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FOREWORD

The development program for the design manuals of the European
Convention for Constructional Steelwork (ECCS) represents a major effort
for the steel construction industry and the engineering profession in Europe.
Conceived by the ECCS Technical Activities Board under the leadership of
its chairman, Professor Luis Simdes da Silva, the manuals are being prepared
in close agreement with the final stages of Eurocode 3 and its national
Annexes. The scope of the development effort is vast, and reflects a unique
undertaking in the world.

The publication of the first of the manuals, Design of Steel Structures, is a
signal achievement which heralds the successful completion of the Eurocode
3 work and brings it directly to the designers who will implement the actual
use of the code. As such, the book is more than a manual — it is a major
textbook that details the fundamental concepts of the code and their practical
application. It is a unique publication for a major construction market.

Following a discussion of the Eurocode 3 basis of design, including the
principles of reliability management and the limit state approach, the steel
material standards and their use under Eurocode 3 are detailed. Structural
analysis and modeling are presented in a chapter that will assist the design
engineer in the first stages of a design project. This is followed by a major
chapter that provides the design criteria and approaches for the various types
of structural members. The theories of behavior and strength are closely tied
to the Eurocode requirements, making for a unique presentation of theory
into practice. The following chapters expand on the principles and
applications of elastic and plastic design of steel structures.

The many design examples that are presented throughout the book represent
a significant part of the manual. These will be especially well received by
the design profession. Without a doubt, the examples will facilitate the
acceptance of the code and provide for a smooth transition from earlier
national codes to the Eurocode.

Reidar Bjorhovde
Member, ECCS Editorial Board

xiii
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PREFACE

The General rules and rules for buildings of part 1-1 of Eurocode 3
constitute the core of the code procedures for the design of steel structures.
They contain the basic guidance for structural modeling and analysis of steel
frameworks and the rules for the evaluation of the resistance of structural
members and components subject to different loading conditions.

According to the objectives of the ECCS Eurocode Design Manuals, it is the
objective of this book to provide mix of “light” theoretical background,
explanation of the code prescriptions and detailed design examples.
Consequently, this book is more than a manual: it provides an all-in-one
source for an explanation of the theoretical concepts behind the code and
detailed design examples that try to reproduce real design situations instead
of the usually simplified examples that are found in most textbooks.

This book evolved from the experience of teaching Steel Structures
according to ENV 1993-1-1 since 1993. It further benefited from the
participation in Technical Committees TC8 and TC10 of ECCS where the
background and the applicability of the various clauses of EN 1993-1-1 was
continuously questioned. This book covers exclusively part 1-1 of Eurocode
3 because of the required level of detail. Forthcoming volumes discuss and
apply most of the additional parts of Eurocode 3 using a consistent format.

Chapter 1 introduces general aspects such as the basis of design, material
properties and geometric characteristics and tolerances, corresponding to
chapters 1 to 4 and chapter 7 of EN 1993-1-1. It highlights the important
topics that are required in the design of steel structures. Structural analysis is
discussed in chapter 2, including structural modelling, global analysis and
classification of cross sections, covering chapter 5 of EN 1993-1-1. The
design of steel members subjected to various types of internal force (tension,
bending and shear, compression and torsion) and their combinations is
described in chapter 3, corresponding to chapter 6 of EN 1993-1-1. Chapter
4 presents the design of steel structures using 3D elastic analysis based on

XV
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PREFACE
the case study of a real building. Finally, chapter 5 discusses plastic design,
using a pitched-roof industrial building to exemplify all relevant aspects.

Furthermore, the design examples provided in this book are chosen from real
design cases. Two complete design examples are presented: i) a braced steel-
framed building; and ii) a pitched-roof industrial building. The chosen
design approach tries to reproduce, as much as possible, real design practice
instead of more academic approaches that often only deal with parts of the
design process. This means that the design examples start by quantifying the
actions. They then progress in a detailed step-by-step manner to global
analysis and individual member verifications. The design tools currently
available and adopted in most design offices are based on software for 3D
analysis. Consequently, the design example for multi-storey buildings is
analysed as a 3D structure, all subsequent checks being consistent with this
approach. This is by no means a straightforward implementation, since most
global stability verifications were developed and validated for 2D structures.
The authors are indebted to Prof. Reidar Bjorhovde who carried out a
detailed technical review of the manuscript and provided many valuable
comments and suggestions. Warm thanks to Prof. David Anderson who
carried out an additional detailed revision of the book and also made sure
that the English language was properly used. Further thanks to Liliana
Marques and José Alexandre Henriques, PhD students at the University of
Coimbra, for the help with the design examples of chapter 4. Additional
thanks to Prof. Tiago Abecasis who spotted innumerous “bugs” in the text.
Finally, thanks to Filipe Dias and the staff of cmm and ECCS for all the
editorial and typesetting work, making it possible to bring to an end two
years of work in this project.

Luis Simoes da Silva
Rui Simoes

Helena Gervasio
Coimbra, March 2010



Chapter 1

INTRODUCTION

1.1. GENERAL OBSERVATIONS

Steel construction combines a number of unique features that make it
an ideal solution for many applications in the construction industry. Steel
provides unbeatable speed of construction and off-site fabrication, thereby
reducing the financial risks associated with site-dependent delays. The
inherent properties of steel allow much greater freedom at the conceptual
design phase, thereby helping to achieve greater flexibility and quality. In
particular, steel construction, with its high strength to weight ratio,
maximizes the useable area of a structure and minimizes self-weight, again
resulting in cost savings. Recycling and reuse of steel also mean that steel
construction is well-placed to contribute towards reduction of the
environmental impacts of the construction sector (Simdes da Silva, 2005).

The construction industry is currently facing its biggest transformation
as a direct result of the accelerated changes that society is experiencing.
Globalisation and increasing competition are forcing the construction
industry to abandon its traditional practices and intensive labour
characteristics and to adopt industrial practices typical of manufacturing.
This further enhances the attractiveness of steel construction.

All these advantages can only be achieved with sound technical
knowledge of all the stages in the life-cycle of the construction process
(from design, construction and operation to final dismantling). The objective
of the ECCS Eurocode Design Manuals is to provide design guidance on the
use of the Eurocodes through a “light” overview of the theoretical
background together with an explanation of the code’s provisions, supported
by detailed, practical design examples based on real structures. Each volume
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addresses a specific part of the Eurocodes relevant for steel construction.

This inaugural volume of the ECCS Eurocode Design Manuals
addresses the Design of Steel Structures in terms of the General Rules and
Rules for Buildings, covering all the topics of Part 1-1 of Eurocode 3
(CEN, 2005a). These range from structural analysis of skeletal structures to
design of members and components. More specifically, chapter 1 of this
manual introduces general aspects such as the basis of design, material
properties and geometric characteristics and tolerances, corresponding to
chapters 1 to 4 and chapter 7 of EN 1993-1-1. It highlights the important
topics that are required in the design of steel structures. Structural analysis is
discussed in chapter 2, including structural modelling, global analysis and
classification of cross sections, covering chapter 5 of EN 1993-1-1. The
design of steel members subjected to various types of internal force (tension,
bending and shear, compression and torsion) and their combinations is
described in chapter 3, corresponding to chapter 6 of EN 1993-1-1. Chapter
4 presents the design of steel structures using 3D elastic analysis based on
the case study of a real building. Finally, chapter 5 discusses plastic design,
using a pitched-roof industrial building to exemplify all relevant aspects.

The design examples are chosen from real design cases. Two complete
design examples are presented: i) a braced steel-framed building and ii) a
pitched-roof industrial building. The chosen design approach tries to
reproduce, as much as possible, real design practice instead of more
academic approaches that often only deal with parts of the design process.
This means that the design examples start by quantifying the actions. They
then progress in a detailed step-by-step manner to global analysis and
individual member verifications. The design tools currently available and
adopted in most design offices are based on software for 3D analysis.
Consequently, the design example for multi-storey buildings is analysed as a
3D structure, all subsequent checks being consistent with this approach. This
is by no means a straightforward implementation, since most global stability
verifications were developed and validated for 2D structures.

The scope of this manual is limited to those issues covered by Part 1-1
of EC3. Issues such as fire design and the design of joints, which are covered
by Parts 1.2 and 1.8 of EN 1993, are not included in this manual. Other
companion publications on fire design (Franssen and Vila Real, 2010) and
joint design (Jaspart, 2010) address these. Seismic action is also not
considered in this manual. This is because the many different options that



1.2. CODES OF PRACTICE AND NORMALIZATION

could be adopted in the conceptual design phase would lead to completely
different structures for the same architectural brief. A forthcoming manual
dealing specifically with seismic design issues for buildings is planned
(Landolfo et al, 2010).

This manual follows the code prescriptions of the Structural
Eurocodes. This is done without loss of generality since the theoretical
background, the design philosophy and the design examples are code
independent, except when it comes to the specific design procedures.

1.2. CODES OF PRACTICE AND NORMALIZATION

1.2.1. Introduction

The European Union has spent several decades (since 1975)
developing and unifying the rules for the design of structures. This work has
culminated in a set of European standards called the Eurocodes which have
recently been approved by member states. The foreword to each part of the
set of Eurocodes contains the following statement:" In 1975, the Commission
of the European Community decided on an action programme in the field of
construction, based on article 95 of the Treaty. The objective of the
programme was the elimination of technical obstacles to trade and the
harmonization of technical specifications. Within this action programme, the
Commission took the initiative to establish a set of harmonized technical
rules for the design of construction works which, in a first stage, would serve
as an alternative to the national rules in force in the Member States and,
ultimately, would replace them. For fifteen years, the Commission, with the
help of a Steering Committee with Representatives of Member States,
conducted the development of the Eurocodes programme, which led to the
first generation of European codes in the 1980’s. In 1989, the Commission
and the Member States of the EU and EFTA decided, on the basis of an
agreement between the Commission and CEN, to transfer the preparation
and the publication of the Eurocodes to CEN through a series of Mandates,
in order to provide them with a future status of European Standard (EN).
This links de facto the Eurocodes with the provisions of all the Council’s
Directives and/or Commission’s Decisions dealing with European standards
(e.g. the Council Directive 89/106/EEC on construction products - CPD -
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and Council Directives 93/37/EEC, 92/50/EEC and 89/440/EEC on public
works and services and equivalent EFTA Directives initiated in pursuit of
setting up the internal market)."

The publication of the Construction Products Directive in 1989
(OJ L 040, 1989) established the essential requirements that all construction
works must fulfil, namely: i) mechanical resistance and stability; ii) fire
resistance; iii) hygiene, health and environment; iv) safety in use;
V) protection against noise and vi) energy economy and heat retention.

The first two requirements are addressed by the following nine
Structural Eurocodes. These have been produced by CEN (European
Committee for Standardization) under the responsibility of its Technical
Committee CEN/TC 250:

» EN 1990 Eurocode: Basis of Structural Design

» EN 1991 Eurocode 1: Actions on Structures

» EN 1992 Eurocode 2: Design of Concrete Structures

» EN 1993 Eurocode 3: Design of Steel Structures

» EN 1994 Eurocode 4: Design of Composite Steel and Concrete
Structures

» EN 1995 Eurocode 5: Design of Timber Structures

» EN 1996 Eurocode 6: Design of Masonry Structures

» EN 1997 Eurocode 7: Geotechnical Design

» EN 1998 Eurocode 8: Design of Structures for Earthquake Resistance

» EN 1999 Eurocode 9: Design of Aluminium Structures

Each Eurocode contains provisions that are open for national
determination. Such provisions include weather aspects, seismic zones,
safety issues etc. These are collectively called Nationally Determined
Parameters (NDP). It is the responsibility of each member state to specify
each NDP in a National Annex that accompanies each Eurocode.

The Structural Eurocodes are not, by themselves, sufficient for the
construction of structures. Complementary information is required on:

= the products used in construction (“Product Standards”, of which
there are currently about 500);

= the tests used to establish behaviour (“Testing Standards”, of which
there are currently around 900);

» the execution standards used to fabricate and erect structures
(“Execution Standards”).
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The flowchart in Figure 1.1 illustrates the full range of information
required. It also illustrates the relationship between the Construction
Products Directive, the Eurocodes and their supporting standards. More
detailed information on the development process of the Eurocodes can be
found in Dowling (1992) and Sedlacek and Muller (2006).

