input data are
used in the GMNIA calculations as done by Beer & Schulz (1970) for the original ECCS
column buckling curves, see chapter 5.

In the interaction design concept for beam-columns of EN 1993-1-1, the variable of ny is
used, which represents the ratio of the acting, normalized axial force ng over Yy gcs.

Instead of through amplification of both ny and my at the same pace, the N-M, resistance
curve can also be reached starting from my/ny by maintaining N constant and increasing only
M. The total value of the applied, normalized bending moment at failure is denominated
my,ip for this case. This value isof relevance for the definition of the imteraction factor k,

according to the interaction concept design formulae of EN 1993-1-1, see section 9.3.3.

Fig 9-2b also shows results of a GMNIA calculation, but presented in a different format: the

GMNIA curve (with circles) in this case shows the combination of n and m" that is present in the

IPE 500 section with XyZI.O if a given load ratio ng=my/ny is maintained throughout a loading path

from zero load up to failure, whereby m" is the (normalized) fotal, second order bending moment

present in the critical section (at mid-span in this case):

I

_ :M+N(&+§)

M

(9.4)
pl
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The dashed red line in Fig 9-2b therefore represents the first-order, load bending moments M

throughout the loading path, while the GMNIA curve shows the bending moments that are actually

acting on the most critical cross-section, i.e. M plus second order effects. This form of

representation is useful in order to understand the steps needed to formulate a “generalized

slenderness” approach for the FB;, buckling case:

1.

ii.

1il.

1v.

vi.

A “generalized slenderness” in the sense of the “overall method” discussed in section 9.2
requires the identification of the maximum load amplification factor Ry up to the plastic
limit load for a given, fixed load combination. After calculating the ordinate value b of this
amplification factor (by considering the in-plane interaction relationship), Ry can be simply

calculated from:

R, =b/n, (9.5)
For the in-plane buckling case, the elastic, bifurcation buckling load needed for the
calculation of the slenderness is governed solely by the axial force, and is independent of the
bending moment. The elastic buckling resistance R, in terms of load amplification can

therefore be written as follows:

R, =—Ne 1 (9.6)

cr —2
Ny Ny ngay

The “generalized”, in-plane slenderness 7_uip can therefore be written as follows:

— R —
xmzfiﬂzx,JB (9.7)

As can easily be seen, the in-plane slenderness Xip defined in this way is equal to Xy if
my=0.0, and equal to zero if ny=0.0, which is descriptive of the buckling proneness for these
cases.

The plot shows the maximum load amplification factor y,,o for proportional load case
amplification as the ordinate value of the peak of the GMNIA curve.

The in-plane buckling strength in terms of load amplification factor Ry, is thus defined as

follows:

R, = 2210 9.8)

bip =
n,
Finally, the “generalized” buckling reduction factor ¥, for FBi, can be defined as follows:

_Reoip _ Xymo (9.9)

Xip Rpl - b

The forms of representation and variable definitions given above will be used in the following,

whereby the first step is to show the GMNIA buckling behaviour for FB;, in the above terms.
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9.3.2. Buckling behaviour in numerical (GMNIA) calculations

The figures in this section illustrate the load-carrying and buckling behaviour of laterally restrained
beam-columns as shown by GMNIA calculations. Thereby, all calculations refer to single-span
members loaded by constant bending moments. The yield stress of the material is ;=235 N/mm? in
all shown cases, while the residual stress patterns follow the recommendations given in the ECCS
(1984) recommendation. The in-plane geometric imperfection was assumed to be of sinusoidal
shape and to have a magnitude of eo=L/ 1000, leading to the EC3 buckling reduction factors y, —

which are based on calculations that used the same assumptions- for cases where M=0.

The first plots, shown in Fig 9-3, are of the type already presented in Fig 9-2a. The buckling
resistance is presented in terms of buckling interaction curves for two different sections and three

different values of 7_\4y.

1.0 g 1.0
3 SO
% & s
2 2
0.8 IPE|240 0.8
/M=const.
— 061 0.6 1
ZE.
Z
04, 0.4 4
0.2 1 0.2 1
AT —o—GMNIA
0.0 == T T T T X 0.0 ‘ T T T —
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
m=M/M,, [-] a) m=M/M,, [-] b)

Fig 9-3 N-M, interaction resistance curves for an IPE 240 (a) and an RHS 200/100/10 (b) section

and various values of Ay .

For both sections, the same general behaviour can be observed in these plots:

1. With increasing slenderness, the buckling N+My interaction curves move farther away from
the cross-sectional interaction curve. The ordinate value of the curves at m=0 corresponds to
the buckling reduction factor for FBy, and m=0, while n=0 at m=1.0, meaning the plastic
bending capacity M, is reached.

ii.  In between these two points, a (visually not very pronounced, but present) non-linear
relationship is observed. This is the non-linear interaction effect that needs to be taken into
account by either an interaction factor k or a specific definition of the buckling reduction
factor , as mentioned in section 9.2.
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Fig 9-4 N—My” plots for an IPE 500 and different values of 1y obtained using the Riks algorithm
(a); for ny=0.5 and three different loading paths up to failure (b).

The type of representation used in Fig 9-3 only shows the final results —in terms of obtained
combinations of n and m- of GMNIA calculations and is therefore not very informative with regard
to the actual load-carrying behaviour. In order to better understand what the single GMNIA result
points of Fig 9-3 represent, it is convenient to plot the total, second-order bending moments in
loading path curves as first presented in Fig 9-2b. This is done in Fig 9-4.

Fig 9-4a shows the loading path curves for three different values of the ratio m/n=n for an IPE 500
section. The loading paths are thereby calculated using the Riks algorithm in Abaqus, allowing for

an analysis of the post-buckling behaviour. Two observations are of relevance:

i.  The peak of the loading path curves is reached prior to obtaining the full plastic bending
resistance given by the N-M, cross-sectional interaction curve. This is due to the loss of
stiffness caused by yield stresses in the flanges, which are obtained early on through a
combination of compressive residual stresses and direct load stresses.

ii.  After the peak is passed, the loading path curves descend into the N-M, interaction curve

and follow this curve until the end of the numerical calculation.

Fig 9-4b shows three different loading path curves, with all of them resulting in a final value of the
ratio of (first order) bending moment to axial force at failure of 10=m/n=0.22/0.44=0.50, but each
representing a different loading history up to this point:

i.  The loading path marked as “2” in the figure is the one also shown in Fig 9-4a, i.e. one
where the ratio of 1my=0.5 is present from the load level zero and kept constant with
increasing load up to failure. At failure, the normalized axial force is n=yyn0=0.44, and the

respective normalized bending moment is m=0.50.44=0.22. The total, second order value of
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m=m" is much higher than this value, reaching m"=0.6, which illustrates the significance of
stability effects for this member at the given slenderness of 7_»y=1 .0.

i1.  The curve marked as “1” represents a loading history where an axial force corresponding to
n=0.44 is applied in a first step, and a first order bending moment corresponding to m=0.22
is applied in a second step, keeping n constant. The axial force alone already causes second-
order bending moments of ca. m"=0.08. Due to the presence of the axial force, these
bending moments increase over-proportionally with the increase of m, finally resulting in
the same failure point at n=0.44 and m=0.22, with m"=0.60.

iii.  The curve marked as “3” in the figure represents the case were a bending moment
equivalent to m=0.22 is applied first, with no normal force, and a normal force of n=0.44 is

applied in a second step, keeping m constant. Again, the same failure load is finally reached.

The observations made with regard to Fig 9-4b are quite relevant, as they imply that the ultimate
buckling load for a certain total loading state is actually independent of the loading history. Only

this fact allows for a definition of buckling rules that is independent of the sequence of loading.

The fact that the non-linear, GMNIA buckling load does not reach the plastic N-M, interaction
curve is quite relevant for the development of an accurate design rule and should therefore be
discussed with more detail. Some results of a study concerned with this specific aspect are plotted
in Fig 9-5a-d. The figures show N-M" loading path curves for an IPE 500 section failing in in-plane

buckling under N+M for different values of the ratio 1y and for four different values of 7_\4y.

It would be desirable to be able to include the exact parameters and effects that lead to this
“premature” failing of a beam-column in a design formulation. However, this seems to be beyond
the scope of the task of developing an accurate but simple buckling rule, as a precise formulaic
representation would require an inclusion of effects and stiffness terms that exceeds what is
practical in a design rule. However, the plots in Fig 9-5 do help to indentify the key parameters of
the problem:

1. The comparison of figures a to d shows that the distance between peak of the loading path
curve and the plastic interaction curve increases with slenderness; at 7_uy=O.5, the GMNIA
curves are fairly close to the plastic N-M, interaction curve, while at 7_uy=2.0 this distance is
generally larger.

i1.  The load ratio my=mo/ny also appears to be of relevance. This is particularly evident in
Fig 9-5¢, which shows loading path curves for Xy=1.5: while for a value of 1y=4.0 the peak
of the curve is close to the plastic interaction curve, for 1¢=0.0 (my=0) the peak is even prior
to the elastic interaction, represented by the straight line “1” (see figure d for the definition
of the straight interaction lines). This means that the slenderness Xy alone is not fully

descriptive, and that the level of normal force is also relevant.
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Fig 9-5 N—Mprlotsfor an IPE 500 and different values of 1y for Zy =0.5 (a), 1.0 (b), 1.5 (c) and
2.0 ().

As will be shown in section 9.3.3, the effect illustrated in Fig 9-5 is explicitly addressed in the
interaction concept buckling formulae of Annex A (“French-Belgian formulae”) of EN 1993-1-1,

and implicitly in the formulations of Annex B (“Austrian-German formulae”) of the same code.

In a final figure dealing with the GMNIA results for the in-plane buckling behaviour of beam-
columns, the buckling reduction factors y;, and xy.no defined in (9.9) and (9.8), and illustrated in Fig

9-2, are plotted over the slenderness values Klp -as defined in (9.9)- and ky, respectively.
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Fig 9-6 Buckling reduction factor y,, (a) and y, 0 (b) for the in-plane buckling of an IPE 500

section under constant bending moment.

Fig 9-6a shows the buckling reduction factors y;, for an IPE 500 under axial force and a constant
bending moment diagram, calculated for different values of no and plotted over 7_»ip. The figure
shows that each value of the ratio 1o leads to a distinctly separate, unique buckling curve, with high
values of n (i.e. load cases with a large bending component) resulting in lower curves. Thereby, the
distance between the single curves increases under-proportionately with rising value of no. With
increasing 1y, the curves can be shown approach a limit curve representing a lower bound for very

high 1o values.

The plots in Fig 9-6b are a different representation of the same GMNIA results, where the buckling
reduction factor yyno is plotted over 7_»y. As was discussed in the description of Fig 9-2, yy.no is the
maximum ratio of n=N/N,; that can be reached for a certain value of 1 if the two load components
N and M are increased proportionately. Thus, the plot for example indicates that at XYZI .0 a beam-
column loaded with 1¢=0.5 can reach a maximum value of n=yy.0=0.44, and thus a value of

m=n9n=0.22; this is the same result discussed at length in Fig 9-4.

Both types of representation shown in Fig 9-6 are used extensively in sections 9.4 and 9.5, whereby
more detailed descriptions are given there.
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9.3.3. Eurocode design rules - interaction factors ky and k;

Clause 6.3.3 of EC3- EN 1993-1-1 (2005) contains interaction concept design formulae for beam-
columns. The theoretical and statistical background of these formulae, including the full list of

references for single papers and research reports, has been collected and published in the ECCS
Document N°119 (Boissonade et al., 2006).

The general form of the design formulae for the special case of pure in-plane buckling without any

out-of-plane effects can be written as follows, whereby the partial safety factor yy is omitted:

N M
for N+M,: +k, ——<1.0 (9.10)
Xy 'Npl My,pl
for N+M,;: N +k, M, <1.0 (9.11)
Xz Npl Mz,pl

While these formulae (or rather, extended versions of them that account for in- and out-of plane
effects) are contained in the main part of EC3 — EN 1993-1-1, the all-important interaction
coefficients k are contained in two separate annexes of the code, Annex A and B. Thereby, Annex
A contains what came to be known as the “French-Belgian” coefficients, and Annex B contains the

“Austrian-German” ones. The reason for this distinction is the following:

i.  Two different research teams, one composed of French and Belgian researchers, the other of
Austrian and German ones, were concerned with the revision and improvement of beam-
column design curves for ECCS TCS8. Thereby, the original intent was to provide two
different levels of complexity and validity of the resulting formulae.

ii.  While an agreement was found regarding the general formulation of the interaction design
equation, two completely different proposals were made for the interaction coefficients. On
one hand, the “French-Belgian” proposal was primarily based on a rigorous (elastic) second-
order formulation, with some calibration needed only for the inclusion of effects stemming
from material non-linearity. The “Austrian-German” proposal, on the other hand, was based
primarily on the calibration to GMNIA calculations, with the goal in mind of keeping the
resulting formulation as simple as possible without giving up too much accuracy.

iii.  Contrary to the original intent of having two formulae that cover different levels of
complexity of the structure and loading case, the Annex A and B formulae ended up being
valid for the exact same type of member: prismatic members with double-symmetric cross-
section.

iv.  Thus, the two Annexes are seen in EC3 as two alternative options for the treatment of the
same problem, with the selection of either one of the sets of formulae open to national code

committees’ or even the designers’ choice.
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For the case treated in this section of in-plane buckling of beam-columns of members with class 1
or 2 cross-sections, the following equations are used to determine the interaction factors ky or k,
according to Annex A and B:

Annex A:
C
k, = m%,y : ! 9.12)
1-x, "N/Ngy 1.6-Cpsy” (= =2\ N 1
MAX{1+(w, —1)- 2—”-(xy+xy) ——
Wy Npl Wy
C
k - mSz | ! (9.13)
l_Xz'N/Ncr,z 1.6'CmSZZ — - 2 N 1
MAX{1+(w, —1)- 2—’~(xz+xz ) e
z Npl w,

With wy=W, /Wy <1.5
WZ:WLp]/ Wz,elfl S

Cms,y » Cms,z... equivalent sinusoidal moment factor; Cpg j=f(N/N;)

It shall be noted that the two equations (9.12) and (9.13) are identical in all but the indices,

indicating that the expression is thought to be valid for arbitrary (double-symmetric) cross-sectional

geometries.
Annex B:
N —
ky =Cpy | 1+ “MIN {7y —0.2;0.8} (9.14)
Xy ’ Npl
N —
k,=C,,|1+ ‘MIN{2-%, -0.6 ; 0.8} (9.15)
Xz Npl

With C,u... equivalent uniform moment factor

It is self-evident that the mechanically more rigorous derivation of the formulae in Annex A
resulted in a more complex mathematical expression when compared to the approximate, purely
calibrated expressions of Annex B. In terms of accuracy of the resulting design equation —when
compared to GMNIA results for the “model beams”-, several examples given in the mentioned
ECCS background document confirmed the two methods to yield largely comparable results. This
is 1illustrated in the following, beginning with the representation of the resulting N-M buckling
interaction curves according to GMNIA calculations and the two Annexes of EC3 shown in Fig 9-7.
Thereby, Fig 9-7a shows the curves for a strong-axis in-plane case for an IPE 240, while Fig 9-7b

shows the comparison for weak-axis in-plane buckling of an HEA 500.
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Fig 9-7 N-M interaction for an IPE 240 subject to N+M, (a) and an HEA 500 subject to N+M.
(b); comparison of GMNIA results and interaction concept formulae with coefficient of Annex A
and B of EC3- EN 1993-1-1.