@

European Commission

Construction Products Directive (CPD) 89/106/EEC

Essential Requirements

v v
Mechanical Resistance and Fire Resistance
Stability
[ [
Interpretative document No. 1 Interpretative document No. 2

Support documents: application and use of Eurocodes

v

EN 1990 — Basis of structural design
EN 1991 [¢ | » EN1992
EN 1993
EN 1994
EN 1995
EN 1996
EN 1997
EN 1998
EN 1999
N— _
—
Product hENs — Harmonized ETAs —
Standards, Standards of products for European
Testing T materials and pre- T Technical
Standards and manufactured components Approvals
Execution
Standards

Figure 1.1 — European normative structure for the construction sector
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Initially the Eurocodes were presented as Pre-Standards (ENVs), and
between 2002 and 2007 were converted in to European Standards (ENs).
This was followed by the development and publication of the National
Annexes in each CEN country and the translation of the Eurocodes into the
various national languages. After a period of coexistence the Eurocodes will
eventually replace all conflicting national standards by 2010.

The development of technical rules is also taking place outside
Europe. Codes such as the North American AISC code, the Chinese code
and the Australian code contain alternative design procedures that sometimes
appear to be quite different, mostly because they reflect local engineering
tradition.

1.2.2. Eurocode 3

EN 1993, Eurocode 3: Design of Steel Structures (abbreviated in this
book to EC3) is divided in the following parts:

EN 1993-1 General rules and rules for buildings
EN 1993-2 Steel bridges

EN 1993-3 Towers, masts and chimneys

EN 1993-4 Silos, tanks and pipelines

EN 1993-5 Piling

EN 1993-6 Crane supporting structures

EN 1993-1-1, Eurocode 3: Design of Steel Structures - General rules
and rules for buildings (abbreviated in this book to EC3-1-1) is further
sub-divided in the following 12 sub-parts:

EN 1993-1-1 General rules and rules for buildings

EN 1993-1-2 Structural fire design

EN 1993-1-3 Cold-formed thin gauge members and sheeting

EN 1993-1-4 Stainless steels

EN 1993-1-5 Plated structural elements

EN 1993-1-6 Strength and stability of shell structures

EN 1993-1-7 Strength and stability of planar plated structures
transversely loaded

EN 1993-1-8 Design of joints

EN 1993-1-9 Fatigue strength of steel structures

EN 1993-1-10 Selection of steel for fracture toughness and

through-thickness properties
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EN 1993-1-11 Design of structures with tension components
made of steel
EN 1993-1-12 Supplementary rules for high strength steel

According to the normative framework described in section 1.2.1,
EC3 is used together with a series of complementary standards. The
execution standard for steel structures EN 1090-2 (CEN, 2008) guarantees
an execution quality that is compatible with the design assumption in EC3.
The product standards provide the characteristic properties of the materials
used, that in turn must conform to the quality control procedures specified in
the test standards. Finally, the EC3 National Annexes specify the national
parameters relating to actions and safety levels, as well as some options
concerning design methodologies.

1.2.3. Other standards

EN 1090: Execution of structures in steel and aluminium (CEN, 2008),
establishes the execution conditions compatible with the design prescriptions
of EC3. In particular, it establishes the execution classes and the tolerances
of structural components. It is noted that the fulfilment of these tolerances
and of the other requirements of EN 1090 constitutes necessary conditions
for the validity of the EC3 rules. EN 1090 is organised in 3 parts:

= EN 1090-1: Steel and aluminium structural components — Part 1:
General delivery conditions

= EN 1090-2: Technical requirements for the execution of steel
structures

= EN 1090-3: Technical requirements for the execution of

aluminium structures

Part 2 is divided in the following 12 chapters (including 12 annexes):

» Chapter 1: Scope

= Chapter 2: Normative references

= Chapter 3: Terms and definitions

» Chapter 4: Specifications and documentation
= Chapter 5: Constituent products

= Chapter 6: Preparation and assembly

= Chapter 7: Welding
= Chapter 8: Mechanical fastening
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= Chapter 9: Erection

= Chapter 10: Surface treatment

= Chapter 11: Geometrical tolerances

= Chapter 12: Inspection, testing and correction

The other relevant standards for steel structures can be grouped into
standards for materials (steel, steel castings, welding consumables,
mechanical connectors, high-resistance steel cables and support devices),
fabrication, welding, testing, assembly, protection against corrosion and
other complementary standards.

1.3. BASIS OF DESIGN

1.3.1. Basic concepts

Eurocode 3 must be used in a consistent way with EN 1990 Eurocode:
Basis of structural design, EN 1991 Eurocode 1: Actions on Structures,
EN 1998 Eurocode 8: Normative rules for the design of earthquake resistant
structures, and EN 1997 Eurocode 7: Geotechnical design.

Chapter 2 of EC3-1-1 introduces and complements the normative rules
included in these standards. According to the basic requirements specified in
EN 1990, a structure must be designed and executed so as to perform the
functions for which it was conceived, for a pre-determined service life. This
includes ensuring that the conditions that prevent failure (ultimate limit
states) are verified, as well as conditions that guarantee proper performance
in service (serviceability limit state) and those related to durability (among
others, protection against corrosion). These basic requirements should be
met by: i) the choice of suitable materials; ii) appropriate design and
detailing of the structure and its components and iii) the specification of
control procedures for design, execution and use.

The limit states shall be related to design situations, taking into
account the circumstances under which the structure is required to fulfil its
function. According to EN 1990 (CEN 2002a) these situations may be: 1)
persistent design situations (conditions of normal use of the structure); ii)
transient design situations (temporary conditions); iii) accidental design
situations (exceptional conditions, e.g. fire or explosion) and iv) seismic
design situations. Time dependent effects, such as fatigue, should be related
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to the design working life of the structure.

The Ultimate Limit States (ULS) correspond to states associated with
failure of the structure, endangering people’s safety; in general, the
following ultimate limit states are considered: loss of equilibrium
considering the structure as a rigid body, failure by excessive deformation,
transformation of the structure or any part of it into a mechanism, rupture,
loss of stability and failure caused by fatigue or other time-dependent
effects.

The Serviceability Limit States (SLS) correspond to a state beyond
which the specific service conditions, such as the functionality of the
structure, the comfort of people and acceptable appearance are no longer
met; in steel structures, limit states of deformation and of vibration are
normally considered.

The requirements for limit state design are, in general, achieved by the
partial factor method as described in section 6 of EN 1990; as an alternative,
a design directly based on probabilistic methods, as described in Annex C of
EN 1990, may be used.

In a design process, the loading on the structure must be quantified
and the mechanical and geometrical properties of the material must be
accurately defined; these topics are described in the subsequent
sub-chapters.

The effects of the loads for the design situations considered must be
obtained by suitable analysis of the structure, according to the general
requirements specified in section 5 of EN 1990. The different types of
analysis for steel structures and all the main procedures involved are treated
in detail in chapter 2 of this book.

For the design of a structure in circumstances where: i) adequate
calculation models are not available; ii) a large number of similar
components are to be used or iii) to confirm a design of a structure or a
component, EN 1990 (Annex D) allows the use of design assisted by testing.
However, design assisted by test results shall achieve the level of reliability
required for the relevant design situation.

1.3.2. Reliability management

The design and execution of steel structures should be performed
according to a required level of reliability. The levels of reliability should be
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achieved by an appropriate choice of quality management in design and
execution, according to EN 1990 and EN 1090. The levels of reliability
relating to structural resistance and serviceability can be achieved by suitable
combinations of the following measures:
= preventive and protective measures (e.g implementation of safety
barriers, active or passive protective measures against fire, protection
against risks of corrosion);
= measures related to design calculations (representative values of
actions or partial factors);
= measures related to quality management;
= measures aimed to reduce human errors in design and execution;
= other measures related to aspects such as basic requirements, degree
of robustness, durability, soil and environmental influences, accuracy
of the mechanical models used and detailing of the structure;
= measures that lead to an efficient execution, according to execution
standards (in particular EN 1090);
= measures that lead to adequate inspection and maintenance.

To ensure that the previous measures are verified, EN 1990, in
Annex B, establishes three classes of reliability: RC1, RC2 and RC3,
corresponding to values of the reliability index S for the ultimate limit state
of 3.3, 3.8 and 4.3 respectively, taking a reference period of 50 years. The 8
index is evaluated according to Annex C of EN 1990, depending on the
statistical variability of the actions, resistances and model uncertainties. The
design of a steel structure according to EC3-1-1, using the partial factors
given in EN 1990 - Annex A1, is considered generally to lead to a structure
with a [ index greater than 3.8 for a reference period of 50 years, that is, a
reliability class not less than RC2.

According to the consequences of failure or malfunction of a structure,
Annex B of EN 1990 establishes three consequence classes as given in
Table 1.1 (Table B1 of Annex B of EN 1990). The three reliability classes
RCI1, RC2 and RC3 may be associated with the three consequence classes
CC1, CC2 and CC3.

Depending on the design supervision level and the inspection level,
Annex B of EN 1990 establishes the classes given in Tables 1.2 and 1.3
(Tables B4 and B5 of Annex B of EN 1990). According to Annex B of
EN 1990, the design supervision level and the inspection level are also



1.3. BASIS OF DESIGN

associated with the reliability classes, as given in Tables 1.2 and 1.3.

Table 1.1 — Definition of consequence classes

Consequence Description Examples of buildings and
Classes civil engineering works

High consequence for loss of | Grandstands, public buildings

CcC3 human life, or economic, where consequences of failure

social or environmental
consequences very great.

are high (e.g. a concert hall).

Medium consequence for loss
of human life, economic,

CcC2 social or environmental

consequences considerable.

Residential and office buildings,
public buildings where
consequences of failure are
medium (e.g. an office
building).
Agricultural buildings where
people do not normally enter
(e.g. storage buildings),
greenhouses.

Low consequence for loss of

cCl human life, and economic,

social or environmental conse-
quences small or negligible.

Table 1.2 — Design supervision levels

Design Characteristics Minimum recommended
Supervision requirements for checking of
Levels calculations, drawings and
specifications
DSL3 Third party checking: Checking
relating to RC3 Extended supervision | performed by an organisation different
from that which has prepared the design.
DSL2 Checking by different persons than those
. Normal supervision | originally responsible and in accordance
relating to RC2 . L
with the procedure of the organisation.
DSL1 Normal supervision Self-checking: Checking performed by
relating to RC1 the person who has prepared the design.

The reliability classes are also associated with the execution classes
defined in EN 1090-2 (CEN, 2008). Four execution classes, denoted EXC1,
EXC2, EXC3 and EXC4, are defined, with increased requirements from
EXC1 to EXC4. The requirements related to execution classes are given in
Annex A.3 of EN 1090-2. The choice of the execution class for a steel
structure is related to production categories and service categories (defined
in Annex B of EN 1090-2) with links to consequence classes as defined in
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Annex B of EN 1990 and consequently with reliability classes defined in the
same standard.

Table 1.3 — Inspection levels

Inspection Characteristics Requirements
Levels
IL3 . ) Third party inspection.
. Extended inspection
relating to RC3
1L2 ] ] Inspection in accordance with the
. Normal inspection o
relating to RC2 procedures of the organisation.
IL1 ) ) Self inspection.
) Normal inspection
relating to RC1

Annex B of EN 1090-2 defines two service categories:
SC1 — Structures submitted to quasi-static actions or low seismic and fatigue
actions and SC2 — Structures submitted to high fatigue load or seismic action
in regions with medium to high seismic activity. The same standard defines
two production categories: PC1 — Structures with non welded components or
welded components manufactured from steel grade below S355, and PC2 —
Structures with welded components manufactured from steel grades S355
and above or other specific components such as: components essential for
structural integrity assembled by welding on a construction site, components
hot formed or receiving thermal treatment during manufacturing and
components of CHS lattice girders requiring end profile cuts. The
recommended matrix for the determination of the execution class of a steel
structure, after the definition of the production category, the service category
and the consequence classes, is given in the Table 1.4 (Table B.3 of Annex B
in EN 1090-2).

One way of achieving reliability differentiation is by distinguishing
classes of 7y factors (partial safety factors for the actions) to be used in
fundamental combinations for persistent design situations. For example, for
the same design supervision and execution inspection levels, a multiplication
factor Kz, given by 0.9, 1.0 and 1.1 for reliability classes RC1, RC2 and
RC3 respectively, may be applied to the partial factors given in
EN 1990 - Annex Al. Reliability differentiation may also be applied through
the partial factors %, on resistance; however, this is normally only used for
fatigue verifications.
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Table 1.4 — Determination of execution classes in steel structures

Consequence classes CCl1 CC2 CC3
Service categories | SC1 | SC2 SC1 SC2 SC1 SC2
. PCl |EXC1 |EXC2 | EXC2 | EXC3 | EXC3? | EXC3?
Production

categorles | pcoy | Exc2 |EXC2 | EXC2 | EXC3 | EXC3® | EXC4

Y EXC4 should be applied to special structures or structures with extreme

consequences of a structural failure as required by national provisions.

The working life period should be taken as the period for which a
structure is expected to be used for its intended purpose. This period may be
specified according to Table 2.1 of EN 1990.

1.3.3. Basic variables
1.3.3.1. Introduction

The basic variables involved in the limit state design of a structure are
the actions, the material properties and the geometric data of the structure
and its members and joints.

When using the partial factor method, it shall be verified that, for all
relevant design situations, no relevant limit state is exceeded when design
values for actions or effects of actions and resistances are used in the design
models.

1.3.3.2. Actions and environmental influences

The actions on a structure may be classified according to their
variation in time: i) permanent actions (self weight, fixed equipment, among
others); i) variable actions (imposed loads on building floors, wind, seismic
and snow loads); and iii) accidental loads (explosions or impact loads).
Certain actions, such as seismic actions and snow loads may be classified as
either variable or accidental depending on the site location. Actions may also
be classified according to: i) origin (direct or indirect actions); ii) spatial
variation (fixed or free) and iii) nature (static or dynamic).

For the selected design situations, the individual actions for the critical
load cases should be combined according to EN 1990, as described in the

13
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sections 1.3.4 and 1.3.5. Load combinations are based on the design values
of actions. The design values of actions F, are obtained from the
representative values F.,. In general, their characteristic values Fj are
adopted, considering adequate partial safety factors 7, through the
expression:

Fy=7; Fp- (1.1)

The characteristic values of actions (permanent, variable or accidental
actions) shall be specified as a mean value, an upper or a lower value, or
even a nominal value, depending on the statistical distribution; for variable
actions, other representative values shall be defined: combination values,
frequent values and quasi-permanent values, obtained from the characteristic
values, through the factors wp, W and v, respectively. These factors are
defined according to the type of action and structure.

The design effects of an action, such as internal forces (axial forces,
bending moments, shear forces, among others), are obtained by suitable
methods of analysis, using the adequate design values and combinations of
actions as specified in the relevant parts of EN 1990.

The environmental influences that could affect the durability of a steel
structure shall be considered in the choice of materials, surface protection
and detailing.

The classification and the quantification of all actions for the design of
steel structures, including more specific examples such as the seismic action
or the fire action, shall be obtained according to the relevant parts of
EN 1990 and EN 1991.

1.3.3.3. Material properties

The material properties should also be represented by upper or lower
characteristic values; when insufficient statistical data are available, nominal
values may be taken as the characteristic values. The design values of the
material properties are obtained from the characteristic values divided by
appropriate partial safety factors ¥y, given in the design standards of each
material, Eurocode 3 in the case of steel structures. The values of the partial
safety factors %y, may vary depending on the failure mode and are specified
in the National Annexes.

The recommended values in EC3-1-1 for the partial safety factors 9
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are the following: %0 = 1.00; %1 = 1.00 and y, = 1.25.

The values of the material properties shall be determined from
standard tests performed under specified conditions, as described in
sub-chapter 1.4.

1.3.3.4. Geometrical data

The geometry of a structure and its components must be evaluated
with sufficient accuracy. Geometrical data shall be represented by their
characteristic values or directly by their design values. The design values of
geometrical data, such as dimensions of members that are used to assess
action effects and resistances, may be, in general, represented by nominal
values. However, geometrical data, referring to dimensions and form, must
comply with tolerances established in applicable standards, the most relevant
being described in sub-chapter 1.5.

1.3.4. Ultimate limit states

For a structure, in general, the ultimate limit states to be considered
are: loss of static equilibrium, internal failure of the structure or its members
and joints, failure or excessive deformation of the ground and fatigue failure.
In a steel structure, the ultimate limit state referring to internal failure
involves the resistance of cross sections, the resistance of the structure and
its members to instability phenomena and the resistance of the joints.

In general, the verification of the ultimate limit states consists of the
verification of the condition:

E, <R, (12)

where E; is the design value of the effect of actions, such as internal forces
and R, represents the design value of the corresponding resistance.

The design values of the effects of actions E, shall be determined by
combining the values of actions that are considered to occur simultaneously.
EN 1990 specifies the following three types of combinations, and each one
includes one leading or one accidental action:

i) combinations of actions for persistent or transient design

situations (fundamental combinations);

ii) combinations of actions for accidental design situations;

iii) combinations of actions for seismic design situations.
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The criteria for the establishment of these combinations and the values
of all the relevant factors are defined in EN 1990 and its Annex A.

The verification of the ultimate limit state of loss of static equilibrium
of the structure, considered as a rigid body, shall be verified comparing the
design effect of destabilising actions with the design effect of stabilising
actions. Other specific ultimate limit states, such as failure of the ground or
fatigue failure, have to be verified according to the relevant rules specified in
EN 1990 (EN 1997 and EN 1993-1-9).

1.3.5. Serviceability limit states

As defined before, the serviceability limit states correspond to a state
beyond which the specific service conditions are no longer valid; in steel
structures limit states of deformation and of vibration are normally
considered.

The verification of the serviceability limit states consists of the
verification of the condition:

E,<C,, (1.3)

where E, is the design value of the effect of actions specified in the
serviceability criterion, determined by the relevant combinations, and C;, is
the limiting design value of the relevant serviceability criterion (e.g. design
value of a displacement).

The design values of the effects of actions E, in the serviceability
criterion shall be determined by one of the following three types of
combinations specified in EN 1990 and its Annex A:

i) characteristic combinations;

ii) frequent combinations;

iii) quasi-permanent combinations.

The limit values of the parameters for the wverification of the
serviceability limit states, according to EC3-1-1, section 7 and to EN 1990 —
Basis of Structural Design, must be agreed between the client and the
designer, and can also be specified in the National Annexes. Typical
recommended values' for the verification of the deformation limit state in

! Portuguese National Annex of EC3-1-1
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steel structures are described below, for vertical deformations in beams
(Figure 1.2 and Table 1.5) and for horizontal deformations

multi-storey structures (Figure 1.3).

Figure 1.2 — Vertical deformations in beams

in

In Figure 1.2, w, is the precamber in the unloaded state of the beam, w,
is the deflection of the beam due to permanent actions, immediately after
their application, w, is the deflection of the beam due to variable actions,
increased by the long term deformations due to permanent actions and w,, is
the final maximum deflection measured from the straight line between

supports.

Table 1.5 — Limiting values for the vertical displacements in beams (span L)

Wndx w>
Roofs in general L/200 L/250
Roofs often used by people L/250 L/300
Floors in general L/250 L/300
Floors and roofs supporting plaster or other fragile| L/250 L/350
finishes or non-flexible partition walls
Floors that bear columns (unless the displacement has| L/400 L/500

been included in the global analysis for the ultimate
limit state)

When w,,;, may affect the appearance of the building L/250

Cantilever beam (L = 2 Leausitiver) Previous limits
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¥ 8. <h, /300

A< h/500

Figure 1.3 — Limiting values for horizontal displacements in frames

The limit state of vibration for steel-framed buildings has become
more relevant in recent years because of the increased demand for buildings
that are fast to construct, have large uninterrupted floor areas and are flexible
in their intended final use (Smith et al, 2007). The subject of floor vibration
is complex. In general, the designer should make realistic predictions of the
floor’s response in service by considering the excitation directly and
comparing this with acceptability criteria (ISO, 2006). Smith et al (2007)
provides a practical method for assessing the likely vibrational behaviour of
floors in steel-framed buildings. However, in many situations, simpler
deemed-to-satisfy criteria are traditionally applied that should ensure
adequate designs. For example, the Portuguese National Annex for EC3-1-1
(IPQ, 2010) establishes in clause NA-7.2.3(1)B that the verification of the
maximum vertical accelerations may be ignored whenever the eigen
frequencies associated with vertical modes are higher than 3 Hz, in the case
of residential or office buildings, or 5 Hz, in the case of gyms or other
buildings with similar functions. Additionally, if the vertical deflections due
to frequent load combinations are lower that 28 mm (office or residential
buildings) or 10 mm (gyms or other buildings with similar functions), the
calculation of the natural frequencies is not required.

1.3.6. Durability

Clause 2.4 of EN 1990 defines the requirements for the durability of
structures. For steel structures (chapter 4 of EC3-1-1), the durability depends
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on the effects of corrosion, mechanical wear and fatigue; consequently, the
parts most susceptible should be easy to access, inspect, operate and
maintain.

When building structures are not subjected to relevant cyclic loads it is
not necessary to consider the resistance to fatigue, as it would be in the case
of loads resulting from lifts, rolling bridges or vibrations of machines.

The durability of a steel structure depends essentially on its protection
against corrosion. Corrosion is a chemical process of degradation of the
steel, which grows in the presence of humidity, oxygen and existing
pollutant particles in the environment. Independent of the anticorrosion
protection system adopted (e.g. organic painting, metal coating), the
conception and design of steel structures should take precautions to avoid the
accumulation of water and debris, as illustrated in Figure 1.4.

Figure 1.4 — Anti-corrosion details

1.3.7. Sustainability

Steel is one of the most sustainable materials on earth due to its
natural properties. Steel is the most recyclable material in the world. It can
be recycled over and over again without losing its properties, saving natural
resources and reducing construction waste in landfills, thus minimizing two
major problems faced by the construction sector.

However, it is not only the environmentally-friendly properties of steel
that contribute to its sustainability credentials. Steel structures also have an
important role to play. Steel structures are durable. With proper design, a
steel structure can last for many years beyond its initial service life. The
durability of steel, associated with the adaptability of steel structures, avoids
the need for demolition and new construction.

The other advantages of steel structures are briefly outlined below.
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The construction stage has a significant impact on the environment.
Waste generated by construction accounts for a large proportion of landfill
volumes. Emissions, dust, particles and other airborne contaminants
generated during the construction process may cause health problems. In this
regard, steel structures have major advantages:

» the prefabrication of steel frames provides a safer and cleaner working
environment and minimizes the pollution and noise on the
construction site;

» frame elements are delivered in time for installation minimizing the
area needed for storage and contributing to an efficient construction
site;

» prefabrication ensures accurate dimensions and ease of erection;

» waste during construction is reduced to a minimum and most waste is
recyclable.

During the building’s life, the main environmental impacts result from
the operational energy needed to heat and cool the building. In the European
Union, buildings are responsible for more than 40% of the total energy
consumption (of which 70% is for heating) and for the production of about
35% of all greenhouse gas emissions (Gervasio and Simdes da Silva, 2008).
Steel framed buildings provide efficient solutions to minimize this problem:

» lightweight steel systems provide well-insulated envelope panels
contributing to the energy efficiency of buildings;

» alternative and renewable sources of energy are easily installed in steel
buildings.

At the end-of-life of a structure, the major source of concern is the
construction waste. Buildings and the built environment are the source of
450 MT of construction and demolition waste per year (over a quarter of all
waste produced). The advantages of steel structures are:

» steel structures are easily dismantled, allowing the removal and
collection of parts of the steel frame;

= steel frames can be re-used and are easily removed from one place to
another.
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1.4. MATERIALS

1.4.1. Material specification

Constructional steel used in steel structures consists of alloys of iron
with carbon and various other elements (e.g. manganese, silicon,
phosphorus, sulphur, ...). Some of these are unavoidable impurities while
others are added deliberately. The mechanical and technological properties
depend on the steel’s chemical composition. The carbon content exerts the
biggest influence on the microstructure of the material and, consequently, on
the mechanical properties, such as yield, ultimate strength and ductility and
also on technological properties, like weldability and corrosion resistance.

Hot-rolled steel is the most widespread type of steel used in structural
members and joints. When made using the electric arc furnace process and
continuous casting, this steel has carbon contents of between 0.06% to
0.10 %. This increases to between 0.20% to 0.25 % for steel made using the
basic oxygen process (Bjorhovde, 2004).