The figure shows that for the studied case with constant bending moment diagram the two sets of
formulae of Annex A and B result in very similar design curves, which in both cases lie
satisfactorily close to the GMNIA curves. As lower slenderness, the Annex A curve appears to be
slightly more accurate than the Annex B line. While at higher slenderness the differences between

the two methods all but disappear.

One major difference between the two sets of formulae is represented by the consideration of the
cross-sectional resistance at zero slenderness. By evaluating equation (9.10) or (9.11) with (9.12) to

(9.15), we obtain the following equation for the interaction curve at zero-slenderness:

Annex A
M
for N+M,: I\II\I - ! o =10 (9.16)
P MAX {142 (w, —1)- N DL My
Npl W,
for N+M.,: N, ! 1\1:[ ~1.0 9.17)

Q‘H

N
vl MAX{1+2-(WZ—1) 1\11\1

)
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Fig 9-8 Cross-sectional N-M interaction at zero slenderness for Annex A (a) and B (b)
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Annex B
M
For N+M,: N o022 N 2 sy (9.18)
Npl Npl My,pl
M
For N+M,;: N olc06e N | My g (9.19)
Npl Npl Mz,pl

These functions are plotted in Fig 9-8 and compared to real plastic interaction curves for some
selected cross-sections. It shall be noticed that both sets of equations for Annex A and B result in
non-linear interaction curves at zero slenderness, with the exception of cases where W,/W¢=1.0 in
the Annex A formulation, where a linear interaction applies. While in the case of the Annex B
formulae the distinction between different cross-sectional interaction curves is only very coarsely
taken into account by the distinction between weak- and strong-axis buckling, the differentiation
between different cross-sections is somewhat more refined in the Annex A formulation, where the
shape of the curve is determined by the factor w=W,/W.. The cross-sectional interaction
formulation of Annex A was proposed by Villette et al. (2000) and is based on the approximation of
the relationship valid for rectangular cross-sections. The comparison of formulaic and “real”
interaction curves in Fig 9-8 shows this assumption to be rather inaccurate, albeit safe-sided, for
some sections, particularly for weak-axis flexural buckling cases, where the presence of the web
area in the calculation of Ny, and the web’s negligible significance for the weak-axis bending

strength, results in very advantageous cross-sectional interaction curves.
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Fig 9-9 Comparison of k, and k. values according to the formulae of Annex A (a,c) and B (b,d) of
EC3 - EN 1993-1-1 with GMNIA results.

At least from a theoretical point of view, the main “advantage” of the more refined formulations of
the cross-sectional resistance in equations (9.12) and (9.13) when compared to the Annex B
formulae lies in the explicit inclusion of the effects discussed in Fig 9-5, i.e. the increasing distance
between the peak of the n-m" curves and the plastic cross-sectional interaction with increasing
slenderness and higher values of N=n¢N. Indeed, the expression term C,y, contained in the
denominator of (9.12) is chosen so that the underlying cross-sectional resistance parabolically

approaches the elastic cross-sectional resistance with increasing slenderness and axial force.
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1.6:C .2 (— — W
Coo =14 (w, 1) 2= msy (505 2 [ s Mt (9.20)
yy y y y
Wy Npl Wy,pl

In a final representation of the two sets of formulae for the interaction coefficient in the Annexes of
EC3 — EN 1993-1-1, the values of ky and k, are themselves compared to the equivalent values of the
interaction factors as obtained from GMNIA calculations. This is done in Fig 9-9. It shall be noted
that the GMNIA values where obtained from calculations of the type shown in Fig 9-2a: the axial
force was applied in a first step, with a defined value of n,=N/(x, rc;N,;), and the bending
moment was applied in a second step and increased until failure, when the normalized moment my
1s acting. By setting the utilization at failure equal to 1.0 and solving (9.10) for k,, we obtain the
formula by which the GMNIA values of k, were calculated, see also Ofner (1997):

1.0-n
k, = Y (9.21)

y
my ;,

The comparison of the interaction factors shown in Fig 9-9 can be commented upon as follows:

i.  The Annex A formulae yield shapes of the curve representing the interaction factors that are
qualitatively and quantitatively well comparable with the GMNIA curves. This is
particularly true for the IPE 240 section loaded in strong-axis, particularly when the axial
force term ny is small.

ii.  The Annex B formulae result in a bilinear curve in the representation chosen in Fig 9-9. This
is of course intended, as this type of representation forms the basis of the proposal for the
Annex B interaction factors, see Greiner et al. (1998). The extensive set of GMNIA
parametric studies that underpin the Annex B formulae led to the conclusion that a constant
value of k beyond L=1.0 is recommendable in order to describe the behaviour of an as-
wide-as possible range of cross-sectional geometries with such a simple formulation for k.
It shall also be noticed that for lower values of ny,, the GMNIA curves indeed show an
almost constant value of ky at higher slenderness. Only for higher values of ny a drop of ky is
observed, causing deviations from the design interaction factors both for Annex A and B.

iii.  However, not describing this specific shape by a formulaic description is not at all cause of
a larger error for higher values of ny, since for these the total utilization is already taken in
by ny itself, and a (mostly safe-sided) error on the remaining bending component’s
utilization hardly affects the overall accuracy.

iv.  The comparison of the design interaction factors with GMNIA calculations shall not express
direct consequences to safety aspects, since the design formulae of both annexes have been

statistically calibrated to test results and FE-calculations, see Boissonade et al. (2006).

In summary, the comparison between the two interaction concept formulae discussed in this section
has resulted in the conclusion that —at least for the studied in-plane buckling case- both formulations

are absolutely comparable in accuracy, even though the Annex A formulation has an advantage
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from the point of view of mechanical interpretability. In this context, ideas from the Annex A
concept could be taken and adapted to the proposed, Ayrton-Perry type formulation developed in
the next section.

9.4. Ayrton-Perry formulation for In-Plane Buckling of Beam-
Columns

In this section, the Ayrton-Perry type formulation developed for flexural column buckling under
pure axial compression is expanded to include the in-plane beam-column buckling phenomenon.
The steps that had to be taken in order to obtain a formulation of this type are detailed in the
following, whereby the first step consists of a linearization of the (non-linear) plastic interaction

curve.

9.4.1. Linearization of the N-My interaction curve

As will be shown in this section, one requirement for the development of an Ayrton-Perry type
formulation for an “overall” in-plane buckling reduction factor is that the the cross-sectional N-M
plastic interaction curve is linear, at least section-wise. The exact, non-linear interaction curves
must therefore be linearized in order to be able to proceed with this type of formulation. The way
that this has been done for the purposes of this section is illustrated in Fig 9-10. The figure makes a
distinction between strong- and weak axis buckling of I-sections, and treats hollow sections

similarly to the strong-axis I-section case:
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=l VKm1 |
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Fig 9-10 Linearization of the cross-sectional interaction curves, definition of used variables, for

hollow sections and strong-axis buckling of I-sections (a); for weak-axis buckling of I-sections.
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1. The interaction curve for circular and rectangular hollow sections, as well as for strong-axis
buckling of I-sections (N+My) is linearized by two different segments. The slope change
occurs at the value of nsci, chosen to correspond to a abscissa value of m=0.8.

i1.  The distinctly non-linear interaction curve for weak-axis flexural buckling of I-sections
(N+M,) is linearized by three segments, with one segment approximating the curve between
m=0 and 0.8, and a vertical segment describing the range where the axial force is smaller
than A, f; and one segment connecting these two. Two slope changes are present, occurring
at values of ngc; and nsc.

iii.  The single straight segments are characterized in their position by their intersection points

with the coordinate axes. The following definitions are used:

1/Kyi ... ordinate value of the intersection of the segment i of the multi-linear approximation
with the vertical n-axis.

1/Kpmi .... abscissa value of the intersection of the segment i of the multi-linear approximation
with the horizontal m-axis.

Within a given segment i, the interaction curve is thus described by the following equation:

nm(m):%‘m'(kmi):l_m.km (9-22)

ni kni kni

with  np(m).... normalized plastic capacity for axial loading under consideration of the reduction

caused by the simultaneous presence of bending moments.

Appropriate parameters need to be selected in order to make the proposed linearization as accurate
and consistent as possible. In this respect, the plastic interaction functions found in clause 6.2.9 of
EC3 — EN 1993-1-1 are of help: For the cases of strong-axis bending of I-sections and rectangular
hollow sections, this clause already makes use of a linearization of the “exact” plastic interaction
curve. Accordingly, this expression is adopted for the first section of the curve in Fig 9-10a for

these cases.

The proposed values of ky; and ky,; for the different studied cross-sections are summarized in Table
9-1. Thereby, values for I-sections in strong-axis bending and rectangular hollow sections are based
on the above-mentioned linearized cross-sectional resistance given in clause 6.2.9 (5) of EC3 —
EN 1993-1-1. The proposed values for circular hollow sections are based on the N-M interaction

curve valid for thin-walled, circular hollow sections:

yis
mpl,CHS,exact (Il) =COs [E : nj (923)
Considering the slope change at m=0.8, the following values can therefore be calculated:
2
N s exact (M = 0.8) = =-arccos (0.8) = 0.41 (9.24)
T
1-0.41
= =0.74 9.25
ml 0.8 ( )
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# | Type of section and loading Parameters of the N-M interaction linearization
. . . 0.8
1 | I-section, strong axis buckling N+M, kn=1.0; ky=1-0.5-a20.75; Nngey =————
1-0.8-k,,
. 0.2
2 | Rectangular hollow section RHS, N+M; knp=————; knp=1.0; Mgy =©
1-0.8-k,,
k=10 - k=074 Moy = —— 5 1 95
nl Vs Bml . s SC1 1—08km1 .

3 | Circular Hollow Section CHS, N+M

ke 0.49: k=105 gy =0
TIS08 K, ke
l1-a 0.8
kai=1.0; kyi=—— =
‘ 145 S T 080k,
4 | I-section, weak axis buckling N+M, _ 0.8 _ l-a _l
i 8l—a ™ 1-055.a 527 4

A-2-b-t; A,
A A

a

Table 9-1 Parameters of the linearized N-M interaction

Quite similarly, the proposed value of ky; and ky,; for weak-axis flexural buckling under N+M, of I-
sections is based on the a linearization of the following, non-linear “exact” formulation, taken from
EN 1993-1-1 clause 6.2.9:

n<a-— mpl,I—Mz,exact (Il) =1

N _af (9.26)

n>a— mpl,I—Mz,exact (Il) =1 _( 1—a

9.4.2. In-plane slenderness

The linearized cross-sectional interaction curve can now be used to calculate the generalized,
“overall” slenderness for in-plane buckling Aip, presented in section 9.3.1. Fig 9-11 is used for
reference; it schematically illustrates the underlying concepts for a case where the first section “1”

of the linearized cross-sectional interaction curve is applicable.

Since load amplification factors R, and R, are used in this concept, the reference load level must
be defined. Quite generally, it can be written as a certain combination of my and ny, corresponding
to a point on the straight line with “slope” no. We can write:

_1my

n=ng = (9.27)
0
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1
‘ 0 R« + ~ R 1/(n Y 2]
| F = o Ay
P T ng - (kn1 +7o 'kr‘nj) o
Aip =My
F Knt + Mo -Kmy
v
- 0.6 - 7
_ /
Wl = 7 | Roi=b/ng ‘
<z /
~ c 04 b mO / b q
<—>§/ ///
/‘ I m /// \\
| / scl| _~
02 no 7 no r/—/ \\
!/ /& T X
S i 1/Km1 \ -
< >
Y 0.0 -7 \ v \

0.0 0.2 0.4 06 08 1.0
m=M/M,, [-]

Fig 9-11 Variables used for a formulaic definition of the “overall” in-plane slenderness Z-p using

the linearized cross-sectional interaction curve

This load combination is always proportionally increased in the following. For example, it can be
increased by R, before it reaches the plastic section capacity. Using the linearized interaction

relationship (9.22), Ry, can be calculated:

R n,=R _-— o 9.28
pLO P Mo Ky ( )
Rpl.mo.[L+&j=L ©.29)
Mo Ky Ky
1 1
R, = Mo = (9.30)

m, '(kni +Mo 'kmi) ) n, '(kni +Mo 'kmi) - n,-C
With co=(k; +1o Ky ) -

For the slenderness definition of equation (9.7), the elastic (bifurcation) buckling amplification

factor R, is also needed. This can be calculated as follows:

R = Ne Mo 1 > (9.31)
N n,-Ny ng Ay
Finally, the “overall” in-plane slenderness can be calculated:
— R A
i = |—2L = DY (9.32)
"VRe o
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It can be observed that the slenderness Xip is a function of the loading ratio Mo, which is kept

constant in this definition, and of the parameters governing the cross-sectional interaction curve.

Since kyi=k,; for mg and no equal to zero, and k,; is always equal to one, the overall in-plane
slenderness is “automatically” equal to Ay when no bending moment is present, which is logically

consistent.

9.4.3. Plastic-elastic transitional behaviour of the interaction curve

One last preliminary step must be taken before the buckling strength for in-plane buckling can be
formulated in terms of an Ayrton-Perry formulation, which is connected with the phenomena
discussed in the description of Fig 9-4a and Fig 9-5: in a (realistic) GMNIA calculation, the n-m"
curve reaches the peak value before the plastic interaction curve is reached. This fact must be taken

into account by a mechanically rational formulation.

In the interaction concept formulations of Annex A of EC3 — EN 1993-1-1, the transitional
behaviour of the valid cross-sectional interaction has been shown to be explicitly taken into account
in equation (9.20) by formulating the factor C,y so that it converges towards the (linear) elastic
cross-sectional interaction curve with increasing values of the normal force ratio n and the
slenderness A. A comparable formulation is proposed in the following, see Fig 9-12, based on the

following criteria:

1.  The segmentally linear description of the failure curve should be retained also for the
slenderness-dependent transitional case. This is done by expressing the interaction curves
that are thought to be valid at failure by straight lines, which are defined by the same type of
parameters used in Table 9-1 for the fully plastic interaction curve. These slenderness-
dependent parameters are designated as k* (specifically, kn* and ky; ) in Fig 9-12a and the
following, to distinguish them from the parameters k of the fully plastic case.

il. At zero slenderness and/or axial force component of the load point (XZO, No=2), the full
plastic interaction should be maintained, meaning that k* should be equal to the applicable
value of k (Kni*=Kni, Kmi*=kmi).

iii. At high value of slenderness and axial force components, the elastic cross-sectional

interaction line should be valid, i.e. one were the strength is governed by the equation
n+w-m=1.0 (9.33)
with w... W,/Wqi ; n=N/N;,; ; m=M/Mj,

iv.  The described transitional behaviour is a highly complex phenomenon that can only rather
coarsely be described by simple formulations suitable for design. The GMNIA calculations
carried out in the context of the study presented in this chapter, partly reproduced in sections
9.3.2 and 9.5, pointed out that the cross-sectional shape, as well as the residual stresses, also

play a significant role in determining the “speed” at which the valid cross-sectional
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interaction curve moves from the plastic to the linear elastic curve with increasing

slenderness. While this cannot be easily included in a comprehensive way, it was found

important to include a specific factor that accounts for the differences between section types.

( 1.0 1.2
N : failure criterion: Cns=1.0
\ Kni * “Zyono * Kmi *-m'" =1.0 10
p=1.0
p=0.8
p=0.6
p=0.5
p=04
\\ \\ ‘
* Wi om W \‘5 R
R SEENAN (RN
0.0 Ty ¥ , —i23—0.0 , i
0i0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0
m=M/M [-] a) o b)
1Km1* |

Fig 9-12 Slenderness-dependent transition of the linearized cross-sectional interaction from the

the plastic to the elastic case; representation of the modified values k,;* and k,;* (a); transition

expression as formula of the overall in-plane slenderness zip (b).

v.  The shape of the bending moment diagram, which is shown to be quite generally important

for the obtained buckling strength, also has an impact on the plastic-elastic transitional

behaviour of the interaction relationship. This effect should therefore also be taken into

account.

Finally, the following proposal is made for the definition of the values of k*:
ki * =k +(l—kni)‘P'Kip Cps =1
kmi* = kmi +(W_kmi)'p'xip 'CmS sSw

Whereby  Ajp ...

section type.

(9.34)

(9.35)

overall, in-plane slenderness as given by equation (9.32)

factor accounting for the specific transitional behaviour of a certain cross-

equivalent moment factor for sinusoidal moment diagram.

257



9. On the Derivation of Design Rules forBeam Columns

The general meaning of equation (9.35) is illustrated in Fig 9-12b for different values of p and for a
value of C,s=1.0. This form of representation shows the transition with increasing values of Aip;
the ordinate variable is thereby equal to 1.0 when the elastic, and 0.0 when the plastic N-M

interaction curve is applicable.

The figure illustrates the very simple shape of the the proposed transition function, with the ordinate
value being a linear function of Xip. Thereby, the overall in-plane slenderness Xip s a very
convenient and descriptive parameter, as it includes both the “pure” effects of slenderness and
instability (}_\«y) and of the level of normal force to be expected at failure, accounted for by the

cross-sectional parameters ky; and k,,; and the load ratio 1 in the definition of Xip .

The factor p is quite relevant, as it allows for a consideration of the specific behaviour of different
types of cross-sections. GMNIA calculations can be used to investigate the behaviour of different
types of sections, and p can be used to as a perhaps coarse, yet effective tool for calibration. The
large series of GMNIA calculations conducted in the context of the study presented in this chapter
led to the conclusion that the values of p given in Table 9-2 are well suited for being used in
conjunction with expressions (9.34) and (9.35) and with the formulation developed in the following

section 9.4 .4.

) ) Residual stress
Type of section and loading o p
distribution
I-section, strong axis buckling N+M, } — 0.8
)
+0.3-0.5f,
Rectangular hollow section RHS, N+M, {0-2 fy 0.4
F=3+0.51,
Circular Hollow Section CHS, N+M @ 0.6
+h .
+0.15 1,
I-section, weak axis buckling N+M, }
0.6
+0.3-051,

Table 9-2 Recommended values for p to be used in expressions (9.34) and (9.35)
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It shall be noticed that a lower value of p is an indicator of a more lenient behaviour from the point
of view of the plastic-elastic transition of the applicable cross-sectional N+M interaction curve in
inelastic buckling. Since residual stresses play a significant role in this context, the values assumed
in GMNIA calculations are also included in Table 9-2. They are believed to be responsible for
much of the differences in the applicable value p, specifically for the large difference between the I-

section and the rectangular hollow section, both under N+M,,.

9.4.4. Ayrton-Perry formulation of the buckling reduction factors yy o and yip

The ground has been prepared now for the development of Ayrton-Perry type formulation for
generalized buckling reduction factors for the overall N+M load case yy0 and yi,. The variables
shown in Fig 9-12 will thereby be used in the following. The necessary, missing steps that lead up
to the desired formulation are listed in the following. For reasons of better readability, the equations
are written down for the strong-axis in-plane buckling case (indices “y”); the weak-axis in-plane

case would lead to the same results, with only a change of index to “z”.

i.  The first step consists of formulating the failure equation that describes the maximum
combination of n=N/N,; and the second order value of m"=M,"/M ,; under consideration of
the transitional, linearized cross-sectional interaction described in the previous section:

1 m" 1 N M, "

n-= — . /kni*'_‘l'kmi*'
k.* 1/k.* k * N, M

ni

~1.0 (9.36)

y.pl

Notice that this is a linear cross-sectional interaction equation. This is essential to the
present derivation. In a beam-column with imperfections and loaded by axial forces N and
first-order bending moments My, the total bending moment at failure contains second-order
moments and is therefore written as MyII in (9.36).
It shall be noted that the index “i” of the factors k* is to be determined by the value of the
loading ratio no=mo/ny; if, for example, no is smaller than ngc; in Table 9-1 for the studied
section, the index “1” applies for the rest of the calculation.

ii.  In the case of a simply supported beam-column with sinusoidal geometric imperfections of
amplitude o and a sinusoidal bending moment diagram with maximum value Mg, M" is

calculated as follows, using the well-known elastic amplification factor.

+N-Eo)-; (9.37)

M Il :<M
l—N/Ncr,y

y ¥.S
Since the first-order bending moment diagram will only rarely be sinusoidal, it is customary
to make use of “equivalent moment factors” Cys as corrective multipliers of My, thus

yielding:
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iii.

1v.

- 1
II = . . —_———
M," =(Cps-M, +N-e0 NN (9.38)

The buckling failure equation can now be written in the following form by combining (9.36)
and (9.38):

. *-i+k *.(Cms'My"'N'eo) 1
ni Npl mi M

: =1.0 (9.39)
1-N/N,,

y,pl

In order to account for the effects of the geometric imperfections in a consistent way, with a
smooth transition to the pure column buckling case when ny and M are zero, it is convenient
to recall the derivation of the formulae that describe the ECCS (now EC3) column buckling

curves in chapter 5, section 5.3. For My=0.0, equation (9.39) is written as follows:

N L Neo 1

Npl My,pl 1 - N / NCI',y
By expanding the second summand by N,,//N,,;, we obtain
N, e
ox N g w0 N L (9.41)

Other than the factors k,* and km*, this equation is identical with (5.1) and can be
rewritten in normalized form by introducing %, =N/Nyj A, = JNG /Ny
ki *x, +k e Ne Xy
ni y mi M — 2
yol 1=y, Ay

=1.0 (9.42)

According to section 5.3.1, the next step leading to an explicit formulation for y, consists of
introducing the Ayrton-Perry generalized imperfection nimp (9.43) and replacing this term

with the generalized imperfection definition for column buckling of Eurocode 3, (9.44).

N, -¢e

MNimp = kmi * LO (943)
My,pl

nimp = T]imp,EC3 = (7\‘3’ - 02) (944)

By using (9.44) and (9.43) in (9.42), and considering that for M=0, 1¢=0.0<nsc; ——>
kni*=1.0, it is easily shown that (9.42) leads to the Eurocode design curve for column
buckling. The important aspect here is to note that, in order to be consistent with the
Eurocode regulations for columns under pure axial compression, the imperfection amplitude

eo must be replaced as follows:
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- My,pl

R 049

v.  Equation (9.45) can now be used in (9.39) to obtain (9.46):

My,pl
N CmS 'My +N'm'nimp,EC3 1
K, *—tk, * pl “mi : =1.0 (9.46)
Npl My,pl I_N/Ncr’y
which can be simplified as follows:
M, -N
Ky * 'EJF Koy *Crpg - —2—+ Nimp,EC3 |° an 1 =10 (9.47)
p1 M -N N, 1-N/N,

y,

vi. It can now be observed that the term (M, -N)/ (My’pl -N) in (9.47) is identical to the
definition of the ratio me=mo/ny used e.g. for the definition of the overall in-plane
slenderness in (9.27) and the following. Additionally, at failure the ratio N/N,; is identical to
the sought-for reduction factor y, .0, see Fig 9-12. By introducing mno, as well as the
normalized variables ¥y ,0=N/Ny and A, = m , We obtain:

Ly.no
Ko *%ym0 +(Kmi * Cons * Mo + Mimp 3 ) - ————— = 1.0 (9.48)
1- Xy,nO '}\“y

The term (kmi *.Cos Mo + nimp’Em) is designated m in the following:

Mot = kmi * 'CmS ‘Mo + T]imp,EC3 (949)
This leads to: Koi *%ym0 T Mot -&_2 =1.0 (9.50)
1- Xy,n() ' 7\‘}’

vii.  Equation (9.50) is once again a quadratic equation in Yyno that can now be solved and

progressively simplified, as was shown for the original Ayrton-Perry derivation in chapter 2,

section 2.5:
— 4 — 2 2 — 2
—05\/7\4y _2'(kni *_ntot)'}\'y +(kni *+nt0t) _(7\‘}’ +kni *+nt0t)
_ 9.51
Xyno K *'7_\4}/2 ( )
— 9 2 — 2 — 2
_05\/(7\‘}’ +kni >l<_H»ltot) _4'kni *'}“Y _(7\‘}’ +kni >x<_{—ﬂntot)
= 9.52
(X}’z + kni * +ntot) =2- cDip (953)
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=2
—0.5\/4-®-2—4-kni*-k ~2-@,
P d p (9.54)

Xy,nO =

kni * 'Xyz

The following step includes an expansion by the complementary term.

2 7 2 2 2
(Dip_\/q)ip —ky *Ay . (Dip+\/q)ip —ky *Ay

Aymo = (9.55)

=2 —
ki * by D, + \/q)ip2 —ky * '7\'312

viii. By further simplifying and reducing terms in the fraction, the following, Ayrton-Perry type

equation is finally obtained:

1

(9.56)

Xy,nO = 5 —

Equation (9.56) is almost identical to the Ayrton-Perry design formula for flexural column buckling
found in the Eurocode, with the main differences lying in the presence of the transitional cross-
sectional interaction parameters k*, as well as in the presence of the first-order bending moment in
the ratio mno and thus in 1, as well as the appropriate value of the equivalent, sinusoidal bending

moment factor Cp,s. The latter factor will be specifically addressed in the following section 9.4.5.