Cold-formed members are produced by forming steel plates of small
thickness, in general with a pre-applied zinc coating. Members are available
in several types of section, leading to lightweight structures mainly used in
low-rise residential buildings or as secondary components.

Connecting devices, such as bolts, nuts, are in general manufactured
from high strength steels.

All steel is produced in several grades and according to different
production processes and chemical compositions, as specified in EN 10020
(CEN, 2000). In Europe, hot-rolled steel plating or profiles for use in
welded, bolted or riveted structures must be produced in conformity with
EN 10025 (CEN, 2004). The first part of this European standard specifies
the general technical delivery conditions for hot-rolled products. The
specific requirements, such as classification of the main quality classes of
steel grades in accordance with EN 10020 (CEN, 2000), is given in parts 2 to
6 of EN 10025 (2004); these parts refer to the technical delivery conditions
of the following steel products: non-alloy structural steels;
normalized/normalized rolled weldable fine grain structural steels;
thermo-mechanical rolled weldable fine grain structural steels; structural
steels with improved atmospheric corrosion resistance; flat products of high

21
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yield strength structural steels in the quenched and tempered condition.
Structural hollow sections and tubes must be specified in accordance with
EN 10210 (CEN, 2006a) and EN 10219 (CEN, 2006b). According to
EN 10025, the steel products are divided into grades, based on the minimum
specified yield strength at ambient temperature, and qualities based on
specified impact energy requirements. EN 10025 also specifies the test
methods, including the preparation of samples and test pieces, to verify the
conformity relating to the previous specifications.

The main material specifications imposed by EN 10025 for hot rolled
products are: i) the chemical composition determined by a suitable physical
or chemical analytical method; ii) mechanical properties: tensile strength,
yield strength (or 0.2% proof strength), elongation after failure and impact
strength; 1iii) technological properties, such as weldability, formability,
suitability for hot-dip zinc-coating and machinability; iv) surface properties;
v) internal soundness; vi) dimensions, tolerances on dimensions and shape,
mass.

1.4.2. Mechanical properties

The behaviour under monotonic loading is obtained, in general, by
uniaxial tensile tests, performed according to EN 10002-1 (CEN, 2001). The
location and orientation of samples and pieces for tensile tests for common
structural sections are described in Figure 1.5, according to Annex A of
EN 10025.

O
(D

Figure 1.5 — Location and orientation of samples and pieces for tests

Samples for plates, bars, wide strips, among others, are also specified
in EN 10025. Since the thickness has a significant influence on the yield and
tensile strength of steel, samples are taken from the flanges to establish the
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conformity of the steel grade, in accordance with EN 10025. Despite the
greater yield strength of the web, this procedure gives an adequate estimate
of the resistance of a cross section.

According to EN 10002, the geometry of the samples may be
proportional or non-proportional. In the case of proportional flat samples, the
main geometrical dimensions, including the gauge initial length (L) and the
transversal net section (S;), are illustrated in Figure 1.6. In this test, the
sample is submitted to an increasing deformation until rupture, in a room
with a temperature between 10 and 35 °C. From the resulting stress-strain
curve, shown schematically in Figure 1.7 for the case of a mild steel (steel
with ductile behaviour), it is possible to obtain the key mechanical properties
of steel: yield stress (upper yield stress R g or lower yield stress R,;), tensile
strength (R,,), maximum load strain (4,) and strain after failure (4). If these
properties are evaluated using the initial dimensions (initial length L, and
initial transversal net section S,) they are called engineering stresses and
engineering strains; alternatively, if they are obtained with the instantaneous
dimensions they are called true stresses and true strains.

So
q » L, =565 S,
| | L2, +15 s,)
'd N\ S, —Transversal net section
| L |
I—
a) Geometry

b) Sample after test

Figure 1.6 — Geometry of proportional flat test samples

Table 1.6 lists the main mechanical properties of the hot-rolled steel
grades of the qualities covered by EN 10025-2 (non-alloy structural steel),
for the most common thicknesses. As the temperature is increased, the
tensile properties such as the yield stress and ultimate tensile stress decrease.
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Figure 1.7 — Schematic stress-strain curve

Table 1.6 — Hot-rolled steel grades and qualities according to EN 10025-2.

Minimum yield

Tensile strength

Minimum percentage

Steel strength R, R, elongation after
grades (MPa) (MPa) fracture
and L, =5.65S,
qualities Nominal thickness Nominal thickness Nominal thickness
(mm) (mm) (mm)
<16 | >16 | >40 | >63 <3 >3 >3 >40 | >63
<40 |<63 | <80 <100 <40 | <63 | <100
S235JR | 235 | 225 | 215 215 [ 360to 510 | 360to 510 26 25 24
S235J0 235 | 225 | 215 215 | 360 to 510 | 360 to 510
S235J2 235 | 225 | 215 215 [ 360to 510 | 360to 510 24 23 22
S275JR | 275 | 265 | 255 245 | 430 to 580 | 410 to 560 23 22 21
S275J0 275 | 265 | 255 245 | 430to 580 | 410 to 560
S275J2 275 | 265 | 255 245 [ 430to 580 | 410 to 560 21 20 19
S355JR | 355 | 345 | 335 | 325 |510t0680 | 470t0 630 | 22 | 21 20
S355J0 355 | 345 | 335 325 | 510 to 680 | 470 to 630
S355J2 355 | 345 | 335 325 | 510 to 680 | 470 to 630
S355K2 | 335 | 345 | 335 325 | 510 to 680 | 470 to 630 20 19 18
S45010 | 450 | 430 | 410 | 390 - 550t0720 | 17 17 17
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In clause 3.2 of EC3-1-1 the following mechanical and physical
properties are specified:

= Modulus of elasticity E =210 GPa;

= Poisson’s ratio in elastic range v=0.3;

= (Coefficient of linear thermal expansion a=12x10° /°C;
= Volumetric mass p = 17850 kg/m’.

1.4.3. Toughness and through thickness properties

Steel may present acceptable properties when submitted to monotonic
loading but may fail in a brittle way under rapid loading. Resistance to fast
fracture is commonly defined as material toughness. Part 1-10 of Eurocode 3
(CEN, 2005d) supplies design guidance for the selection of steel (grades
S235 to S690) according to material toughness for use in welded elements in
tension and fatigue elements in which some portion of the stress cycle is
tensile. This property is quantified by the energy absorbed by a test specimen
in an impact test. The most common is the Charpy test
(EN 10045-1, 1990). According to this, the material toughness is quantified
by the value of the impact energy A4,(7) in Joules required to fracture a
Charpy V — notch specimen at a given temperature. Steel product standards
generally specify that test specimens should not fail at impact energy lower
than 27 Joules at a specified test temperature T. In general, the
toughness-temperature diagram of a structural steel presents a transition
region in which the material toughness decreases with decreasing
temperature and the failure mode changes from ductile to brittle; the
temperature values T27J required by the product standard are located in the
lower part of this region (Figure 1.8). EN 10025 specifies four classes of
quality in terms of impact strength: classes JR, JO and J2 corresponding to an
impact energy not lower than 27 Joules at temperatures 20°C, 0°C and -20°C,
respectively, and class K2 corresponding to an impact energy not lower than
40 Joules at a temperature of -20°C. The maximum permitted thickness for a
steel element may be specified according to Table 2.1 of EC3-1-10
depending on the steel grade, its toughness quality in terms of K;~value, the
reference stress level oz, and the reference temperature 7g,.
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Figure 1.8 — Relationship between impact energy and temperature

The selection of the through-thickness properties of materials should
prevent lamellar tearing in steel assemblies (Figure 1.9). The susceptibility
of the material should be determined by measuring the through-thickness
ductility quality according to EN 10164 (CEN, 2004c), which is expressed in
terms of quality classes identified by Z-values. According to EC3-1-10,
lamellar tearing may be neglected in a detail if Zg; < Zgy, Zgs being the
required design Z-value resulting from the magnitude of strains from
restrained metal shrinkage under the weld beads obtained as given in
Table 3.2 of EC3-1-10 and Zg, is the available design Z-value for the
material according to EN 10164 (Z15, Z25 and Z35 classes are established).
The appropriate Zz; class according to EN 10164 may be obtained by
applying a suitable classification. According to EC3-1-1, the classification
described in Table 1.7 may be adopted for buildings structures.

Figure 1.9 — Lamellar tearing
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Table 1.7 — Choice of quality class according EN 10164.

Target value of Zg,; obtained according Required value of Zz, obtained
to EN 1993-1-10 according to EN 10164
Zg <10 -
10<Z;;, <20 Z15
20<Zg; <30 Z25
Zgs >30 Z35

1.4.4. Fatigue properties

The fatigue properties are important when the structure and its
members and joints are submitted to cyclic loading. Fatigue may cause
premature failure of a structural detail at stress levels much lower than those
required for failure under a steadily applied stress. The fatigue strength
depends on the material but essentially on the detail category. The fatigue
strength of a detail, in general obtained by extensive testing, is expressed as
a Aox-N curve, where Aoy is the stress range and N is the number of cycles
to failure. In a particular detail, the fatigue strength depends essentially on
the design stress range and the mean stress of the cycles. The stress range
below which failure does not occur is designated as the endurance limit. The
fatigue strength for the majority of details in steel structures should be
obtained according to Part 1-9 of Eurocode 3 (CEN, 2005¢).

1.4.5. Corrosion resistance

Steel materials in aggressive environments, in presence of water and
oxygen, have a tendency to develop processes of corrosion that can be very
damaging for the durability of the structure. In order to prevent these
phenomena, it is essential to ensure that the surface of steel elements exhibits
sufficient corrosion resistance. According to clause 2.1.3.1(1) of EC3-1-1,
this may be provided by: i) the modification of the properties of the parent
metal or alloy, producing a surface film which is stable in most corrosive
environments (in stainless steel this is achieved by producing a passive
chromic oxide surface film); or ii) by the application of protective coatings
that can be either metallic or non-metallic.

27



28

1. INTRODUCTION

1.5. GEOMETRIC CHARACTERISTICS AND TOLERANCES

The main hot-rolled products are: 1 and H sections, box sections,
channels, tees, angles, plates, among others (Figure 1.10). Alternatively it is
possible to obtain welded sections with various cross section configurations,
including those shown in Figure 1.10. By the cold-form process it is possible
to make a wide variety of sections (Figure 1.10 and Figure 1.11).

| T

l

Figure 1.10 — Rolled sections

m
— = VAAVARVIRVARY

Figure 1.11 — Cold formed sections

All the steel products to be used in steel structures should fulfil
geometrical tolerances (on dimensions and shape) dependent on the forming
process. EN 1090-2 (2008) establishes two types of tolerances: i) essential
tolerances — applicable for a range of criteria that are essential for the
mechanical resistance and stability of the structure and ii) functional
tolerances — required to fulfil other criteria such as fit-up and appearance of
the structure. In specific cases special tolerances may be specified.

According to EN 1090, hot-rolled, hot-finished or cold-formed
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structural products shall conform to the permitted deviations specified by the
relevant product standards. The most relevant applicable standards are
supplied in EN 10025-1 (clause 2.2). In the case of hot-rolled products with I
or H sections, the maximum permitted values specified in EN 10034
(CEN, 1993) are given in Tables 1.8 to 1.10. The deviation from the nominal
mass of a piece shall not exceed +4%. The tolerances on length of pieces are
+50 mm or, where minimum lengths are requested, +100 mm.