Expression (9.56) is referred to the maximum load amplification factor for a combination of N+M,,
but applied as a buckling reduction factor to the axial force resistance Np. This is the form of
representation of the buckling strength discussed in section 9.3.1 and first applied in Fig 9-6b. In
order to write the buckling factor in terms of a factor y;, as function of the “overall” in-plane

slenderness Xip , equations (9.30) and (9.32) have to be used, leading to the following relationships

- R p.ip _ Xymo /n,

Lip = = =Xymo "Co (9.57)
P R, 1/(ng-co) ="
Yip = 2 L <10 (9.58)
. 1 N -2
Or if Myt 1s Written out:
1 « x -2
D, = 3 ki *+ (kmi ‘Chas Mo + Mimp.EC3 ) +Aip - Cg (9.60)

Thereby, the fully plastic, cross-sectional interaction factor ¢y is equal to (k,; +m,-k,;). The
differences between ky; / kmi, which refer to the full plastic cross-sectional interaction curve, and

kni */ kmi*, which refer to the transitional interaction, must of course be kept in mind here.
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9.4.5. Sinusoidal equivalent moment factors Cus

The derivation of section 9.4.4 requires the use of equivalent sinusoidal moment factors Cps
whenever a bending moment diagram is present that is not sinusoidal. As Gongalves & Camotim
(2004) noted, the importance of a correct distinction between equivalent moment factors for
uniform and sinusoidal bending moments is often not fully appreciated. Furthermore, the equivalent
uniform bending moment coefficients (Cy,u) have usually been formulated in the literature in a way
that omits the effects of the axial force level N/N,, while the sinusoidal coefficients Cy,s usually
include this effect, adding to the confusion in the application of the two formulations. One typical
example for the omission of the axial load effects in the C,y factors is the often-used formula

proposed by Austin (1961) for constant moment-gradient diagrams: Cy,y=0.6+0.4'F.

In the above derivation of an Ayrton-Perry type formula for in-plane buckling of beam-columns, the
tacit assumption was also made that the sinusoidal, equivalent moment factor is independent of the
level of axial force. The developed, explicit formulation of yy,0 or i as a function of the
slenderness and plastic strength is only rigorous if no additional terms containing N are present. In
reality, however, the equivalent sinusoidal bending moments are dependent on the ratio N/N;, for
all but the basic case of a sinusoidal moment diagram. For many basic cases, functions for Cpgs are
found in the literature, see e.g. Petersen (1993) or Chen (2007):

i.  parabolic bending moment diagram: C ¢ =1+0.03 Nl (9.61)
cr,y
. . . N
ii.  constant bending moment diagram: C ¢ =1+0.27-—— (9.62)
cr,y
. . . N
iii.  triangular bending moment diagram: C, ¢ =1-0.18-—— (9.63)
cr,y
The ratio N/N,,y can be re-written as follows:
N _ S
NN iy =25 (9.64)
Ncr,y Npl Ncr,y Co

It can be seen that (9.64) contains the (unknown) variable yy 0, respectively yi,. The presence
(within Cys and thus m) of this additional term 0 was not considered when solving expression
(9.50), and would have prevented the explicit solution for ¥y w0 or yip of (9.56) or (9.58). This term
must therefore be replaced by an accurate-enough, “pre-emptive” estimation of yyno or yip. For this
purpose, the following expression is proposed, based on a simple Merchant-Rankine formulation

for yip=£( Xip ), see section 2.4 of chapter 2, equation (2.19):

1 1
U (9.65)
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By using (9.65) in (9.64), we obtain the following expression for the approximation nge of N/N;:

~n, =2 (9.66)

It can be seen that this expression is independent of the load level N, making its application in the

context of the derivation of section 9.4.5 possible. It is therefore proposed to calculate the

equivalent moment factors Cp,g by replacing terms with N/N;, with nce.

One might ask whether (9.66) is accurate enough, and why one should need the Ayrton-Perry

formula (9.58) if (9.65) were accurate. The following can be said with respect to this:

1.

ii.

1il.

Obviously, the expression (9.65) is not very accurate in describing Y, as a function of Xip.
As the comparative calculations in section 9.5 show, the buckling curves in terms of
Yip=1( }_\«ip) have a wider scatter band and depend on a variety of factors that are not at all
accounted for by (9.65). The differences between (9.65) and the “actual” values can be in
the range of ca. 20-30% in some cases. A more accurate formulation like the one proposed

in (9.58) is therefore definitely needed if the value of y;, is to be accurately determined.

However, (9.65) is only (implicitly) contained in (9.66), with the intent of using it in the
calculation of Cps and ¢ of equation (9.59), and not to calculate y;, itself. It is thus only
related to the bending component of the load, which will be of negligible importance at

higher values of N/N, i.e. when the influence of the axial force on C,,g is the greatest.

Furthermore, it can be shown that (9.65) and thus (9.66) result in rather high, conservative
estimates of N/N. whenever the bending component is dominant, i.e. when the beam-
column is subjected to high “imperfections” in the sense of first-order deflections, see the
discussion of Fig 2-9 in chapter 2. A certain, minor degree of additional conservatism in the

bending term can be thought of as being acceptable in this context.

The use of (9.66) therefore appears to be fully justified in the context of the calculation of Cpg

values, thus allowing for an accurate application of the Ayrton-Perry formulations (9.56) and (9.58)

also for cases where the bending moment diagram is not sinusoidal.
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9.4.6. Summary of the proposed formulation

Several different aspects had to be discussed in section 9.4 in order to explain the background of the
newly proposed Ayrton-Perry formulations (9.56) and (9.58). In order to facilitate understanding of

the proposal, it is summarized in the following in a more compact form resembling code clauses.

(1) The in-plane buckling resistance of beam-columns subjected to N+M;, with j being the axis
(y or z) about which the bending moment acts, may be determined using the following

formulae:

Lip * Rpl

Ry=Ry;, = >1.0 (9.67)

Ywmi
with Ry, amplification factor of the design load combination Ng+M; 4 that results in the

achievement of the ultimate, in-plane buckling condition.

Ryi: amplification factor of the design load combination Ng+M; 4 that results in the

achievement of the plastic section capacity.

vip:  overall, in-plane buckling reduction factor.

(2) The plastic amplification factor may be determined using the following set of formulae:

R,=—o __1 (9.68)

pl -
mg-C, 1y-C

with  my, ng: ratios between the design levels of the load components Ny and M;4 to the

respective plastic section capacities: my=Ma/Mp; ; ng=Ng/Np;
No: ratio of my/ng
Co: plastic cross-sectional capacity factor; co=(k; +1 k)

The cross-sectional capacity factor ¢y may be calculated with the specific values of ky; and
kmi valid for the studied cross-sectional type, taken from Table 9-3. Thereby, the index of
the applicable factors ky; is decided by the following case distinction:

- If n 0<n SCl1: kni:knl ) kmi:kml
- Ifnscisno<Msca: kni=knz 5 kmi=kma
- Ifnscz<no<nscs: kni=kn3 ; kmi=km3
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Type of section, loading, underlying _ o o
# Parameters of the N-M interaction linearization p
residual stress distributions
I-section, strong }
1 | axis buckling —= 0.8 0.8
P kn=1.0; kn=1-0.5-a20.75; Nge1y =————
+ — .
N+My +0.3-0.5f, 1-0.8-kp,
0.2
Rectangular Kpp=————— km=1.0; Mg, =
] 1-0.8-k,,
2 | hollow section -0.2f, 0.4
RHS, N+M, F==+0.51,
; kni=1.0 ; kyy1=0.74; = 0.8 =1.95
Circular Hollow =105 Km=U. 745 Mgy 1-0.8-k,,
3 | Section CHS, 0.6
N+M £ k 0.2 0.49; k.n,=1.0
+ . = ——————=0.49; ki,p=1.0; =00
+0.15, 2 1-08k., 2 Nsca2
l1-a 0.8
k1 =1.0; kmi=——; Nsc1 = —k
I-section, weak 1.45 1-0.8-k,
4 | axis buckling } o 08 ~  l-a Moy = 1 0.6
N+M, 20300 T g 2™ 1-0.55.a7 0% a
A-2-b-t; A,
a= =

A

Table 9-3 Summary of the coefficients used for the description of the cross-sectional N+M

equation:

with

and Xip :
Ntot-

interaction behaviour.

(3) The overall, in-plane buckling reduction factor can be calculated by using the following

X = I — <10 (9.69)
@, +\/q)ip2 —ky; *-Aip -cy
1 * — 2
q)ip =E.(kni FNiot +}\’ip 'CO) (970)
overall, in-plane normalized slenderness, calculated as follows:

)_\«ipz}_\«j/\/a.

total value of the generalized Ayrton-Perry imperfection:

Mot = Kimi *Crns * Mo + Nimp,EC3 > with
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Mimp,EC3 = 0L (XJ - 0.2) ; generalized imperfection for column buckling
according to clause 6.3.1.2 of EC3 — EN 1993-1-1.

Cus: equivalent sinusoidal moment factor, calculated with the formulae given

in Fig 9-4.
kni*, kmi*. slenderness-dependent, transitional cross-sectional capacity coefficients,

see (4)

o Moment diagram Cos [-]

1 ] C,s=1+027n,

2 — C,q=1+0.03-n,

3 T~ C,s=1-0.18n_,

4 MM 0.79+0.21y +0.36-(y~0.33)-n,, °

formula due to Villette et al. (2000); notice that case #4 with ¥=1.0 is not
identical to case #1. A discussion of this formula is given in section 9.5.

Table 9-4 Proposed values for the equivalent sinusoidal bending moment factors Cys.

(4) The factors kyi* and kn,* are calculated from a modification of the applicable values of ky;

and ky,; (with the applicable index 1) using the following formulae:

Ky =k +(1=kyy) p-Rip - Crog <1 (9.71)
Ki* =Ko +(W—=K)-p-hip - Cpg SW (9.72)
W ratio of plastic to elastic section moduli: w=W; ,/W; .
p: factor accounting for the specific transitional behaviour of a certain cross-

section type, taken from Table 9-3.

(5) As an equivalent alternative to clause (1), the in-plane buckling resistance may also be
formulated in terms of the maximum obtainable axial force Nrqno that can be achieved if the

design load combination of N¢+M,; 4 is proportionally increased up to failure:

Ne - No G4 9.73)

NRd,nO Xj,nO ’ Npl
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with Limo = 1 <L 9.74)

— 2 - c

and the variables in (9.73) taken from clauses (1) to (4).

9.5. Comparison with GMNIA Calculations and EC3 Rules

In this section, the Ayrton-Perry type formulation developed in section 9.4 for the description of the
in-plane buckling strength of beam-columns under N+M is compared to the results of GMNIA
calculations, carried out mostly using beam element models as outlined in chapter 3. The

comparison will be carried out using three different forms of representation:

i.  Interms of buckling reduction factors ¥, and yyno
ii.  As buckling resistance N+M interaction curves

iii.  In terms of the applicable factor k in the terminology of the interaction factor concept

All calculations in this section were carried out for steel grade S235. The residual stress amplitudes
used for the GMNIA calculations and shown in the single figures are referred to the yield stress of
S235, £,=235 N/mm’. The geometric imperfection was always assumed to have a sinusoidal

distribution and to have an amplitude of e0=L/1000.

Most calculations refer to the basic case of a constant bending moment diagram. Other cases have

also been considered and specifically marked in the figures.

9.5.1. Buckling reduction factors

In the first type of comparison of analytical and GMNIA results, the buckling reduction factors y;p,
and yjno are calculated using equations (9.69) and (9.74), and are plotted together with the

equivalent values obtained from GMNIA calculations.

The first group of these plots is shown in Fig 9-13, where results for an IPE 240 and an HEA 300
section, both loaded by strong-axis bending moments plus axial force are shown. Five different

ratios of M to N, expressed by the value ne=(M-N;)/(N-M,;), were considered.

The plots in Fig 9-13 show that equations (9.69) and (9.74) are very accurate in describing the
calculated resistance of the GMNIA model beam-column with fixed imperfections. Thereby, the
analytical line for 1y=0.0 is identical to the Eurocode / ECCS column buckling curve a in both types
of representation. This is inherent to the proposed formulation, which makes explicit use of the
Eurocode generalized imperfection a'(}_\,y —0.2), with a=0.21 for the IPE 240 and a=0.34 for the
HEA 300 section. It can be observed that the biggest differences —themselves rather small- between
the proposed analytical and the GMNIA curve are actually present in the case of the HEA 300
section at 1p=0.0, i.e. when the proposed formulation is identical to the EC3 column buckling curve

for this section.
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Fig 9-13 Comparison of buckling reduction factors according to GMNIA calculations and

equation (9.69) and (9.74); for an IPE 240 (a-b) and HEA 300 (c-d) section, both under
constant bending moment.

The lines of most interest here, i.e. those where 1¢>0.0, which describe cases where the studied
beam-column behaviour is present, appear to be very well able to describe the GMNIA buckling
loads. Some minor differences in the (apparent) accuracy of the representation in terms of 7y, and
Yyno are observed; these are due to the fact that different reference values of Ry are used in the case
of the Xip=f(7_»ip) curves, as these are calculated “correctly” in the case of the GMNIA curves by
calculating the numerical value of Ry mna 1n a preceding, materially non-linear analysis (MNA);
this value is of course not 100% identical to the value of Ry jincarization Obtained by applying (9.68),

which is based on a linearization of the non-linear plastic N+M interaction curve. However, the
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differences between Ryiwmna and Ryijincarizaion Were small in all cases. In the case of the

representation in terms of the obtainable axial force, 1.e. of 7,0, the reference value is N,=Af; in

both cases. For an estimation of the “safety” of the proposed formulation, the representation in

terms of yyno 1s actually more purposeful, as it directly compares obtained strength based on the
same basic variable: whenever the analytical line lies below the GMNIA line, the equation is “safe”.

Fig 9-14 shows the same type of representation, for the same load case of constant bending moment

plus axial force, for two hollow sections, one with circular and one with rectangular section.

1.0 oo \ 1.0 —mo/no \
} \ 1 GCHS178/10 n6=0.00 Mo=Mo/Mo y 4 —o—GMNIA
\ =2 M-=const. — ——. EQU
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0.8 0.8 - \
10=0.50 A\ \
\\
- 0.6 1 0.6 gno=1:00 N\ \
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Fig 9-14 Comparison of buckling reduction factors according to GMNIA calculations and
equation (9.69) and (9.74); for a CHS 178/10 (a-b) and RHS 200/100/10 section (c-d), both

under constant bending moment.
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The distinctly different residual stress patterns valid for these sections are plotted in the figure. The
accuracy of the proposed description is again very satisfactory. As Fig 9-14b and d, the proposed
formulation 1s always slightly safe-sided in terms of yxyno. In terms of y;,, the analytical curve
appears to be slightly less accurate, but once again this (minimal) inaccuracy is to attributed more
on the conservative, linearized approximation of the plastic N+M interaction than on the
formulation itself.