Table 1.8 — Dimensional tolerances for structural steel I and H sections (EN 10034)

Section Tol. Flange Tol. Web Tol. Flange Tol.
height 7 | (mm)| widthd |(mm)| thicknesss | (mm)| thickness ¢ | (mm)
(mm) (mm) (mm) (mm)
+3.0 +4.0 +0.7 +1.5
h <180 b<110 s<7 1<6.5
-3.0 -1.0 -0.7 -0.5
180 <2 <400 +4.0 [110<h <210 +4.0 +1.0 | 6.55¢<10 | +2.0
7<s<10
-2.0 -2.0 -1.0 -1.0
400 <A <700 +5.0 [210<bh <325/ +4.0 | 10<s<20 | +1.5| 10<r<20 | +2.5
-3.0 -4.0 -1.5 -1.5
20<s<40 | +2.0 | 20<¢<30 | +2.5
2.0 -2.0
+2.5 +2.5
40 <5< 60 30<r<40
+5.0 +6.0 -2.5 -2.5
h>700 50 b >325 50 30 30
-5. -5. +3. .
s =60 40<1<60
-3.0 -3.0
+4.0
- t=60
-4.0

h — Height measured at
Y the centre line of web
P ‘:‘_L‘ thickness

% b — Flange width
s — Web thickness
h measured at the mid-

point of dimension 4

t — Flange thickness
e 1] measured at the

b b quarter flange width

point
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Table 1.9 — Tolerances on out-of-square and web off-centre of structural steel I and
H sections (EN 10034)

Out-of-square Tol. Web off-centre Tol.
k+ky (mm) e (mm)
b<110 2.50
b<110 1.50 t <40mm |110<bH <325 3.5
b>325 5.0
2% of b 110<bH <325 5.0
b>110 t 2 40mm
(max. 6.5 mm) b>325 8.0
g{:‘—:_s-:ﬁ] k b — Flange width
i t — Flange thickness
h
JAl [ ) 2
— === :Ikl | b by |
T )
E 1z \:\ . | kl
=37 0 y
A bbb ]
== Tk
¥
b
Table 1.10 — Tolerances on straightness of structural steel I and H sections
(EN 10034)
Section height / Tolerance on straightness
(mm) gwand g, on length L (%)
80<h <180 0.30 L
180 < h <360 0.15L
h>360 0.10 L
T i

Tx ‘
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Annex D of EN 1090-2 specifies geometrical tolerances for other
products, such as welded sections, cold formed sections, plates, sheets and
shells. For example, Table 1.11 describes some of the main essential
tolerances for welded sections. Essential erection and functional tolerances
are also specified in Annex D of EN 1090.

The tolerances on mass must be evaluated from the nominal
dimensions of profiles using a volumetric mass of 7850 kg/m’ as specified in
clause 7.7.2 of EN 10025-1.

Table 1.11 — Essential manufacturing tolerances — welded sections (EN 1090-2)

Criterion Parameter Tolerance A
Depth
A=-h/50
h+A Overall depth 4 - .
No positive value given
Flange width
bi+A
Width b = b, or b, A=-b/100
botA
Squareness at bearings
A
é;g Verticality of web at A =200
'; supports for components but A>¢
h without bearing stiffeners (¢, = web thickness)
Plate curvature
o A=%5/100
A Deviation A over plate but A
>
b height b ut A=t
(= plate thickness)
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Finally, Figure 1.12 illustrates the main notation used in
Eurocode 3 for the geometric definition of steel sections. In general, the
following axis convention is used: xx — piece axis; yy — section axis, parallel
to the flanges; zz — section axis, perpendicular to the flanges. However, it
should be noted that this notation is not always in agreement with other
standards, namely with EN 10034 concerning the geometric tolerances of
steel sections.

Figure 1.12 — Conventions for dimensions and axes of steel cross sections



Chapter 2

STRUCTURAL ANALYSIS

2.1. INTRODUCTION

The design of steel structures classically consists of a two-step
analysis and verification procedure: i) internal forces and displacements are
first evaluated based on the principles of equilibrium and compatibility;
ii) subsequently, these internal forces and displacements are compared
against corresponding resistance, stiffness and ductility values to ensure
structural safety and fitness-for-purpose.

Load factor

A

LFgq

“Y
LFEd / v

A (mm)

Figure 2.1 — Nonlinear analysis

The growing understanding of the behaviour of steel structures,
coupled with the development of more and more sophisticated and
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user-friendly design tools, means that the two-steps described above
progressively become more coupled. Nonlinear design of steel structures
provides a good example of these developments: the results of the structural
analysis are directly compared with applied loads (Figure 2.1), thus allowing
a one-step evaluation of the structure.

Current practice still consists of a two-step procedure for most design
situations, leading to the best compromise between accuracy and time. This
chapter thus focuses on the analysis step, presenting and discussing the
relevant aspects for standard XXI century design practice, in the framework
of the Structural Eurocodes. Firstly, in sub-chapter 2.2, the modelling of
steel structures is discussed. Next, the various methodologies for structural
analysis are presented, directly related to the susceptibility of the structure to
nonlinear phenomena. Finally, the classification of cross sections and its
implications in the choice of design procedures is described. Throughout the
chapter, several worked examples are presented in detail.

2.2. STRUCTURAL MODELLING

2.2.1. Introduction

Steel structures are very often composed by linear members. The
following figures illustrate the structural framework of a steel industrial
building (Figure 2.2) and a multi-storey office building (Figure 2.3).

)

Figure 2.2 — Industrial building
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Figure 2.3 — Multi-storey building

In many applications two-dimensional elements, such as slabs in
buildings, coexist with linear members, as can be seen in Figure 2.4. The
slabs may be reinforced concrete, composite steel-concrete or prestressed
concrete. Other common two-dimensional elements are concrete walls in
buildings and slabs in decks of composite steel-concrete bridges
(in reinforced concrete or steel orthotropic solutions).

Figure 2.4 — Structural model with two-dimensional elements
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The modelling of steel structures using linear elements involves the
consideration of several specific aspects (discussed in sections 2.2.2 to 2.2.5)
such as the choice of the structural axis of a member, the influence of
eccentricities, non-prismatic and curved members and the modelling of
joints. This option is obviously adequate for linear members (beams,
columns, bracing and cables). With a degree of approximation it may also be
possible to model two-dimensional elements in this way, provided that the
analysis results are sufficiently accurate for the intended purpose. Whenever
it is intended to analyse and design steel structures using the finite element
method (FEM), combining in the modelling of the structure linear elements
with two and three-dimensional elements, it is necessary to connect them
adequately. This aspect will be discussed in section 2.2.6.

2.2.2. Choice of member axis

In modelling linear members it is usual to choose the element’s axis to
coincide with the centroidal axis. In this case, the internal forces (e.g.
bending moment, torsional moment) resulting from the structural analysis
are referred to the centroid of the section. Though this is the usual option,
this is not compulsory, as long as all subsequent calculations take the chosen
option into account (Ghali and Neville, 1997). This comment is particularly
important when applied forces are compared to resistant forces determined
from normative expressions (EC3-1-1, for example) derived with respect to
the centroid of the section.

To illustrate this aspect, consider the H-section column in Figure 2.5.

P

Figure 2.5 — Influence of the choice of member axis
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Consider, in addition, that the column bears a vertical concentrated
load P that acts in the mid-plane of the web, with an eccentricity e with
respect to the centroid. If the axis of the element coincides with the centroid
(CC), the forces at the base plate are:

{MC. =Pe

; 2.1
N _p @.1)

while if the axis of the element coincides with AA’, the forces at the base
plate will be given by:

(2.2)

M,=0
N,=P

For asymmetric or monosymetric sections, in which the centroid does
not coincide with the shear centre, bending loads not aligned with the shear
centre lead to torsional moments. These should be considered in design
(CEN, 2005). As an example, consider the beam with a monosymetric I-
section, Figure 2.6a. The ends are simply supported , with rotation around its
axis restricted but with freedom to warp. A uniformly distributed transverse
load p acts at the centroid of the cross section. The resulting stress resultants
(i.e. moments and shear forces) are represented in Figure 2.6b.

p
M. V. 0
pL’8 pL2
pLe/2 pL2
M \‘
pLel2
a) b)

Figure 2.6 — Influence of load eccentricity in relation to the shear centre

37



38

2. STRUCTURAL ANALYSIS

2.2.3. Influence of eccentricities and supports

A structural model of linear members presents differences between the
real length of the elements (beams and columns) and the corresponding
system length. This is because the structural nodes at the intersection of
converging members normally correspond to their centroid, as is illustrated
in Figure 2.7. These differences affect the evaluation of both forces and
displacements, and may result in significant over-estimation of these effects .
To illustrate this, consider first (Figure 2.7) the evaluation of the maximum
negative moment acting in the beam. This should be evaluated at points A'
and B' and not at points A and B, as would result directly from the structural
model. For a uniformly distributed load, the difference reaches 19% when
h/L. =0.1(that is, for a 6 m span between axes and IPE 600 columns, for
example) '. Secondly, the maximum displacement is also significantly lower,
due to the rigid behaviour in bending of sections AA' and BB'. For a
uniformly distributed load, the difference reaches 34.4% when h/ L.= 0.1°

h h
Lg
£ Le 4
Lz .
| i
1 1
AN B’ B
LC‘

>~

b
%

Figure 2.7 — Influence of eccentricities

' For h/L. = 0.05 or h/L. = 0.2 the differences would be of, respectively, 9.75% or
36%.

% For h/L. = 0.05 or A/L. = 0.2, the differences would be of, respectively, 18.5% or
59%.
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In practical terms, with the use of computer programs, it is necessary
to introduce rigid links and eccentricities in order to obtain the correct values
of forces and displacements. This aspect is explored in detail in example 2.1.

The existence of eccentricities is not limited to the case described
above. In many situations there is a discontinuity at an intermediate section
of a beam, as illustrated in Figure 2.8. In that case, the structural model
should consider a node at that section and the elements to the left and to the
right have different geometrical properties. In addition, due to the vertical
discontinuity of the centroids, a rigid link should connect them. Normally,
the forces on the left section will be different from the forces on the right
section (in the case of the bending moment and axial force, for example),
This is because the forces are determined in relation to different centroidal
axes, as can be seen in Figure 2.8. Finally, in the generic case of an arbitrary
intersection of several elements in space, with non-coincident centroids,
rigid links must be considered, oriented in space. Equilibrium will be
satisfied taking account of the eccentricity between centroids.

M + Ne

N)M CN

Figure 2.8 — Influence of discontinuities at intermediate sections

2.2.4. Non-prismatic members and members with curved axis

The modelling of non-prismatic members, typically illustrated in
Figure 2.9, must follow specific modelling rules.

The first situation (Figure 2.9a), corresponding to a discrete variation
of cross section, was already discussed in section 2.2.3.
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—

b)

L
d)
Figure 2.9 — Examples of elements with variable cross section

The second situation (Figure 2.9b) corresponds to a continuous
variation of the cross section. The usual modelling consists of considering
nodes at the ends of the element and a linear variation of the depth of section
of the cross section between those points. In this case, the accuracy of the
results will vary significantly from program to program, depending on how
the stiffness matrix of the element is calculated.

The third case (Figure 2.9¢) corresponds to a combination of the
previous case with a discontinuity at a specific cross section. An
intermediate node must be considered and it is required to know the
variation of the properties of the cross section between the nodes of the

element.
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Finally, in the fourth case (Figure 2.9d), as the variation of the cross
section is not linear (parabolic, in this case), it is necessary to consider a
tighter discretization, with a reasonable number of intermediate nodes so that
the linear approximation between nodes does not introduce a significant
error. Alternatively, the calculation of the stiffness matrix of the element
could be done considering the real variation of the cross section along the
member.

Figure 2.10 illustrates several discretizations for the determination of
forces and displacements in a beam, for a uniformly distributed load and
fixed supports
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a) Real system
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b) Mesh 1 — with 3 elements
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¢) Mesh 2 — with 6 elements

INAANLY

/

AN

d) Mesh 3 — with 10 elements

Figure 2.10 — Alternative discretizations for a beam with parabolic variation of the
depth of the cross section
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where L = 10 m; p = 10 kN/m; E = 210 GPa and hy = 0.50 m. In order to
explore the influence of the ratio c/hy, two cases were considered: c/hy = 1
(¢ = 0.50 m) and c/hy = 2 (¢ = 1.0 m). Figure 2.11 illustrates the bending
moment diagram and the vertical displacements of the beam ( ¢/hy = 1).

58.01 kNm 58.01 kNm

‘\\/4 ~_

66.99 kNm 1.75E-04 m

Figure 2.11 — Bending moment diagram and vertical displacements of the beam

Numerically, using a computer program, Tables 2.1 and 2.2
summarize the various results obtained for the different mesh discretizations,
which are compared with the analytical solution.

Table 2.1 — Comparison of results for ¢/hy = 1

Mipport (kNm) | Miyidgspan (kNnt) Omidspan (M)
clhy=1 n

Error Error Error

Analytical sol. - | -58.01 - +66.99 - 0.175 -
g Mesh 1 3 | -71.90 | 23.9% | +44.43 | 33.7% | 0.116 33.7%
= |Mesh2 6 |-60.19 | 3.8% | +52.79 | 21.2% | 0.135 22.9%
T‘% Mesh 3 10 | -61.73 | 6.4% | +63.37 | 54% | 0.171 2.3%
é Mesh 4 20 | -59.06 | 1.8% | +66.05 | 1.4% | 0.171 2.3%
§ Mesh 5 40 | -58.28 | 0.5% | +66.83 | 0.2% | 0.174 0.6%
~ Mesh 6 80 | -58.07 | 0.1% | +67.03 | 0.1% | 0.175 0.0%

In order to obtain an error lower than 5%, a discretization with a
minimum of 10 elements is required as the the continuous variation of the
member is replaced by a series of elements of uniform but different depth,
separated by discontinuities as shown in Fig. 2.8. This requirement increases
with an increasing ratio c/h .

In case of a member with a curved axis, the curvature influences the
results (Timoshenko, 1956; Weaver and Gere, 1990), and the classic theory
of linear members should include a correction to consider this effect. Since
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most of the commercial programs do not usually contemplate this correction,
the solution to minimize this problem is to consider a tighter element
discretization. To illustrate this aspect, consider a curved beam (in the
horizontal plan) with R radius, subjected to a concentrated vertical load P
applied at an arbitrary point C, normal to ACB, represented in Figure 2.12.

Table 2.2 — Comparison of results for ¢/hy = 2

waport (kN m) Mmidspan (kN m) 6n1id§pan(mm)
clhy=2 n

Error Error Error

Analytical sol. - | -43.32 - +81.68 - 0.077 -
g Mesh 1 3 | -66.28 | 53.0% | +42.07 | 48.5% | 0.043 44.0%
g Mesh 2 6 | -49.14 | 13.4% | +51.33 | 37.2% | 0.051 33.3%
T% Mesh 3 10 | -52.22 | 20.5% | +73.21 | 10.4% | 0.072 6.2%
g Mesh 4 20 | -46.17 | 6.6% | +79.24 | 3.0% 0.073 5.3%
E |Meshs 40 | -44.08 | 1.8% | +81.33 | 04% | 0.076 | 0.8%
~ Mesh 6 80 | -43.50 | 0.4% | +81.92 | 0.3% 0.077 -0.5%

Figure 2.12 — Influence of the elements’ curvature

Table 2.3 summarizes the results obtained for the analytical solution
(Nakai and Yoo, 1988) and the several numerical results obtained for various
discretizations (n = 5, 10, 20, 40 and 80), considering R = 6.366 m,
L=10m, P =50 kN, ® = 90°, ¢ = 18° and ¢ = @’ = 45°. For the various
discretizations each element is assumed straight, with a change in member
direction at each node. M, and T, are the bending moment and the torsional
moment at an arbitrary point m.
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Table 2.3 — Moments in curved beam

M, (kNm) T, (kNm) M (kNm) T (kNm)
R-F R-R
Analytical solution 69.55 11.02 69.55 54.91
Model 1 (n=15) 69.56 - 62.38 59.68
Model 2 (n =10) 70.21 5.53 65.03 60.20
Model 3 (n = 20) 69.93 8.28 67.35 57.60
Model 4 (n = 40) 69.76 9.65 68.46 56.27
Model 5 (n = 80) 69.66 10.33 69.01 55.59

The first two columns present the results for the situation in which one
of the supports does not restrain torsional deformations (R-F) and the two
last columns present the same results for the situation in which both supports
restrain torsional deformations (R-R).

2.2.5. Influence of joints

Steel joints exhibit a behaviour that ranges from rigid to extremely
flexible. Obviously, the deformability of joints varies in accordance with the
applied loading: a joint may behave very rigidly when subjected to shear
force or torsion but show a flexible response when subjected to bending.
Figure 2.13 illustrates this statement for a typical bolted end-plate
beam-to-column steel joint: rigid in torsion or shear, semi-rigid under major
axis bending or axial force and flexible under minor axis bending (Simdes da
Silva, 2008). The corresponding moment (force) — rotation (displacement)
curves are clearly non-linear, a typical feature of joint behaviour. The
incorporation of joint behaviour into the structural analysis is thus complex.

In general terms, a steel joint can be modelled as a six
degree-of-freedom non-linear spring. This representation is adequate
whenever the behaviour of the joint can be uncoupled into six independent
internal forces (two bending moments, a torsional moment, an axial force
and two shear forces). This assumption is not always adequate, in which case
the consideration of interaction formulae becomes necessary. The M-N
interaction is a typical example (Simdes da Silva et al., 2004; Cerfontaine,
2003).
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Figure 2.13 — Typical 3D behaviour of bolted end-plate beam-to-column steel joint

Deformability in bending is usually critical and mostly influences the
results from structural analysis (Simdes da Silva, 2008). Figure 2.14
reproduces the typical non-linear bending moment-rotation curve (M;-¢), as
well as the usual idealized curve characterized by three fundamental
properties: stiffness (S;), in particular initial stiffness (S;;;), moment
resistance (M, g,) and rotation capacity (@cy).

]\4/ A \Sj,im'

Mgy 4 e — —= -

>

Pcd 03

Figure 2.14 — Bending-rotation moment curve of a joint

Part 1-8 of Eurocode 3 (CEN, 2005b), based on the so-called
component method (Weynand et al., 1995), provides procedures for the
characterization of the rotational behaviour of joints, allowing the
specification of the corresponding moment-rotation curve or some
representative properties. Normally, the deformability corresponding to the
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remaining degrees of freedom is either much lower or the global behaviour
of the structure does not induce significant internal forces in the other
directions (as it is the case, for example, of the resistance of a
beam-to-column joint around the beam’s minor axis). In this case, the
corresponding degrees of freedom can be safely modelled with either infinite
or zero stiffness. Figure 2.15a illustrates the modelling of a plane frame
where it is assumed that the shear deformability is negligible, as well as the
level of axial force acting in the beams. In case of less sophisticated
computer programs that do not allow spring elements, the bending flexibility
of a joint can still be modelled using an equivalent beam stub, as shown in
Figure 2.15b.

& B
3 :
722 B2
a) b)

Figure 2.15 — Modelling of joints in structural analysis

It should be pointed out that including non-linear springs makes it
necessary to perform a non-linear analysis, which significantly increases the
complexity of the structural analysis. In fact, Figure 2.14 shows that the
moment-rotation curve presents initially an elastic behaviour, followed by a
plastic response resulting from the progressive vyielding of some
components. Thus, the modelling of joints invariably requires the
consideration of a non-linear analysis with non-linear springs (unless all
joints are designed as full-strength, with an adequate overstrength level to
ensure that they remain elastic for all load combinations). As an alternative
to performing a non-linear analysis, it is possible to approximate the results
of a non-linear analysis (with respect to the behaviour of the joints) by a
linear elastic analysis with linear springs. These linear springs should be
representative of the joint behaviour up to loading levels corresponding to
ULS, in an average sense. EC3-1-8 defines such an equivalent elastic
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stiffness (expression (2.3)), called secant stiffness, illustrated in Figure 2.16,
and provides estimates of its value for the most usual major axis joint
typologies.

; . (2.3)

>
bea @

Figure 2.16 — Definition of the secant stiffness of a joint

Table 2.4 illustrates the values of 1 for some cases.

Table 2.4 — Stiffness modification coefficient i

Other types of joints
o Beam-to-column
Type of joint . (beam-to-beam, beam
joints .

splices, column bases)
Welded 2 3
Bolted end plates 2 3

Bolted flange angles 2 3.5

Base plates - 3

Example 2.1 illustrates the various aspects discussed above.

The modelling of internal node joints is substantially more complex
than joints to external columns (Figure 2.15). This is because the
contribution of the deformability of the column web panel must be
distributed between the left and right springs of the structural model (see
Figure 2.17).
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Figure 2.17 — Modelling of joints in the internal node of a frame

In this case, in a simplified manner, EC3-1-8 divides this contribution
between the two springs, according to the transformation parameter [
(CEN, 2005b):

B = ‘1 ~M 4 ka /Mj,bl,Ed‘ <25 2.4)
B = ‘1 —M ;) ka /Mj,bZ,Ed‘ <2, (2.5)
where
Bi . (B) is the value of the transformation parameter for the right (left)
connection;

M;p1ka 5 (M;po£q) 1s the applied bending moment on the right (left)
beam, at the intersection of the centre lines of the elements.

Approximate values of f; and 3, based on the values of the moments
on the beams M| g; and M, g, on the periphery of the column web panel are
indicated in Table 2.5 (CEN, 2005b). This approximate distribution assumes
a previous knowledge of the bending moments in the left and right beams.
This requires, in practical terms, an extensive iterative procedure, as the
properties of the structural model must be altered for each load combination.

Although it is not the aim of this book to present a deep treatment of
this subject, nor is it intended to include the quantification of the properties
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of joints, two methodologies to deal with this aspect are indicated next’:

Table 2.5 — Transformation parameter 3

Type of configuration of the joint Action Value of
) ) My ka B=1
Mbl,Ed M, 1,Ed
M1 ga = M2 Ea B=0 K
( )( ) Myga/ My, ga> 0 =1
M, / My <0 =2
My ra Myp1£a M Ea M1k DLEA Thakd p
M1 ga + My pa=0 p=2
") In this case, the value of B is the exact value, not the approximate value

The first, included in the simplified approach of EC3-1-8, comprises

the following steps:

i) initial structural analysis, assuming, for the characterization of the
rotational springs representing the joints and for all load
combinations, 3 equal to one for the joints in external nodes and 3
equal to zero (equal and opposed moments) for the joints in
internal nodes;

ii) for each load combination, verification and correction of the
assumed values of B and the properties of the joints;

iii) structural analysis with the corrected values;

iv) repetition of steps ii) and iii) until convergence.

The second approach avoids, on one hand, the iterative process and,
on the other, perhaps most importantly, the necessity of analysing distinct
structural models for each load combination by a more sophisticated
modelling of the nodal zone. Based on Figure 2.18, it can be seen that, in
reality, the node embraces three contributions for the deformability of that
zone: the left connection, the right connection and the column web panel.

3 Note that the interested reader may find in a forthcoming volume of the ECCS
Eurocode Design Manuals (Jaspart, 2010), a thorough treatment of the design of
steel and steel-concrete composite joints.
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Figure 2.18 — Internal node steel beam-to-column joint

The representative springs for the left and right connections should be
placed as indicated in Figure 2.18, with an eccentricity equal to half the
depth of the cross section of the column and with stiffnesses S fim. and S]Lfni,
respectively. The spring modelling the shear deformation of the column web
panel is characterized by a stiffness (axial and rotational) given by:

0.384

foy = —— (2.6)
bz

S = Ez%ky s (2.7)

where A, is the shear area of the column and z is the lever arm of the joint.
Several alternative models are possible, such as indicated in Figure 2.19. In
this case, the value of 8 is not considered in the characterization of this
component. More detailed information on this matter can be found in Jaspart
(1991) or Jordao (2008). Example 2.2 illustrates the aspects of modelling of
joints in internal nodes.

o (o]
Lgl L L L L L L L
| b |
o S o]

Figure 2.19 — Alternative models for the representation of the column web panel in
shear
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2.2.6. Combining beam elements together with two and three
dimensional elements

Figure 2.20 illustrates a 3D frame composed of steel beams and
columns and a concrete slab. Since most computer programs currently allow
the combination of beam and shell elements, it becomes necessary to discuss
specific modelling aspects related to the connection of these two element

types.

Figure 2.20 — Beam and shell structural model

Firstly, it should be highlighted that the concrete slab usually fulfils a
dual role: supporting the vertical loads and transmitting them to the steel
structure but also providing in-plane stiffness that ensures rigid in-plane
floor behaviour. In some computer programs, this may be implemented using
constraint equations that impose equal in-plane displacements for a given
slab. Alternatively, equivalent diagonal bracing may be used to achieve the
same result, as illustrated in Figure 2.21.

The concrete slab may also be connected to the steel beams, resulting
in composite action between steel and concrete. If composite action occurs
and full interaction is assumed, the shell elements are rigidly connected to
the beam nodes. For non-composite action the shell elements should be
allowed to slip freely in the beam’s longitudinal direction.
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Figure 2.21 — Modelling of in-plane rigid slab behaviour

For all cases, the results are very sensitive to the modelling of the
eccentricities between the mid-plane of the slab and the centroid of the beam
elements. Also, in the case of non-composite action, even for reduced
thicknesses of the slab, its bending stiffness is still sufficient to absorb
non-negligible bending moments, therefore reducing the bending moments
in the beams. All these aspects are illustrated in example 2.3.