As a final type of cross-sectional shape, an HEA 500 section is studied in Fig 9-15 that is loaded by
a combination of axial force and constant weak-axis bending moment M,. For this type of section
and loading, a linearization of the cross-sectional plastic interaction curve was proposed in Fig 9-10
that consist of three different (linear) segments. Due to the more distinctly non-linear cross-
sectional interaction curve for weak-axis bending, the cross-sectional capacity at %.=0.0 is slightly
underestimated by the proposed linearization. This is visible in the small, safe-sided differences
between the analytical and GMNIA values of 0 at %.=0.0 for the cases where 1n0=0.5, 1.0 and
2.00. At ny=4.00, the “exact” interaction curve is reached by the linearized one, since for this value
of Mo the vertical portion of the interaction curve (see Fig 9-10b) is valid for this section, meaning
that My, can be reached at %.=0.0 in spite of the presence of some axial force. This fact is included

in the proposed formulation.

After having established the high accuracy of the proposed formulation for the most basic case of
constant bending moment, it is now interesting to study this accuracy for other load cases. This is
done in Fig 9-16 and Fig 9-17 for an IPE 240 subjected to a load combination of N+M, with
different, variable bending moment diagrams.
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ip z
Fig 9-15 Comparison of buckling reduction factors according to GMNIA calculations and
equation (9.69) and (9.74) for a HEA 500 section loaded by N+M..
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Fig 9-16 Comparison of GMNIA and analytical buckling reduction factors for an IPE 240 and
different load cases, with N+M,, parabolic (a-b) and triangular moment diagram (c-d).

Fig 9-16 shows the comparison of proposed analytical and GMNIA curves for the simple cases of

parabolic and triangular bending moment with maximum at mid-span. The accuracy in the case of

the parabolic bending moment diagram (Fig 9-16a-b) is remarkably high and is probably to be

attributed to the high accuracy of the Cs values for this case, which most closely resembles the

actual sinusoidal moment diagram that underlies the analytical formulation.

In Fig 9-17, the analytical and GMNIA curves are compared for cases with constant moment

gradient, again for an IPE 240 section. Thereby, the formula developed by Villette et al. (2000) is

used for the calculation of the equivalent sinusoidal moment factor Cys, see Table 9-4.
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Fig 9-17 Comparison of GMNIA and analytical buckling reduction factors for an IPE 240 and
moment diagrams with constant moment gradients; for ¥=0.5 (a-b) and ¥=-0.5 (c-d).

The following aspects are of interest here, which are particularly well observable in Fig 9-17c and

d, which deal with a moment diagram with sign change and ¥=-0.5:

i.  The sign change of the moment gradient leads to a buckling/ultimate strength behaviour that
is largely dominated by the cross-sectional capacity at the beam-column’s extremity, i.e.
where the highest first-order bending moment is acting, for all but very high slenderness
values. This becomes increasingly true with higher values of my, i.e. with an increasing

bending moment component of the load. This is observed in the wide extension of the
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“plateau” in both types of representation, particularly in the plot in terms of 7y 0, in the case
of ¥=-0.5.

i1.  The proposed analytical expression is very well able to reproduce this behaviour as observed
in GMNIA calculations. Both the formulation for y;, and for y, .0 are explicitly limited by
the plastic cross-sectional capacity of the section, which leads to the observed plastic
plateau. Through the selection of a more appropriate value of Cps for the given load case,
the extension of the plateau value would be reached.

iii.  For the particular case of constant moment gradients, the formula contained in Table 9-4, as
well as in Annex A of EC3- EN 1993-1-1, appears to be a somewhat conservative, yet
acceptable approximation. The conservativeness is most likely to be attributed to the fact
that the formula is based purely on the elastic second-order moment amplification, while the
GMNIA curves of course include effects of plasticity. As Kaim (2004) pointed out, other
formulae, particularly the already mentioned formula by Austin (1961), can actually be
shown to be more accurate for the description of the beam-column buckling strength in the

elasto-plastic case.

9.5.2. N-M buckling interaction diagrams

In Fig 9-18, a different type of representation is used to compare the results of the analytical
formulation of equation (9.69) with results of GMNIA calculations. The plots in this figure show
the predicted ultimate buckling strength in terms of maximum obtainable pairs of N+M for different
sections and different slenderness values. All calculations were carried out for the most basic load

case of constant bending moment plus axial force.

The plots once again confirm the high accuracy obtained by the application of the proposed
analytical formulation. The analytical description closely follows the GMNIA curves throughout all
values of n for all four shown sections, and gives minimally “conservative” results for almost all

points.

A characteristic feature of the analytical interaction curves is the fact that a certain, minor slope
discontinuity is present at certain values. In the plots, this is perhaps best appreciated for the case of
weak-axis buckling of the HEA 500 section (Fig 9-18b). The discontinuity (primarily of slope) is a
direct reflection of the underlying shape of the cross-sectional interaction curve. Since this curve
was segmentally linearized, and this linearization is maintained (with the same points of slope
change at ng=nsci) also for the transitional, slenderness-dependent interaction discussed in section
9.4.3, it is clear that the change of the underlying segment of the interaction linearization also
causes a certain discontinuity of the resulting buckling strength interaction plots. However, this
does not present any practical disadvantages for the user of the proposed design formulae, who will

generally be interested in a discrete strength prediction.
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Fig 9-18 Comparison of GMNIA and analytical results in terms of N+M interaction curves for

different sections and values of A, constant bending moment diagram.

One advantage of the proposed formulation, when compared with the current Eurocode design rules
based on the interaction concept described in section 9.3.3, is the fact that the transition of cross-
sectional check to buckling check is explicitly included and very accurate. This is due to the fact
that, unlike the interaction concept curves, the proposed formulae are based on a very accurate,
linearized approximation of the actual cross-sectional N+M interaction curve of the studied section;
a comparison between the underlying cross-sectional interaction curves of Fig 9-8 and the
linearization of the actual curves in Fig 9-18 clearly illustrates this. This fact is particularly felt in

the case of in-plane buckling checks with N+M where the bending moment diagram has a rather
steep gradient, see Fig 9-19.
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Fig 9-19 Comparison of GMNIA and analytical results in terms of N+M interaction curves,
analytical resistance calculated with the interaction coefficients of Annex A & B of EC3, as well

as the proposed formulation for y,,, moment diagram with constant gradient, ¥=0.0.

In these cases, especially in cases where the bending moment is dominant, the buckling checks
using the interaction concept in EC3 can result in a prediction of the buckling strength that exceeds
the cross-sectional interaction curve. This is due to the fact that the buckling check using the
interaction concept is referred —through the equivalent moment coefficient C,- to a point in the
member where the largest stability effects are present. In the case of the bending moment diagram
in Fig 9-19, this point might not be the critical, strength-determining point in the member when
stability effects are not too significant. In these cases, the strength will be dominated by the cross-
sectional N+M interaction at the beam-column’s extremity. Since the proposed formulation is based
on a precise representation of this exact strength, and the buckling reduction factor y;, according to
(9.69) has an upper limit value of 1.0, cross-sectional and buckling check are covered by the same
design formula in the proposed formulation. This is not the case for the interaction concept
formulae, as can be seen in Fig 9-19, where for Xy =0.5 both the interaction lines calculated by
using the coefficients of EC3 Annex A and (even more so) B exceed the cross-sectional capacity
beyond certain values of m. This is the reason why the EC3 design formulae explicitly require

checks of the cross-sectional capacity at the member ends in addition to the buckling check.

As far as the accuracy of the proposed formulation is concerned for the case studied in Fig 9-19, it
can be said that the proposal again shows a high accuracy, comparable to the one obtained by using
the EC3 interaction concepts. When compared to the cases with constant bending moment diagram
of Fig 9-18, the proposed formulation appears to be somewhat more conservative, particularly for
higher slenderness, where it follows the EC3 Annex A curve very closely. This is to be attributed to

the use of the same Cy,s value for this loading case. As was already mentioned in the context of Fig
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9-17, the equivalent sinusoidal moment equation in Table 9-4for this load case is rather
conservative at higher slenderness. The Annex B interaction curves make use of the Austin formula,
which is slightly more accurate —and less conservative- in describing the inelastic buckling
behaviour of beam-column. This is reflected in Fig 9-19, where the Annex B curves lie slightly

higher than the other two analytical curves.

9.5.3. Interaction factor kyy

One additional form of comparison is used in this section in order to illustrate the differences
between the proposed formulation, GMNIA results and the existing rules found in the Eurocode.
The results are thereby compared in terms of interaction coefficients k, as presented in section 9.2
and defined in 9.3.1.

The methodology used to obtain the GMNIA results for these coefficients has already been
described in the context of Fig 9-9. The Eurocode coefficients are explicit formulations for the
interaction coefficients and are therefore fairly easily calculated with the formulae of section 9.3.3.
In the case of the proposed Ayrton-Perry type formulation, however, the factors k, or k, cannot be
directly calculated, at least not in a form that is fully compatible with the interaction concept design
expression of clause 6.3.3 of EC3- EN 1993-1-1. This is due to the fact that the proposed Ayrton-
Perry formulation entails a total load amplification, where the ratio of M to N is considered to be
fixed and the design resistance is expressed in terms of a load amplification factor Ry for the
combined load case, see (9.67). This factor corresponds to the inverse of the utilization of the beam-
column under the design load. In the case of the interaction coefficients, however, not the ratio of
M/N, but the utilization of the pure flexural column buckling case n; =N/(y; N ) is fixed; sce

equations (9.10) and (9.11), which are written in general form for a bending axis “” in (9.75):

M.
N k—i<10 9.75)
1N M

pl

It shall be noted that, due to the fact that the factor k; is a function of n;, the result of the sum in
(9.75) is actually not a utilization in the commonly understood sense of the inverse of the still-
possible amplification of a given load case before failure. It is a utilization ratio for a fixed axial
force plus an arbitrary bending moment, which could be increased alone until the sum is equal to
one. If one desires to know the utilization for the combined load case, (9.75) would have to be

solved iteratively.

Just as (9.75) would have to be solved iteratively in order to calculate a utilization for the combined
load case of N+M, the proposed Ayrton-Perry formulation of section 9.4 must be solved by iteration
to obtain values of k; as a function of a fixed value of n;. Thereby, the most efficient way is to
perform the iteration by using the factor y;no of equation (9.74) as reference, and making the

following considerations:
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ii.

Il

1v.

As has been shown in Fig 9-4b, a certain point on the failure curve in an N-M interaction
diagram is reached independently of the loading history. Therefore, the utilization of 1.0 is
reached in both the interaction concept as given by (9.75) and with the Ayrton-Perry
formula (9.74). We can therefore write:

N M; N

bk =10=— (9.76)
XNy "My Xino Npi

This equation can be solved for k;:

M. M.
ka ipl N — N __ppl N . 1 _L :L L_L (9.77)
Mj Xj,no'Npl Xj'Npl Mj Npl Xino  Xj Mo \Xjmo Xj

Equation (9.76) can now be re-written as follows:

nj+L~( ! —L]-m= n (9.78)

Mo \ Xjmo  Xj Xjmo

Equation (9.77) contains both 1 and n;, which are both functions of n. y; is a constant for a
certain value of Xj. For a fixed value of n;, a solution for (9.78) can be found through
iterative variation of the possible combinations of n and m, i.e. of 1. Once this is achieved,

the factor k; can be calculated from (9.77) for this numerical value of .

The above procedure has been adopted to calculate factors k; that are “inherently” contained in the

proposed Ayrton-Perry formulation of section 9.4. These are compared to the GMNIA calculations
and the factor k; according to Annex A and B of EC3 — EN 1993-1-1 in Fig 9-20. Three different

sections are studied, an IPE 240 in strong-axis bending, a circular hollow section CHS 178/10, and

a HEA 500 in weak-axis bending, all loaded by a constant moment diagram plus axial force.

The three diagrams in the top row of Fig 9-20 show the interaction factors according to the

Eurocode, while the bottom row shows the ones retrieved from the proposed Ayrton-Perry

formulation. The following observations can be made:

1.

ii.

The proposed formulation seems to follow the GMNIA values of k; quite well, particularly
from a qualitative point of view, but also quantitatively. Thereby, the Ayrton-Perry curves
appear to have a similar course as the ones of the EC3- Annex A formulae, but with some
advantages in accuracy particularly in the case of the circular cross-section, for which the
cross-sectional interaction is poorly represented by the Annex A formulae.

The discontinuities of the interaction curve addressed in section 9.5.2 that result from the
linearized, segmental representation of the actually curved N+M cross-sectional interaction
relationship also result in discontinuities of the k; values for the Ayrton-Perry formulation,
see in particular the “jump” of k, in Fig 9-20b, n,=0.4 azy>1.0. Again, this is inherent to

the formulation, but not necessarily to be seen as a disadvantage to the user.
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Fig 9-20 Comparison of interaction coefficients k, and k. for different cross-sections.

iil.

1v.

It should again be noted that the accuracy of the k, values gives a rather misleading
representation of the accuracy of the formulation itself, particularly for higher values of n,
or n,. Even errors of some 20-30% in terms of k; only lead to total errors of only a few
percentage points at values of n; beyond 0.5. In this sense, it is a welcome observation that
the accuracy of the proposed formulation in terms of k; is highest for low values of n;, and
mostly conservative in all other cases.

The comparison of the proposed formulation and the Eurocode coefficients leads to the
conclusion that the new proposal has a very similar, inherent safety level. An adoption of the
proposal for practical design as an alternative method based on the “overall” slenderness

concept would therefore appear to be consistent with the safety level of current rules.

279



9. On the Derivation of Design Rules forBeam Columns

9.6. Some comments on the “general method” for out-of-plane
beam-column buckling

In section 9.2, the so-called “general method” contained in clause 6.3.4 of EC3 — EN 1993-1-1 was
conceptually introduced as a proposal for a general methodology for the design of members (or

indeed whole structures) against spatial instability, based on a “generalized slenderness” concept.

Using the general variable naming adopted in this chapter, the method’s basic design equation can

be written as follows

R.. !
Xop" oo 51 9.79)

Ymi

R

b,op =

With Rpgp ... design resistance (in terms of a maximum load amplification factor) of the

structural element against out-of-plane instability.

Ryip ... design resistance of the structure against in-plane instability, i.e. the same

resistance determined in sections 9.3 to 9.5 of this chapter, as defined e.g. in (9.8).
Xop---  buckling reduction factor for out-of-plane buckling.

Thereby, the buckling reduction factor 7, is stated to be a function of Xop, defined as follows:

_ R -R..
hoop = |—2eop — Xon " Toin 5 (9.80)
Rcr,op TMmi

With  Rerop ... maximum load amplification factor (for a given load combination) until the first

out-of-plane bifurcation mode is reached.

The Eurocode gives two options for the assessment of the value yop:

1) In a first method, the value of ., is determined by taking the minimum of y, and yct, both
taken from the current clauses 6.3.1 and 6.3.2 of EC3 — EN 1993-1-1.

2) In second method, an interpolation between y, and yrr is recommended, “based on the
cross-sectional interaction”. Simdes da Silva et al. (2010) gave an interpretation of this as
entailing the combination of N/Np + M/M,=yop and N/(y Np)+M/(xr1Mp1)=1.0. This can
be shown to result in the following interpolation function for yp, with no=m/n as used in the

previous sections of this chapter:

=(1+n0)'Xz'XLT (9.81)
XiT T Mo "Xz
In both interpolation methods, the values of x, and yt are to be evaluated for the slenderness A,

op

and not for 7_»2 or XLT.

(13

As has also been already mentioned in section 9.2, the main problem of the “generalized

slenderness” methods, of which the “general method” is one example, is the determination of the

280



PART III - Design Rules for Beam Columns, Summary & Conclusions

appropriate values of the buckling reduction factor, i.e. in this case of y,. Indeed, the whole point
of the development of an Ayrton-Perry derivation for the in-plane buckling case in section 9.4 was
to determine the appropriate values of the buckling reduction factor y;p, which is a reduction factor
that is also based on a “generalized slenderness” concept, albeit for the in-plane case. It was shown
that very accurate results can be achieved for such a buckling reduction factor if the specific effects
of the cross-sectional capacity and of the non-linear load-deformation behaviour are taken into
account by an in-depth analysis of the realistic load-carrying behaviour, primarily by means of

complementary GMNIA calculations.

For the proposal for ., currently contained in EC3- EN 1993-1-1 clause 6.3.4., no such studies
appear to have been performed prior to the inclusion of the method in the code. In the PhD thesis by
Miiller (2003), the adoption of the method is advocated, and statistical evaluations are carried out
on the basis of specific test data. Some first calculations have been performed by Greiner & Ofner
(2007). Simoes da Silva et al. (2010) also noticed the lack of a comprehensive parametric study for
the assessment of the accuracy of the proposed formulae, and provided a number of new
calculations for prismatic beam-columns. The considerations made in the following paragraphs are
to be seen in the context of the on-going discussion of the accuracy and of the mechanical
soundness of the “general method”. Thereby, all comments are related to the simplest imaginable
application of the method: simply supported, laterally unrestrained I-sections with double

symmetric cross-section, loaded by axial force and a constant bending moment diagram.

One observation that should be discussed is the fact that the “general method” is inherently not
consistent with the column buckling case for weak-axis buckling. This can be appreciated when this
special case is entered in the design equation (9.79). For one, the in-plane buckling resistance can
be written as the product of an in-plane buckling reduction factor (e.g. calculated with the formulae
developed in this chapter) and the plastic resistance R;,. Thus, the out-of-plane buckling resistance

according to the “general method” becomes:

Xop * Rb,ip _ KXop “Xip " Rpl

Ryop = >1.0 (9.82)
Twmi Tmi
In the case of a column (M=0), this term becomes:
XQ M * R
R,,, = L)%y Ry (9.83)
TMmi
Aop = 1y\1 pl (9.84)

The value of Ry, o calculated in this way will generally be lower than (y,-N;)/(N-vy,), which is
the correct value —written in terms of a possible load amplification- according to the column
buckling curves of the Eurocode — clause 6.3.1. This will be particularly felt when the effects of y,
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are relatively high in relation to y,, meaning cases where Y, 1s not much larger than y,. In the case

of I-sections, this applies to stocky sections with wide flanges.

One could argue that this additional “safety” is really to be attributed to the fact that imperfections
of the full magnitude (e.g. e0=L/1000 in GMNIA calculations) in both main directions are thereby
account for even for the simple column buckling case. Indeed, this assumption was made in the
paper by Simoes da Silva et al. (2010), and leads to smaller —yet still present- differences between
the results of GMNIA calculations and (9.82) for columns. However, one should be aware of the
fact that this changes the safety level of precisely the one stability case which is universally
regarded as the benchmark case for member buckling and which is most firmly substantiated by test
results Due to this observation, geometric imperfections affine to the first eigenmode with
amplitudes of e0=L/1000 have commonly been considered to be the appropriate choice for GMNIA
calculations for “model members”.

More importantly than the implications for the pure column buckling case (which will perhaps not
be a field of application of the “general method”), it is interesting to check the effects of the above-
mentioned “bi-directional strength reduction” on combined load cases with N+M. For these cases
too, the prescription of the “general method” implies that the in-plane buckling load be further

reduced to account for out-of-plane effects.

While, of course, there indeed are effects of in-plane second-order deformations on the out-of-plane
ultimate buckling load in such cases, these are likely over-estimated by the procedure of the
“general method”, once again particularly in cases where the bending stiffness of the member about

the strong axis is not hugely larger than the one about the weak axis.

1.0
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-—- EC3
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-—-- EC3
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Fig 9-21 Comparison of GMNIA buckling curves and EC3 proposals for the “general method’;
IPE 240 (a) and HEB 240 (b) sections.
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The above comments are now reinforced by numerical examples. Two sections are studied within

the context of the “general method”, one slender (for lateral deformation) IPE 240, and a stockier

HEB 240 section. Both are loaded by an axial force plus a constant bending moment diagram.

The GMNIA results were obtained with separate calculations for the in-plane and out-of-plane

buckling strength, whereby the in-plane strength was needed to calculate the applicable value of

Xop according to (9.80). In both types of GMNIA calculation, eigenmode-affine imperfections were

assumed, with amplitude e0=L/1000.

The plots in Fig 9-21 show the comparison between the behaviour of the two studied sections, and

compare the obtained GMNIA curves with the different proposals for the reduction factor y,, found

in the Eurocode. The following comments can be made:

1.

il.

iii.

In the case of the slender IPE 240 section, where the in-plane bending stiffness (and
buckling strength) is much higher than the out-of-plane stiffness, the buckling curves
obtained from GMNIA calculations for different values of ne=(M/M)/(N/Nyy) lie in a fairly
narrow scatter band, which also happens to be well described by the EC3 curves that apply
for column buckling (..p) and LT-buckling (yr10p) When plotted over Xop. Furthermore,
the interpolated curve, obtained from an application of equation (9.81) for the studied case
of Mo=1.0, seems to be very well able to describe the behaviour of this particular beam-
column loaded in N+M.

This is the desired scenario for the application of the “general method”. The accuracy of the

description of the “real” buckling strength is clearly very high for this case.

However, the case of the stockier HEB 240 section gives a completely different picture. In
this case, already the curve that applies for pure column buckling (no=0.0) lies distinctly
above the EC3 curve for y,0p, and furthermore has a remarkable feature: it stops at certain
slenderness Aim . This is actually quite easily explained by forming a limit value at infinite
length of equation (9.84):

Ly Ny - 1= A Ay

Aop lim = lim =lim fy, A= =5 hy =—===2 (9.85)

pa— 2 .
Lo Ncr’Z L—w 7\.y }\’y 7\-y 1

Thereby, the limit value of x, was determined to be the Euler buckling load, which is what
results from the Ayrton-Perry type formulation for the EC3 column buckling curves at
infinite length. Thus, the limit slenderness Xop,hm is equal to the ratios of the two radii of
gyration, respectively of the slenderness L. to Xy. In the case of the HEB 240 section, this
value is equal to 1.694 and thus lies within the shown section of the X-X plane. In the case
of the IPE 240 section, this value is 3.704 and far beyond what is shown in the plot.

The GMNIA buckling curve is clearly influenced by the presence of this limit value of
slenderness, and has a shape that appears to be “drawn away” from the curve for y,op

towards the value 1/ (Zop,nm)2 .
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iv.  The case where only bending moments are present (1= 0 ) represents the pure LT-buckling
case. Since no normal forces are present, the plastic bending strength determines Ry, in
(9.79) and thus there are no differences between Xop and Arr. For this case, the “general
method” would be very conservative for the HEB 240 section if indeed one were to use the
first recommendation for the determination of 7,,, which would lead to the use of the very
low-lying column buckling curve c for this section. As the figure shows, for this case also
the general-case LT buckling curve lies a bit low. A better curve would of course be found
by using the formulations developed in chapter 6 of this thesis for the pure LT buckling
case.

v.  The most remarkable behaviour, however, 1s shown by the GMNIA curve in terms of y,, for
the HEB 240 section and 1y=1.0. This curve comes to lie above the curve for no=o for a
certain portion of its length, then drops below it. It can be shown to converge towards the

same point as the curve for 1y=0.0, reaching the same limit value of slenderness.

This behaviour of the GMNIA curve for n¢=1.0 for the stocky HEB 240 section matches the

comments made above, and can be explained accordingly:

v.  The “general method” uses the convention that the reference value of the buckling strength
be given by the in-plane buckling limit load. This is a departure from most other stability
rules, which implicitly use a cross-sectional capacity as the reference value for both
slenderness and buckling reduction factor, and not a quantity related to the load carrying
capacity of the whole member.

vi.  The buckling behaviour of beam-columns is actually dominated by the first (spatial)
eigenmode, with only comparatively secondary effects from the in-plane deformations.

vii.  This causes the GMNIA curve -in terms of this definition of slenderness- to have a shape
similar to the one observed for ny=1.0 whenever the in-plane and out-of-plane modes are not
too far apart. This is not in itself a problem, since the ¥, 1s just a form of representation of
results. However, very conservative results will be achieved in design for these cases if one
applies another “full” reduction of the load-carrying capacity by y.op O YLT.0p to the in-plane

strength in this range.

These findings are further corroborated by the calculation results illustrated in Fig 9-22. This figure
shows the same type of GMNIA results plotted as values y,, over Xop, but with the difference that
the results are plotted separately for single members of a certain length (identified by values of 7_\42)
and varying factors of mo. This type of representation has the advantage of showing how the
buckling reduction factor for a certain member is affected by the load case in the “general method”
type of representation. The lower-right point of the GMNIA curves always represents the “column
buckling” case, where 1¢=0.0. The arrows in the figure indicate the direction of increase of 1. The
other extremity of the single curves is given by the case of ny=o, where only bending moments are

present. The following comments can be made about these plots:
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Fig 9-22 Comparison of GMNIA results (plotted for single sections and progressively increasing
values of ny) and EC3 proposals for the “general method”; IPE 240 (a) and HEB 240 (b).

1. This type of representation illustrates fairly well the dependency between the buckling
reduction factor 7y, and the load case as given by mo. One fact that is particularly well
represented by this type of plotting is that an interpolation between the curves for o, and
YLT.0p Might not be as straightforward as envisaged by equation (9.81). In this sense, the fact
that the interpolation was thought to be fairly accurate in the description of the case with
No=1.0 for the IPE 240 section in Fig 9-21 must be thought to be rather fortuitous. An
interpolation of this type would require the GMNIA curves in Fig 9-22 to show a smooth
transition from the “column curve” y,o, to the “beam curve” yrtop. This is clearly not
generally the case for the two studied sections. Particularly at lower lengths of the members,
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the GMNIA values of o, “jump” quite unpredictably with changing n in the chosen type of
representation. It is important to recall here that this is not due to a numerical problem in the
GMNIA calculations, which indeed give smooth transitions of the actual load carrying
capacity with changing values of 1no. The shown shape of the curves is entirely due to the
form of representation itself.

1.  The fact that none of the results fall below the lower of the two EC3 curves, which in these
cases was always the “column curve” ), op, 1s certainly a welcome observation, particularly
if the lowest yop-curve is used for design. However, the conservatism that this method
entails can be very large; compare e.g. the results for %.=1.0 and upper-intermediate values
of mo with the .., curve for the HEB 240 section. Differences of this magnitude are

generally not considered to be adequate.

To conclude this section, it can be stated that the “general method”, albeit being fairly simple in its
application and inviting for designers due to its putatively unlimited scope of application, seems to
require a thorough and comprehensive reconsideration from the point of view of its accuracy and
theoretical background in order to meet the standards set by the other buckling design rules present

in the Eurocode.

Only the simplest imaginable cases were considered in this section, yet some major inconsistencies
were discovered. Further discrepancies were also noticed by the mentioned other authors who have
studied the accuracy of this method. The fact that the method implicitly considers imperfections at
their maximum extent to be present in both directions of a beam-column, and more importantly that
it over-estimates the impact of this double-curvature in many practical cases, is certainly one point

of inconsistency with other rules.