2.2.7. Worked examples

Example 2.1: Consider the steel frame (£ = 210 GPa and S275) represented
in Figure 2.22, subjected to the indicated loading, already factored. Assume
that the column bases are fixed. Determine the design internal forces and
displacements considering the following situations.

a) Full-strength rigid joints between the beams and the columns:

a.l) without considering the effect of eccentricities;

a.2) considering the effect of eccentricities;
b) Full-strength semi-rigid joints between the beams and the column;
¢) Partial-strength semi-rigid joints.
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Figure 2.22 — Steel frame

a) Evaluation of the design internal forces and displacements assuming
full-strength rigid beam-to-column joints.

Assuming full-strength rigid beam-to-column joints, the calculation model
for the structure is shown in Figure 2.23 that represents the critical cross
sections and the reference displacements to consider in the analysis of the

results.
— = b —
S l &
S
S5m
. :l :2 3: >
o l [
&
S5m
== | —

1 10m )

Figure 2.23 — Calculation model without eccentricities

The following diagrams of internal forces are obtained (Figures 2.24 to
2.26).
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Figure 2.24 — Bending moment diagram
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Figure 2.25 — Transverse shear diagram
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Figure 2.26 — Axial force diagram
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Table 2.6 indicates the forces and displacements obtained at the critical cross
sections.

Table 2.6 — Results at the critical cross sections

M, (kNm) | V.(kNm) | N, (kNm) 5 (mm)
1 256.5 208.9 345 12.2
2 253.5 10.5 34.5 43.4
3 360.9 229.8 34.5 12.4
4 174.1 158.5 87.0 23.7
5 219.0 53 87.0 41.7
6 227.3 169.1 87.0 23.2

In reality, the relevant design internal forces should be calculated taking into
account the eccentricities that result from the finite dimensions of the cross
sections, as illustrated in Figure 2.27:

IPE400
HEA260 HEA260
S5m
P i
IPE400
Sm HEA260 HEA260
B B | ===
L 10 m L
« i

Figure 2.27 — Definition of the frame’s eccentricities

The calculation model is illustrated in Figure 2.28. Table 2.7 summarizes the
internal forces and displacements at the critical cross sections.
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Figure 2.28 — Calculation model with eccentricities

Table 2.7 — Results at the critical cross sections with eccentricities

M, (kNm) V. (kNm) N, (kNm) Jd (mm)
1 - - - -
1’ 235.9 208.8 35.2 12.0
2 2473 10.6 35.2 41.9
3 339.0 230.0 35.2 12.2
3 - - - -
4 - - - -
4 158.0 158.5 88.5 23.0
5 215.5 5.3 88.5 40.8
6’ 209.6 169.1 88.5 22.5
6 - - - -

Comparing the results in Tables 2.6 and 2.7, a decrease of 2.4% and 1.6% at
the midspan moments of both beams and of 3.6% and 2.1%, respectively, for
the vertical displacements, is noted, as a consequence of the consideration of
rigid sections. These differences are small in this case, as the ratio
h/L. =0.025 is low (see section 2.2.3).

However, the bending moment at 1’ compared to 1, 3’ compared to 3, etc.,
shows real benefits i.e lower design moments, when the designer bothers to
account for eccentricity by including rigid links 1-1°, 3-3°, etc. These
reductions reach 9.2%.

Based on the design internal forces of Table 2.6, two different joints are
considered, one at the intermediate beam level and another at the top beam.
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The joints at both ends of each beam have the same characteristics. The
joints were calculated according to EC3-1-8, using the commercial program
COP™ (2005).

Figures 2.29 and 2.30 represent the chosen full-strength joints. The joint at
the intermediate beam consists of an extended end plate with a thickness of
16 mm, a haunch at the bottom flange and transverse and diagonal stiffeners
in the column’s web. The dimensions are shown in Figure 2.29. The bolts are
M?20, class 10.9. For this joint an initial stiffness (S;;,;) of 416125 kNm/rad
and a secant stiffness (S;) of 208062 kNm/rad were obtained, and the joint is
classified as rigid according to EC3-1-8. The joint exhibits a moment
resistance M;gr; = 366.2 kNm, corresponding to a relative resistance of

M, gy [MEy =1.02.

Figure 2.29 — Full-strength joint at intermediate beam level
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Figure 2.30 — Full-strength joint at top beam level

At the level of the top beam of the frame, the joint also consists of an
extended end plate with a thickness of 16 mm, a haunch at the bottom flange
of the beam and transverse and diagonal stiffeners in the column’s web, with
the dimensions shown in Figure 2.30. The bolts are also M20, class 10.9. In
this case the initial stiffness (S;;,;) is 389646 kNm/rad and the secant stiffness
(S)) is 194823 kNm/rad, the joint also being classified as rigid. The joint
presents a moment resistance of Mgz = 360.0 kNm, and

M g [ M5y =1.00.

Although both joints are classified as rigid according to EC3-1-8, it is
interesting to assess the relevance of the real stiffness of the joints. The
calculation model of Figure 2.23 with rigid joints between beams and
columns, is replaced by the calculation model shown in Figure 2.31. In this
structural model, the joints are represented by rotational springs, with an
elastic behaviour characterized by the initial stiffness of the joint or the
secant stiffness.
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Figure 2.31 — Steel frame with semi-rigid joints

Table 2.8 represents the internal forces and displacements at the critical cross
sections, which were calculated considering the secant stiffness of the joints.

Table 2.8 — Results for full-strength joints, evaluated using the secant stiffness

M, (kNm) V. (kNm) N (kNm) Jd (mm)
1 246.2 209.2 33.1 12.8
2 264.9 10.2 33.1 46.3
3 348.4 229.6 33.1 12.9
4 166.9 158.4 84.3 25.1
5 226.0 5.4 84.3 43.5
6 220.6 169.2 84.3 24.6

Because the joints are full-strength, the critical cross sections occur in the
beam and not at the joints. So it is not necessary to consider in the analysis
the non-linear behaviour of the joint but just assess the effect of its
flexibility. However, in this case, as the joint is full-strength but with a
resistance only slightly larger than the plastic moment of the beam, at a load
level close to ultimate limit state the bending moment developed in the joint
will be close to its moment resistance. It follows that it will be adequate to
perform the analysis with the secant stiffness and not with the initial stiffness
(CEN, 2005b).
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The consideration of the flexibility of the joints leads to a decrease of 4.0%,
3.5%, 4.1% and 2.9% in the negative moments of cross sections 1, 3, 4 and
6, respectively, when compared to the rigid model without eccentricities and
to an increase of 4.5% and 3.2% in the mispan moments of the beams (cross
sections 2 and 5, respectively) and of 6.8% and 4.3% of the corresponding
vertical displacements. Rigid links are not considered to simulate the finite
dimension of the cross sections as, in this case, its influence is negligible.

b) Evaluation of the design internal forces and displacements considering
full-strength semi-rigid beam-to-column joints.

Considering a secant stiffness (S;) of 85000 kNm/rad for the joint at the
intermediate beam level and a secant stiffness (S;) of 70000 kNm/rad for the
joint at the top beam, Table 2.9 presents the internal forces and
displacements at the critical cross sections, which were calculated using the
structural model of Figure 2.31.

Table 2.9 — Results for partial-strength joints and secant stiffness

M, (kNm) V. (kNm) N, (kNm) d (mm)
1 232.4 209.4 30.7 13.6
2 280.1 9.9 30.7 50.3
3 331.7 229.3 30.7 13.6
4 155.6 158.4 80.1 27.1
5 237.1 5.4 80.1 46.3
6 209.7 169.2 80.1 26.7

¢) Evaluation of the design internal forces and displacements considering
partial-strength semi-rigid beam-to-column joints.

In the case of joints with partial resistance, consider the configurations that
are represented in Figures 2.32 and 2.33 for the joints at the intermediate and
top beam levels, respectively.

The joint at the intermediate beam level consists of an extended end plate
with a thickness of 15 mm, a haunch at the bottom flange and transverse
stiffeners in the column’s web, with the dimensions indicated in Figure 2.32
and. The bolts are M20, class 10.9. For this joint, again using the COP®
program, an initial stiffness (Sj.;) of 86728 kNm/rad and a secant stiffness
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(S;) of 43364 kNm/rad were obtained, and so the joint is classified as
semi-rigid. The moment resistance of the joint is M; g, = 236.1 kNm, and so

the joint is of partial resistance (M p, /szaym s =0.60). The non-linear

moment-rotation curve is shown in Figure 2.34.

Figure 2.33 — Partial-strength joint at top beam level
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Figure 2.34 — M-¢ curve of the joints of the intermediate and top beams

At the top beam, the joint also consists of an extended end plate with the
dimensions indicated in Figure 2.33 and with a thickness of 15 mm. The
bolts are also M20, class 10.9. In this case the initial stiffness (S;;,) is
23544 kNm/rad and the secant stiffness (S;) is 11772 kNm/rad, and so the
joint is classified as semi-rigid. The moment resistance is M, z; = 104.7 kNm,

and the joint is of partial resistance (M ; 5, / M 27?;& , =0.29). The non-linear

moment-rotation curve is represented in Figure 2.34.

Using partial-strength joints requires a non-linear analysis as the level of the
bending moment at the joints will certainly reach their plastic resistance.
Table 2.10 presents the internal forces and displacements in the structure,
considering the real behaviour of joints, simulated by non-linear springs,
according to Figure 2.34.

Finally, Table 2.11 compares the results of the various models (FS/R:
full-strength rigid joints; FS/SR: full-strength semi-rigid joints; PS/SR:
partial-strength semi-rigid joints) with the reference case of an elastic
analysis with rigid joints (Table 2.6), denoted by R in the table .

Table 2.10 — Results for partial-strength joints and real behaviour

M, (kNm) V. (kNm) N, (kNm) o (mm)

1 177.7 213.5 6.2 333
2 355.2 5.8 6.2 69.6
3 236.1 2252 6.2 333
4 79.0 161.2 50.4 94.3
5 327.9 2.6 504 69.7
6 104.7 166.4 50.4 94.0
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Table 2.11 — Comparative summary of results

FS/R FS/SR | PS/SR | M,/*"/Mf*
M/M® 0.96 0.91 0.69 1.4
Mo/M® 1.04 1.10 1.40 1.4
My/M5® 0.96 0.92 0.65 1.0
MyME 0.96 0.89 0.45 2.1
MyMF 1.03 1.08 1.50 1.6
My/M" 0.97 0.92 0.46 1.6

The analysis of column Af ij"y’"R . / MI.R in Table 2.11 shows that, neglecting

the deformability of the joints, the resistance of the beams is governed by the
hogging moment in section 3. For the full-strength joints of Figures 2.29 and
2.30, classified as rigid according to EC3-1-8, the maximum influence of the
flexibility of the joints on the results is 4.1% (inside the 5% maximum
difference allowed by EC3). Realistic full-strength semi-rigid joints for this
example are classified according to stiffness close to the rigid boundary.
Therefore, a limited effect is noted, with maximum variation of 11% on the
results. Finally, for the partial-strength joints of Figures 2.32 and 2.33, large
differences are noted. The critical cross sections in terms of cross
sectional-resistance are now located at mid-span of the beams, with moment
increases of 40% for the intermediate beam and 50% for the top beam, with
respect to the rigid solution. The maximum hogging moments are reduced by
up to 55%. This example highlights the potential advantages of using partial
strength joints, potentially leading to more balanced and economical
solutions as long as the rotation capacity of the joints is ensured.

Example 2.2: Consider the frame represented in Figure 2.35 (£ = 210 GPa
and steel grade S275), under the indicated loading. Consider pinned column
base joints, and full-strength rigid joints at the external nodes. At the internal
node, the joint to be used is shown in Figure 2.36. It has an end plate 20 mm
thick, and M24 class 10.9 bolts.

Using an elastic analysis and neglecting eccentricities in the nodes,
determine the forces and displacements, considering the following situations:
a) rigid internal node joint;

b) internal node joint modelled by two rotational springs;

¢) internal node joint modelled by three rotational springs.
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Figure 2.35 — Steel frame

Figure 2.36 — Detail of the internal node joint

Figure 2.37 illustrates the critical cross sections to consider in the analysis,
as well as the three modelling alternatives for the internal node
beam-to-column joint. Because of the asymmetry of the structure and of the
loading, the maximum sagging moment will not occur at points 2 or 4
(mid-span of the beams). Points 2’ and 4’ have an undefined location and
correspond to the points of maximum sagging moment.
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Figure 2.37 — Modelling of the internal node joint

a) Determination of the forces and displacements for rigid connections.

Based on Figure 2.37a and modelling the internal node according to
Figure 2.37b, the bending moment diagram of Figure 2.38 is obtained.

192.0 kNm

108.1 kNm
71.3 kNm

84.0 kNm \_,‘J 12.7 kNm
15.1 kNm

141.6 kNm

Figure 2.38 — Bending moment diagram
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b) Determination of the forces and displacements for an internal node joint
modelled by two rotational springs.

In this case, the modelling of the joint at the internal node corresponds to the
simplified approach of EC3-1-8 (see section 2.2.5).

Using the COP® program, the initial stiffness of the left and right joints, for
B¢ = ¢ =0(equal and opposed moments) is given by:
=57

Jini

S¢

J.ini

=42590kNm/rad .

An elastic analysis of the structure leads to M7 =162.0kNm and
M{ =78.8kNm, and so the assumed values for Bmust be corrected.
Application of the iterative procedure described in section 2.2.5 yields the

results of Table 2.12.

Table 2.12 — Iterative process

Number of iteration

0) Q) @) ©))

B, 0 0.51 0.53 0.53
By 0 1.06 1.14 1.14
Siini® 42590 | 36698 | 36515 | 36505
Spimi” 42590 | 32020 | 31419 | 31385

M (kNm) | 162.0 | 1573 | 157.0 | 157.0
M, “(kNm) | 788 73.6 733 733

¢) Determination of forces and displacements for an internal node joint
modelled by three rotational springs.

In this case, the modelling of the internal node joint, schematically
represented in Figure 2.37d, corresponds to the non-iterative approach (see
section 2.2.5).

Using the COP® program, it is necessary to determine the secant stiffness of
the left and right joints without considering the contribution of the column
web panel in shear (which is equivalent, in this case, to consider
B¢ =% =0). So, the value of the initial stiffness is identical to the value of

initial iteration of the previous case:
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=59

J,ini

S¢

J.ini

=42590kNm/rad .

Additionally, it is necessary to determine separately the stiffness of the
column web panel in shear, without considering the parameter . According
to expressions (2.6) and (2.7), where z is the level arm obtained from Figure
6.15 of EC3-1-8:

0384,  0.38x69.98x10™"

k
! z 0.2736

=9.72mm;
K _ E‘XZ2

ni = =152789 kNm/rad .
’ Uk

An elastic analysis of the structure yields A¢ =161.3kNm and MY =79.9kNm.

Table 2.13 summarises the results (absolute values) for the three approaches,
for the critical cross sections of Figure 2.37a. Neglecting the stiffness of the
two joints in the internal node (case (a)), errors of 19%, 35% and 3% in the
bending moments in the left and right beams and column, respectively, are
noted. Using the simplified model of EC3 (case (b)), those errors are reduced
to 3%, 8% and 3%, for the same cross sections. This example highlights the
importance of taking into account the flexibility of the joints. Additionally,
the simplified approach of EC3-1-8 yields reasonable results when compared
to the non-iterative approach.

Table 2.13 — Synthesis of results

M a) b) c)
(kNm) 0 €)) 3)
1 71.3 75.7 76.7 76.7 74.9
2’ 141.6 152.9 154.5 154.6 153.6
2 138.3 151.1 153.0 153.1 151.9
3¢ 192.0 162.0 157.3 157.0 161.3
37 84.0 83.3 83.6 83.7 81.5
3¢ 108.1 78.8 73.6 73.3 79.9
4 7.7 4.4 6.7 6.8 34
4’ 15.1 16.0 16.8 16.9 15.0
5 12.7 7.5 7.0 6.9 6.6
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Example 2.3: Consider the two-storey steel framed building (E = 210 GPa
and S275) of Figure 2.39, subject to the following factored loads:

- a uniformly distributed load on the 1% floor of 9.0 kN/m” and on the 2™
floor of 6.7 kN/m” (these loads are applied directly on the primary beams);

- vertical linearly distributed loads on the secondary beams of 50.7 kN/m
and 40.8 kN/m, respectively on the 1% floor and on the 2™ floor as
shown in Figure 2.40;

- horizontal linearly distributed loads of 2.96 kN/m and 3.64 kN/m,
applied at the level of the 1% floor and of the 2™ floor respectively, and
only in one side of the structure (see Figure 2.40).

The columns consist of HEA 260 profiles and the primary beams
(x-direction) are IPE 400 profiles. The secondary beams (y-direction) are
constituted by IPE 300 and the vertical bracing consists of CHS 26.9/2.3.
The concrete slab is 13 c¢m thick and the spacing of the frames in the y
direction is 5.0 m. Consider rigid beam-to-column joints and column bases.
Also assume that the beams are non-composite.
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Figure 2.39 — Two-storey steel framed building

Determine the design internal forces and displacements corresponding to
ULS for the following modelling alternatives:

a) structure modelled with beam elements only, neglecting the slab;
b) structure modelled with beam elements only, considering the in-plane
contribution of the slab by applying equivalent diagonal bracing;
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¢) structure modelled with beam elements for the beams and columns and

shell elements for the slab.
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Figure 2.40 — Loads on secondary beams

The internal forces and displacements are calculated for three different

structures, corresponding to the three modelling options. The results

presented are related to the critical cross sections represented in Figure 2.41,

and for the middle frame only.
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Figure 2.41 — Critical cross sections in the middle frame

69



70

2. STRUCTURAL ANALYSIS

a) Structure modelled with beam elements only, neglecting the slab
(model 1).

Neglecting the slab, the calculation model considers only the bare steel
frame, as illustrated in Figure 2.42. The joints between the primary beams
and the columns are rigid. The secondary beams are pinned at both ends.

Figure 2.42 — Structural steel model (neglecting the slab)

b) Structure modelled with beam elements only, considering the in-plane
contribution of the slab by applying equivalent diagonal bracing (model 2).

In this model, represented in Figure 2.43, the in-plane contribution of the
slab is simulated by an equivalent diagonal bracing. Hence, the steel
structure is similar to the previous case, apart from the horizontal diagonal
bracing system, which is introduced in order to provide the equivalent
stiffness corresponding to a concrete slab 13 c¢m thick. Bracing members are
pinned at both ends.

Figure 2.43 — Structural steel model with horizontal bracing
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¢) Structure modelled with beam elements for the beams and columns and
shell elements for the slab (model 3).

In this case the model is illustrated in Figure 2.39. The beams are

non-composite, so that the slab is simply supported on the beams.

For model 1, the bending moment, shear force and axial force diagrams are

illustrated in Figures 2.44 to 2.46. The torsional and beam minor axis

bending moment diagrams are not represented because they yield negligible

values.
217.6 kNm
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177.0 kNm \ 217.6 kNm
346.0 kNm
264.5 kNm
222 8 kNm
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257.7 kNm
\ 185 kvm 960 kNm 4
Figure 2.44 — Bending moment diagram
10394 \
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Figure 2.45 — Shear force diagram
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Table 2.14 compares the results (bending moment and axial force) for the
three models at the critical cross sections. Compared to model 2, the
mid-span moments show maximum variations of +6.7% and -37.3% for
model 1 and model 3, respectively. A similar comparison for the hogging
moments yields maximum variations of +5.8% and -28% for model 1 and
model 3, respectively.

-366.2 kN

-85.2 kN

34.4 kN

Figure 2.46 — Axial force diagram

-833.7 kN

-374.4 kN

-857.9 kN

Table 2.14 — Bending moments and axial forces at the critical cross sections
(beam elements)

Model 1 Model 2 Model 3

M, (kNm) | N, (kN) | M, (kNm) | N, (kN) | M, (kNm) | N, (kN)
1 18.5 833.7 20.8 829.9 14.4 854.9
2 96.0 857.9 86.9 854.9 79.4 885.2
3 264.5 34.4 251.7 19.0 179.9 109.1
3’ 94.1 833.7 89.9 829.9 73.3 854.9
3” 170.4 366.0 161.7 365.8 127.1 381.2
4 257.7 34.4 241.6 19.0 151.5 109.1
5 346.0 344 327.1 19.0 251.3 109.1
5 146.4 857.9 136.7 854.9 121.0 885.2
5” 199.5 374.1 190.4 371.8 154.7 392.3
6 177.0 84.2 170.4 42.1 132.3 70.8
6’ 177.0 366.0 170.4 365.8 132.3 381.2
7 222.8 84.2 211.4 42.1 130.1 70.8
8 217.6 84.2 207.0 42.1 169.4 70.8
8’ 217.6 374.4 207.0 371.8 169.4 392.3




2.2. STRUCTURAL MODELLING

Table 2.15 compares the displacements for the three models. Compared with
model 2, the maximum vertical displacement of the beams differs by
+20.2% and -29.5% for models 1 and 3, respectively.

Table 2.15 — Displacements 6 (mm), at the critical cross sections

Model 1 Model 2 Model 3
3 11.8 9.9 9.2
4 51.1 48.3 343
5 11.3 94 9.3
6 21.2 17.7 17.0
7 48.6 46.5 32.8
8 20.7 17.4 16.5

Comparing model 1 with model 2, the differences in bending moment, are
less than 10%. At almost all critical sections, model 1 gives larger values
than model 2 and are on the safe side compared to model 2. On the contrary,
model 3 (apparently the most sophisticated model) presents differences of up
to 37.3% compared to model 2. Model 3 gives lesser values. These
differences can be explained by the influence of the bending stiffness of the
concrete slab itself, as can be seen in Table 2.16.

Table 2.16 — Moments at the critical cross sections (slab elements)

Model 3
M, (kNm) | M, (kNm) | M,, (kNm)
3 81.1 9.6 0.14
4 23.4 28.9 0.01
5 93.2 10.3 0.52
6 18.7 3.5 0.002
7 19.8 24.3 0.002
8 21.9 34 0.002

However, the results of model 3 are not realistic at ultimate limit state
because no account is taken of the cracking of concrete in the hogging
regions. A proper simulation would require a non-linear analysis with
cracked concrete or an approximate iterative procedure. Since this is not a
practical approach for common building frames, a good compromise is to
use a reduced thickness of the slab. This solution keeps the modelling
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advantages (direct application of the loading on the shell elements, therefore
reducing significantly the amount of pre-processing work), and also
simulates the in-plane stiffness of the slab. Table 2.17 compares the results
for three slab thicknesses. The model with the thinnest slab shows maximum
differences of 8% when compared with model 2 and the bending moments in
the slab along the beam direction virtually vanish.

Table 2.17 — Bending moments in the critical sections (beam and shell elements)

Model 3 Model 3* (7.5 cm) Model 3** (2.5 cm)
Beam Shell Beam Shell Beam Shell
M. (kNm) | M, (kNm) | M, (kNm) | M. (kNm) | M, (kNm) | M, (kNm)

1 14.4 - 20.6 - 21.7 -

2 79.4 - 86.1 - 89.7 -

3 179.9 81.1 238.5 27.3 268.8 1.4
3 73.3 - 88.4 - 96.3 -
3 127.1 - 150.1 - 172.5 -

4 151.5 23.4 215.3 8.1 253.6 0.5
5 251.3 93.2 309.4 29.6 338.6 1.5
5’ 121.0 - 133.4 - 140.6 -
57 154.7 - 176.1 - 198.0 -

6 132.3 18.7 160.3 10.8 177.3 0.6
6’ 132.3 - 160.3 - 177.3 -

7 130.1 19.8 185.8 7.0 220.5 0.4

8 169.4 21.9 196.7 11.6 212.6 0.7
8’ 169.4 - 196.7 - 212.6 -

Table 2.18 compares the critical buckling loads for the three models. The
critical modes are similar for all models but the model with beam and shell
elements is much stiffer for the first two (torsional) modes. This reflects the
contribution of a stiff 13 c¢m thick concrete slab. The third mode is a sway
mode in the x direction and good agreement is observed for the critical
buckling load between the three models (differences of only -12.6% and
-4.7% when compared to model 3).



2.3. GLOBAL ANALYSIS OF STEEL STRUCTURES

Table 2.18 — Critical buckling loads and buckling modes

Model 1 | Direction | Model 2 | Direction | Model 3 | Direction
1 7.37 T 7.42 T 10.30 T
2 7.57 T 7.61 T 10.65 T
3 9.93 X 10.