From a theoretical point of view, the method provides little insight in the mechanisms that actually
dominate a spatial failure mode: an in-plane failure mode is first declared as the upper limit value of
a spatial buckling phenomenon that has its bifurcation load far before this in-plane mode can be
activated, and a rather arbitrary choice of buckling curve is then used to reduce this in-plane
strength to estimate the spatial, out-of-plane strength. For practical purposes, this might be accurate
enough in those particular cases where specific design rules are presently missing, e.g. for tapered
beams, castellated or cellular beams, and similar cases that are not explicitly covered by the current
Eurocode design rules but may be considered to behave at least qualitatively similarly to standard
cases. However, it does not appear to be a generally appropriate procedure for as wide a spectrum
of application as stated in the code, which would include all types of sections and whole spatial
frame structures. In this sense, attributing a “general validity” to the “general method” would seem

to be a rather far-fetched conclusion.
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9.7. Conclusions

This chapter gave an overview of the issues involved with the development of design rules for
(class 1 & 2) beam-columns. Thereby, a new proposal for the design of such members against in-
plane buckling was made that is fully compatible with the increasingly popular trend in the
scientific community of using “generalized” slenderness definitions for “overall” load cases for the

design of structures.

It is believed that the proposed formulation is the first such expression for steel members that
integrates a consistent mechanical derivation and all relevant mechanical effects in an “overall” (in-
plane) buckling reduction factor. The proposal makes once again use of the Ayrton-Perry format,
making the expression fully compatible with the other Eurocode member design rules. The plastic
cross-sectional capacity of the members is fully taken into account in the formulation, having the
welcome side effect that the check of the critical cross-section is “automatically” included in the

stability design check, which is something that is not the case in the current rules.

As a further result of this derivation and of the pertinent numerical study, it could also be illustrated
how the given design formulae for in-plane buckling under N+M in Eurocode 3 - EN 1993-1-1 cope
with this more complex buckling behaviour. In this context, both design formulations of Annex A
and B of the Eurocode were shown to appropriately cover the main effects with good accuracy as

far as practical applications are concerned.

In order to further emphasize the significance of an adequate derivation of buckling design rules
that takes into account the idiosyncrasies of the studied instability case, a brief discussion was given
in the final section of the chapter of the strengths and weaknesses of the so-called “general method”
for the design of steel members and structures against spatial instability. This method is essentially
based on an inventive way of expressing the buckling design condition. Besides pointing out some
general inconsistencies, the need was stressed for a consistent and accurate formulation of the
buckling reduction factor for this method in order to meet the standards of accuracy and mechanical
soundness inherent to other Eurocode design rules. It is believed that the methodology employed in
this chapter for the development of a formulation for the in-plane case could serve as a blueprint for

any such effort of formulating buckling reduction factors for more complex cases.
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Summary and Conclusions

10.1. Summary

This thesis is concerned with the improvement of the consistency, in terms of safety level and

mechanical soundness, of buckling design rules for steel members. It discusses a number of

different topics, with the aim of increasing the understanding of the studied engineering problems

and of providing designers with simpler, safer and better understandable formulae for certain, very

common design tasks. More specifically, the following summary can be given of the topics treated

in this thesis, listed in the order of appearance in the main body of the text:

L.

II.

In the 1%, introductory chapter, the identified inconsistencies and problems in current
buckling design rules are presented in a general form. The scope and limitations of the

studied cases are stated, and the thesis’ organization in parts is introduced and explained.

In chapter 2, comprehensive background information is given regarding the source, the
derivation, the mechanical soundness and the strengths and weaknesses of the most common
buckling design formulae found in international design codes and the technical literature.
Many of these design formulae have been codified and used —in one or the other form- for
several decades by structural engineers in different countries. Nevertheless, or perhaps
precisely because of their long-established use, the mechanical background of some of them
is not always readily available. The comparison of the different backgrounds given in this
chapter is therefore intended to shed some light on the often controversial matter of what
type of design formulation is most appropriately used as a format for buckling checks. Two
very different types of formulation could be identified:
1) Formulations that are based on pure curve-fitting of an essentially arbitrary
mathematical expression (polynomials, exponential functions, etc.) to previously
established numerical and/or experimental data points.

2) Formulations based on a more-or-less mechanically sound, rational formulation.

The most important formulation of the second type is the one that is most present in the
Eurocode, i.e. the so-called Ayton-Perry formula, which in its simplest manifestation takes

on the following form:

289



10. Summary and Conclusions

I1I.

IV.

I
(= (10.1)

-2

O +\VDO? -1
with cD:%-(HnJZ) (10.2)

and m being the so-called “generalized imperfection coefficient”.

In chapter 3, the used methodology is explained. In this thesis, state-of-the-art numerical,
analytical and probabilistic methods have been used and combined. While the employed
numerical modelling techniques, as well as the fundamental equations used as starting point
for the single derivations of new design formulae, can be considered to be part of the
accepted standard methodology in buckling analysis and design, the probabilistic concepts
involving Monte Carlo simulations and random number generation are perhaps more rarely

used in these contexts and are described accordingly.

In chapter 4, the main inconsistencies in current buckling design rules for steel members

subjected to simple load cases (columns or beams) are listed, and common strategies for the

overcoming of these inconsistencies are introduced. Specifically, the following points were
seen as the source of inaccuracies and as worth of a reassessment:

- The classification of cross-sections with respect to their geometrical parameter h/b are
noticed not to be consistent for the single, basic buckling design rules. Different
classification criteria exist for the flexural (column) and the lateral-torsional (beam)
buckling case. This is an indicator for the lack of descriptiveness of at least one of these
rules, which was also confirmed by numerical calculations in the specific chapters
S5to7.

- The underlying equivalent geometric imperfections for the single basic member buckling
checks are shown to not only be very different for each case in absolute terms, but also
to have a completely different length-dependency. While for the column buckling case
the underlying, equivalent geometric imperfection is essentially linearly dependent on
the member’s length, a highly non-linear relationship was found to apply for the design
rules for lateral-torsional and torsional buckling according to
the Eurocode.

- The reliability level of the single basic buckling design rules, expressed in terms of
required partial safety factor yM*, is shown to be non-constant throughout slenderness

ranges.

The chapter proceeds with a discussion —in general terms- of how these inconsistencies can
be removed. Particularly the non-constant reliability level for different ranges of slenderness
is addressed in chapter 4 itself, where two different statistical methods based on First Order

Reliability Methods (FORM) are proposed and discussed. If based on a representative range
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VL

of statistical input data for the most dominant structural parameters governing the studied

buckling case, these methods can be used to obtain true “constant reliability curves”.

The first part of chapter 5 discusses the background of the European column buckling
curves developed by ECCS (1978) and currently found in the Eurocode. Thereby, particular
emphasis is put on the experimental program underpinning these curves, which also includes
an early application of Monte Carlo simulations in the study of buckling phenomena, as well
as on the numerical studies and their underlying assumptions that led to the final shape of
the ECCS curves. These numerical buckling curves were obtained on the basis of “model
columns”, i.e. members with fixed (non-random) imperfection amplitudes and geometrical
input data, whereby the assumptions regarding the imperfections were calibrated to match
the experimental data points obtained from large-scale tests.

For the purposes of this thesis, it was important to clarify that these numerical curves based
on “model columns”, and hence the assumptions for the “model column” calculations, are
essentially the main theoretical foundation of the current safety and reliability level of the
European design rules for columns. In this sense, it was also important to place the
background of the calibration (performed by Maquoi and Rondal, 1978), of an Ayrton-Perry
formula to these numerical curves in the correct conceptual context. Due to the very
comprehensive background given in the case of the development of the column buckling
curves now found in the Eurocode, this buckling case and its derivation were regarded as the
“pbenchmark” case for member stability cases in the context of this thesis.

The chapter then proceeds with the treatment of a current problem in the application of these
long-established column buckling curves: the changes in the specification of permissible
out-of-straightness of compression members brought about by the introduction of a new,
Europe-wide standard for the fabrication and erection of structural steelwork, EN 1090-
2:2008. Monte Carlo simulations are used to evaluate a series of plausible scenarios, which
could develop as a consequence of the introduction of the new standard, in order to answer
the question of the impact of “relaxed” curvature tolerances on the safety of commonly used
buckling checks. Thereby, such a probabilistic approach is shown to be the only consistent
approach to quantify the impact of such a change in production habits in a meaningful way.
Finally, the FORM methods described in chapter four to obtain “constant reliability curves”
are applied to the column buckling curve, illustrating the possibility of moving away from
“semi-deterministic” buckling design rules based on “model columns” on to truly
probabilistic curves in the future, provided that agreement is found with respect to the

scatter-band of basic input variables to be used in such calculations.

In chapter 6, a new design formulation for lateral-torsional buckling of beams is
systematically developed, calibrated and statistically justified. Thereby, a new Ayrton-Perry
type formulation is obtained that is based on a specific second-order derivation for the case

at hand. The significance of accurately -and mechanically sensibly- formulating the
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VIIL

VIII.

IX.

expression for the generalized imperfection coefficient 1, and of calibrating this expression
to match a comprehensive series of numerical GMNIA buckling curves is highlighted. By
doing so, a formulation is finally obtained that very accurately describes the course of
numerical buckling curves, which themselves were calculated using the same (“model
beam”) assumptions for imperfections and geometry as for the benchmark column buckling
case. This assures that a comparable level of inherent safety is present in the proposed
formulation as in the column buckling case. This is further emphasized by specific
assessments of the reliability level through probabilistic means at the end of the chapter. By
resulting in a separate buckling curve for each single studied cross-section, the formulation
specifically takes the torsional characteristics of each cross-section into account in a very
precise way. Thereby, the categorization with respect to cross-sectional geometries no
longer needs an arbitrarily set limit at h/b=2.0, but categorizes the cross-sections in
accordance with the underlying imperfection assumptions made during the development of
the curves, which is consistent with the situation found for column buckling. This highlights

the mechanical soundness of the newly proposed formulae.

The case of laterally supported columns with I- & H-shaped cross-sections failing in
torsional and torsional-flexural buckling is treated in chapter 7 both numerically and
analytically. After a comprehensive numerical study and description of the peculiarities and
the practical significance of this buckling phenomenon, and of the high conservatism of
current code provisions dealing with this buckling case, the chapter proceeds with the
development of a new, Ayrton-Perry type formulation for torsional and torsional-flexural
buckling. Thereby, analogous steps are followed as in chapter 6 for the LT buckling case. In
this way, a formulation could again be found that very well describes the shape of numerical
buckling curves obtained from calculations with the “model column” assumptions, and that
is thereby consistent both in the type of formulation and in descriptive accuracy with the

benchmark column buckling case.

In order to better illustrate the high degree of consistency between the different basic
member buckling cases obtained by the newly proposed formulations for lateral-torsional
and torsional-flexural buckling, these proposals were combined with the long-established
column buckling case in a common design formula and table, contained in chapter 8 of the
thesis. The common Ayrton-Perry type formulation is thereby convenient for a generalized
formulation of the buckling reduction factors. The peculiarities of the single buckling cases
are then easily implemented through separate coefficients, tabulated in the mentioned design
table.

Some important aspects of the derivation of design rules for beam-columns, i.e. members
subjected to the combined action of axial and transversal loads, are treated in chapter 9.

Thereby, the two main concepts currently implemented in design codes for the design of
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such elements are first discussed: the interaction concept and the “generalized slenderness”
concept. As far as the consistency of the design rules is concerned, it is noted that the
“generalized slenderness” concept, particularly in its manifestation as the so-called “general
method” in Eurocode 3- clause 6.3.4, is formally more consistent with the other buckling
design rules in the code, because it makes use of the same concept of applying a buckling
reduction factor to an ultimate strength criteria that is not affected by the studied stability
phenomenon. However, it is shown in this chapter that the interaction concept as it is
included in the Eurocode — clause 6.3.3 is mechanically much more coherent and consistent
with the mechanical soundness and safety of the benchmark column buckling case.

Recognizing these two different levels of consistency, a new proposal is made in chapter 9
for a formulation (again resulting in an Ayrton-Perry formula) for beam-column design that
is both formally and mechanically consistent with the basic benchmark cases. This is done
for the in-plane beam-column buckling case. Through a very accurate, yet simple
linearization of the plastic, cross-sectional N+M interaction relationship for a variety of
practical cross-sections, the “exact” cross-section capacity of specific sections was placed at
the centre of the new proposal, thereby consistently integrating cross-sectional and buckling
check in one design task. The more complex effects of the buckling phenomenon as
observed in numerical GMNIA calculations, e.g. the detrimental effects of flange yielding
on the obtainable buckling loads at high slenderness, or the effects of residual stresses, are
taken into account through simple, yet efficient coefficients. A comparative study of
calculated buckling strengths with GMNIA calculations using the “model column”
assumptions, as well as with the mechanically sound interaction formulae of Eurocode 3,

confirm the consistency of the proposed formulation in terms of safety and accuracy.

10.2. Original Contributions

The original contributions to engineering knowledge made in this thesis include the points listed in

the following:

The development of new, far more accurate formulations to describe the buckling strength
of beams and columns for lateral-torsional and torsional-flexural buckling. They are
obtained by deriving specific second-order, first-yield (“Ayrton-Perry”) failure expressions
and systematically calibrating the imperfection amplitudes to the numerical curves. By
doing so, full methodological consistency with the long-established flexural column
buckling case is obtained (Chapters 6 & 7).

Using these new expressions, a consistent classification of structural sections with regard to
their buckling behaviour was obtained. Contrary to what is currently the case, assumptions
made in the development of numerical buckling curves (regarding geometry, strength and
imperfections) are thus fully reflected in the classification for all studied basic buckling

cases (Chapter 8).
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The known inconsistencies in terms of reliability level of current member buckling rules are
shown to be mechanically/statistically explicable. Methods suitable for the removal of these
inconsistencies are presented and applied. These include Monte Carlo random number
generation methods and “First Order Reliability Methods” (FORM) combined with non-
linear, GMNIA Finite Element calculations (Chapters 4, 5, 6).

Again using Monte Carlo and FORM methods, a way of answering questions regarding the
impact of changes to production tolerances or habits of curvature-control is presented.
Specifically, the possible impact of modifications of straightness tolerances for compression
members is quantified (Chapter 5).

An expansion of the column buckling design formula to the in-plane beam-column case
with combined axial and bending loading is developed and calibrated to obtain very high
accuracy when compared to numerical results. Thereby, a linearization of the cross-sectional
N-M interaction curve is shown to be essential. The new formulation is conceptually
integrated in the two existing design concepts for beam-columns (Chapter 9). Full formal

and mechanical consistence is thereby obtained with the benchmark column buckling case.

Contributions to the consolidation of existing engineering knowledge include:

1.

1i.

1il.

1v.

A comprehensive discussion of the origins, underlying assumptions, strengths and
limitations of the most common buckling design formulae (Chapter 2).

The description of the applicability of numerical, analytical and statistical tools for the
development of buckling rules (Chapter 3).

An outline of the development of the ECCS European Column Buckling Curves
(Chapter 5).

A discussion of the viability of the application of the “general method” as the standard

design tool for out-of-plane stability checks of beam-columns (Chapter 9).

10.3. Conclusions

In addition to the more specific implications of the numerical parametric studies and of the new

design proposals presented in this thesis, which are discussed in detail in the pertinent chapters, the

findings of this work allow one to draw the following general conclusions:

L.

The different rules and formulae currently used by designers to determine the structural
safety of steel members against the various modes of global instability do not have a
consistent level of mechanical justification and were not developed following a unified
procedure. While the design rules for the “benchmark” flexural column buckling case are
based on a large and concerted experimental and numerical research effort and statistical
evaluation, and are expressed in terms of a simple but mechanically coherent second-order
(Ayrton-Perry) formula, the rules for other global member buckling rules are often based on

mechanically not fully coherent adaptations of the buckling curves for the benchmark case.
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II.

I1I.

This applies to the current EC3- EN 1993-1-1 rules for lateral-torsional buckling of beams
(clause 6.3.2) and for torsional-flexural buckling of (laterally restrained) columns (clause
6.3.1.4), as well as for the so-called “general method” for the design of beam-columns
(clause 6.3.4). In contrast to this, rules that are based on a firm mechanical background, such
as the formulae for beam-columns according to clause 6.3.3 of the Eurocode, are not
presented in a mathematical format that is consistent with other buckling rules, since they

use an additive “interaction concept” formula instead of a single buckling reduction factor.

A number of recent studies (e.g. Miiller, 2003; Naumes et al., 2009) have already noticed the
above-mentioned difficulties and inconsistencies and have tried to overcome them, thereby
focusing primarily on aspects of consistency of formulaic representation and of reliability.
Through the evaluation of existing physical test results, the safety and reliability level of
some current or proposed design rules could thereby be shown to be acceptable and similar
for different studied cases and, in this sense, “consistent” for the evaluated scope of test
data. Accordingly, there is an increasing tendency of primarily using statistical tools as
provided by the Eurocode (2002) - EN 1990 to determine the acceptability of a certain
design rule. By adopting such a procedure, the assessment of the accuracy of the design
formulation is often lost (or rather “blurred”) into the statistics. Although this is not
necessarily very important to safety (as long as the safety level is “proven” by the statistical
evaluation), the tendency of drawing broad conclusions from statistical evaluations alone,
including for fields of application not covered by the considered tests, is nevertheless rather
problematic. An example for this is the application of the “general method” for the design of
beam-columns: as was shown in section 9.6, the mechanical background of this method is —
at the current stage- not clear, and results can significantly diverge from numerical
calculations that are commonly used to verify buckling rules. It is therefore concluded that a
methodology for the development of buckling rules that omits (numerical) accuracy studies

is not conclusive and should not be regarded as a general foundation for buckling design.

This thesis set out to overcome the inconsistencies mentioned above for some of the most
relevant member buckling cases, thereby using a methodology that very closely follows the
steps taken during the development of the “benchmark” rules for member buckling design,
i.e. the (flexural) column buckling rules. Thereby, both aspects of safety and of accuracy
could be covered systematically. Expressed in a more generalized form, the used procedure
is schematically represented in Fig 10-1, and the conclusions to be drawn from this

procedure are discussed in the following.

The methodology used in this thesis for the development of new design rules for lateral-
torsional, torsional-flexural and in-plane beam-column buckling achieved full consistency
with the benchmark case of column buckling in terms of formal presentation of the
design equation, mechanical accuracy and reliability level. It did so by focusing on

accuracy and safety simultaneously.
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ii.

1il.

The accuracy of a proposed formulation is assured first of all through the development of
specific formulations of a buckling failure condition that are based on second-order
internal forces and on elastic (or linearized plastic) cross-sectional interaction conditions.
This results in equations for the buckling reduction factor that take on the form of the
classical Ayrton-Perry formula, with mechanically coherent modifications to account for
the specific effects of the studied buckling case.

Specifically, the modifications must not only include case-specific stiffness terms that
stem from the second-order derivation itself, but must also account for effects that are
otherwise omitted in such a simple design equation. The latter stem from the complex
behaviour shown by the inelastic buckling of steel members with geometric and structural
imperfections. In the basic cases of flexural, lateral-torsional and torsional-flexural
buckling, these effects can conveniently be included in the definition of the “generalized
imperfection” n. This is what was done by Maquoi & Rondal (1978) for the benchmark
case of flexural column buckling, and was successfully expanded in this thesis for lateral-
torsional and torsional-flexural buckling. For the more complex, combined load-cases
found in beam-columns, additional effects must specifically be taken into account. In
particular, these refer to the transition from the fully plastic cross-sectional N+M
interaction valid at low slenderness to a purely elastic, “first-yield” buckling condition
valid for very slender elements. Considerations of this type were made in chapter 9 for
the in-plane beam-column buckling phenomenon and also resulted in very high accuracy.

Of course, a measure of comparison is needed in order to determine the accuracy of a
formulation. In this sense, the state of the art currently consists of regarding a formulation
as accurate when it manages to describe the studied buckling strength as shown in
realistic GMNIA calculations for a wide range of parameter variations. These
calculations must thereby make use of modelling techniques that are widely accepted as
realistic reflections of the actual behaviour, and/or are validated by comparison with
specific test results whenever possible and necessary. As far as the input parameters of
these calculations are concerned, the commonly accepted methodology is to determine
the behaviour of so-called “model members”, i.e. members with deterministic, fixed input
parameters representing rather safe-sided, lower strength fractiles. The benchmark for
this type of calculations is represented by the assumptions made by Beer & Schulz (1970)
in the large parametric study that directly led to the ECCS column buckling curves. These
assumptions lead over to considerations of safety, as they were explicitly linked to the

target reliability level for member buckling checks.

The safety or reliability of a buckling design rule is usually determined on the basis of
methods contained in the Eurocode — EN 1990. These are essentially First Order
Reliability Methods (FORM) that allow one to determine the required value of the partial
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1v.

safety factors ym to be used in combination with a certain design rule in a semi-
probabilistic design philosophy.

In the past, the test data used as basis for a reliability assessment were usually provided
by large-scale physical (“real”) tests. Nowadays, simulated tests obtained from GMNIA
calculations with random input variables (“Monte Carlo method”) are increasingly being
used instead. Thereby, the evaluation of a data set obtained by “numerical tests” can be
thought to be fully representative of the real scatter of tests, provided that the real scatter
bands of the single input parameters, as well as the way these parameters correlate, are
known. Very valuable studies of these scatter bands and correlations have been published
in the literature (Alpsten, 1972; ECCS, 1978; Melcher, 2004). In an application that made
use of the data given in these publications, Monte Carlo simulations could be carried out
in this thesis that allowed for a quantification of the reliability impact of the changes of
geometric tolerances for compression members currently being brought about by the
introduction of the new fabrication standard for constructional steelwork EN 1090-2.
Deterministic methods alone would not be able to produce results of this type.

It is believed that a coordinated, international effort (by steel producers) in order to obtain
a fully comprehensive and reliable data pool on the variability of properties of structural
steel members would be very valuable to the steel construction industry. This would
ensure that safety assessments based on Monte Carlo simulations or other reliability
methods are routinely accepted by members of the research, design and building authority
communities.

In this context, the possibility was also addressed in this thesis to move away from “semi-
deterministic” buckling rules calibrated onto “model member” GMNIA calculations, and
to directly base the calibration of buckling rules on “constant reliability curves”. As was
shown in chapters 4 and 5 of this thesis, such curves can be obtained from a combination
of numerical GMNIA calculations and probabilistic FORM methods. They once again
require information regarding the scatter band and correlation of the properties of steel
members. The computation effort needed to obtain buckling curves of this type is larger
than the one needed for “model member” curves, but can still be contained within a

reasonable time-frame.

The last step consists of assessing the final acceptability of a certain buckling design rule.
According to the philosophy pursued in this thesis, the acceptance should depend on the
combination of mechanical coherence, accuracy, safety and practicality. In this sense, it
is believed that the way in which specific member buckling cases were treated in this

thesis can serve as guidance and starting point for future developments.
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ANNEX A

NOTATION

It was attempted to describe all used variables in the text at their first appearance. The following

pages therefore only list the most important symbols used in this thesis. Specific sub-indices are not

always included, but are explained in the text and can be easily inferred.

General acronyms

CHS
FByy
FBzz
LPF
LTB
QHS
RHS
TB/TFB

Circular hollow section

Flexural buckling about the y-axis
Flexural buckling about the z-axis
Load Proportionality Factor
Lateral-torsional buckling
Quadratic hollow section
Rectangular hollow section

Torsional and Torsional-flexural buckling

Methods of analysis

GMNIA  Geometrically, materially nonlinear analysis with imperfections

LBA
MNA

Linear Buckling Analysis

Materially nonlinear analysis

Geometrical parameters

b

D
h
L

Section width

External diameter of circular hollow sections
Section depth

Length

Fillet radius for H-shaped sections
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NOTATION

t
tact, Aact.- .

tr

tnom, Anom- .

tw

Thickness

Actual values of e.g. a thickness or area, as measured.
Flange thickness

Nominal values of e.g. a thickness or area.

Web thickness

Deformations and imperfections

£
e |

=
< |

Displacement in longitudinal x-axis direction and its maximum amplitude
Displacement in (lateral) y-axis direction and its maximum amplitude
Displacement in (in-plane) z-axis direction and its maximum amplitude
Rotation about the longitudinal axis and its maximum amplitude

Values of the initial geometric imperfection and its maximum amplitude
Amplitude of a trasnversal initial geometric imperfection

Amplitude of an in-plane initial geometric imperfection

Amplitude of a rotational initial geometric imperfection

Section properties

Iy

Wi, Wil

Torsional constant

Moment of inertia, related to strong axis bending
Moment of inertia, related to weak axis bending
Warping constant

Elastic section modulus, related to the axis “}” (j=y or z)

Plastic section modulus, related to the axis “5” (j=y or z)

Material parameters

v Poisson’s ratio

E
Ju
Iy

Young’s modulus of elasticity
Ultimate tensile strength, mean
Yield strength

Shear modulus

Strain at yielding

Strain
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Forces, resistances and load amplification factors

m, m"
MEq
Mel

Ner
NEg
N
Nr
Nuik
Ry
Rer
Ry
Ryt

Normalized bending moment acc. to first or second order theory, equal to M/M,,;
Design value of the acting bending moment

Elastic cross-section resistance for pure bending moment

Plastic cross-section resistance for pure bending moment

Torsional moment

Bending moment about the strong axis (y)

Bending moment about the weak axis (z)

Warping moment

Axial Force

Normalized axial force, equal to N/Np,

Axial force at the ultimate limit state (buckling resistance)

Axial force at the first bifurcation, “Euler load”

Design value of the acting axial force

Plastic cross-section resistance for pure axial force

see N,

see Ny

Buckling resistance in terms of maximum load amplification factor
Load amplification factor at (first) bifurcation

Plastic resistance in terms of load amplification factor

see Ry

Statistical parameters

*

™
M1

b
cdf
pdf

Iq

Partial safety factor related to nominal values

Partial safety factor for member resistance (buckling strength)
Least squares estimator

Cumulative distribution function

Probability density function

Design resistance

Resistance values (from tests)
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Iti Theoretical values of the resistance (from a model function)
Vs Coefficient of variations of the error terms

V: Total coefficient of variations of the model

Vi Coefficient of variations of the model function
Slenderness

A geometric slenderness, equal to L/i

M “normalization slenderness”, equal to m- \/ﬁfy

A Normalized slenderness

XO, py Lto Plateau value of the buckling curve, e.g. for LT buckling

Xact Normalized slenderness calculated with actual (measured) values of geometry and f;
XGS “Generalized slenderness”, equal to m

Xnom Normalized slenderness calculated with nominal values of geometry and f;

Xip Normalized “overall” slenderness for in-plane buckling

py LT Normalized slenderness for lateral-torsional buckling

A op Normalized “overall” slenderness for out-of-plane buckling

py T Normalized slenderness for torsional buckling

py TF Normalized slenderness for torsional-flexural buckling

7_»y Normalized slenderness for in-plane flexural column buckling

7_»2 Normalized slenderness for out-of-plane flexural column buckling

Coefficients used in buckling check

X buckling reduction factor

xi ... for flexural buckling about the axis “j” (j=y or z)
xs ... for the specific, studied buckling case

LT ... for lateral-torsional buckling

¥t . XTF --- fOr torsional or torsional-flexural buckling

Yip ... for in-plane flexural buckling under N+M
Yyno ... for in-plane flexural buckling under N+M, referred to the axial force alone.
Yop ... for out-of-plane buckling under N+M

k,k; interaction factor, related to buckling about the axis “5” (j=y or z)
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