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Foreword

The construction sector is of strategic importance to the EU as it delivers the buildings and
infrastructure needed by the rest of the economy and society. It represents more than 10% of EU
GDP and more than 50% of fixed capital formation. It is the largest single economic activity and it
is the biggest industrial employer in Europe. The sector employs directly almost 20 million people. In
addition, construction is a key element for the implementation of the Single Market and other
construction relevant EU Policies, e.g.: Environment and Energy.

In line with the EU’s strategy for smart, sustainable and inclusive growth (EU2020), Standardization
will play an important part in supporting the strategy. The EN Eurocodes are a set of European
standards which provide common rules for the design of construction works, to check their strength
and stability against live and extreme loads such as earthquakes and fire.

With the publication of all the 58 Eurocodes Parts in 2007, the implementation of the Eurocodes is
extending to all European countries and there are firm steps toward their adoption internationally. The
Commission Recommendation of 11 December 2003 stresses the importance of training in the use
of the Eurocodes, especially in engineering schools and as part of continuous professional
development courses for engineers and technicians, should be promoted both at national and
international level.

In light of the Recommendation, DG JRC is collaborating with DG ENTR and CEN/TC250 “Structural
Eurocodes” and is publishing the Report Series ‘Support to the implementation, harmonization
and further development of the Eurocodes’ as JRC Scientific and Technical Reports. This Report
Series include, at present, the following types of reports:

1. Policy support documents — Resulting from the work of the JRC and cooperation with partners
and stakeholders on ‘Support to the implementation, promotion and further development of
the Eurocodes and other standards for the building sector’;

2. Technical documents — Facilitating the implementation and use of the Eurocodes and
containing information and practical examples (Worked Examples) on the use of the
Eurocodes and covering the design of structures or its parts (e.g. the technical reports
containing the practical examples presented in the workshop on the Eurocodes with worked
examples organized by the JRC);

3. Pre-normative documents — Resulting from the works of the CEN/TC250 Working Groups and
containing background information and/or first draft of proposed normative parts. These
documents can be then converted to CEN technical specifications;

4. Background documents — Providing approved background information on current Eurocode
part. The publication of the document is at the request of the relevant CEN/TC250 Sub-
Committee;

5. Scientific/Technical information documents — Containing additional, non-contradictory
information on current Eurocode part, which may facilitate its implementation and use,
preliminary results from pre-normative work and other studies, which may be used in future
revisions and further developments of the standards.. The authors are various stakeholders
involved in Eurocodes process and the publication of these documents is authorized by
relevant CEN/TC250 Sub-Committee, Horizontal Group or Working Group.

Editorial work for this Report Series is assured by the JRC together with partners and stakeholders,
when appropriate. The publication of the reports type 3, 4 and 5 is made after approval for publication
from the CEN/TC250 Co-ordination Group.

The publication of these reports by the JRC serves the purpose of implementation, further
harmonization and development of the Eurocodes. However, it is noted that neither the Commission
nor CEN are obliged to follow or endorse any recommendation or result included in these reports in
the European legislation or standardization processes.

This report is part of the so-called Technical documents (Type 2 above) and contains a
comprehensive description of the practical examples presented at the workshop “Eurocode 8:
Seismic Design of Buildings” with emphasis on worked examples. The workshop was held on

Xi



10-11 February 2011 in Lisbon, Portugal and was co-organized with CEN/TC250/Sub-Committee 8,
the National Laboratory for Civil Engineering (Laboratorio Nacional de Engenharia Civil - LNEC,
Lisbon), with the support of CEN and the Member States. The workshop addressed representatives of
public authorities, national standardisation bodies, research institutions, academia, industry and
technical associations involved in training on the Eurocodes. The main objective was to facilitate
training on Eurocode 8 related to building design through the transfer of knowledge and training
information from the Eurocode 8 writers (CEN/TC250 Sub-Committee 8) to key trainers at national
level and Eurocode users.

The workshop was a unique occasion to compile a state-of-the-art training kit comprising the slide
presentations and technical papers with the worked example for a structure designed following the
Eurocode 8. The present JRC Report compiles all the technical papers prepared by the workshop
lecturers resulting in the presentation of a reinforced concrete building designed using Eurocodes 8.

The editors and authors have sought to present useful and consistent information in this
report. However, it must be noted that the report is not a complete design example and that the
reader may identify some discrepancies between chapters. The chapters presented in the report
have been prepared by different authors and are reflecting the different practices in the EU Member
States both “.” (full stop) and “,” (comma) are used as decimal separator. Users of information
contained in this report must satisfy themselves of its suitability for the purpose for which
they intend to use it.

We would like to gratefully acknowledge the workshop lecturers and the members of CEN/TC250
Sub-Committee 8 for their contribution in the organization of the workshop and development of the
training material comprising the slide presentations and technical papers with the worked examples.
We would also like to thank the Laboratorio Nacional de Engenharia Civil, especially Ema Coelho,
Manuel Pipa and Pedro Pontifice for their help and support in the local organization of the workshop.

All the material prepared for the workshop (slides presentations and JRC Report) is available to
download from the “Eurocodes: Building the future” website (http://eurocodes.jrc.ec.europa.eu).

Ispra, November 2011

Bora Acun, Adamantia Athanasopoulou, Artur Pinto
European Laboratory for Structural Assessment (ELSA)
Institute for the Protection and Security of the Citizen (IPSC)

Joint Research Centre (JRC), European Commission

Eduardo C. Carvalho
Gapres SA, Chairman of CEN/TC250 SC8

Michael N. Fardis
University of Patras, Former Chairman of CEN/TC 250 SC8
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Overview of Eurocode 8. Performance requirements, ground conditions and seismic action.
E. C. Carvalho

1.1 Overview of the Eurocodes

Culminating a process of technical harmonization with roots in the seventies, CEN - European
Committee for Standardization, mandated by the European Union, published a set of standards,
known as the Eurocodes, with common rules for structural design within the European Union.

The background and the status of the Eurocodes is briefly described in the common Foreword to all
Eurocodes that is reproduced below:

Background of the Eurocode programme

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 harmonisation of technical specifications.

Within this action programme, the Commission took the initiative to establish a set of
harmonised 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 - 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 Structural Eurocode programme comprises the following standards generally consisting of
a number of Parts:

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

Eurocode standards recognise the responsibility of regulatory authorities in each Member State
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and have safeguarded their right to determine values related to regulatory safety matters at
national level where these continue to vary from State to State.

Status and field of application of Eurocodes

The Member States of the EU and EFTA recognise that Eurocodes serve as reference
documents for the following purposes:

—-as a means to prove compliance of building and civil engineering works with the essential
requirements of Council Directive 89/106/EEC, particularly Essential Requirement N°1 -
Mechanical resistance and stability - and Essential Requirement N°2 - Safety in case of
fire;

-as a basis for specifying contracts for construction works and related engineering services;

—as a framework for drawing up harmonised technical specifications for construction products
(ENs and ETAS)

The Eurocodes, as far as they concern the construction works themselves, have a direct
relationship with the Interpretative Documents referred to in Article 12 of the CPD, although
they are of a different nature from harmonised product standards. Therefore, technical aspects
arising from the Eurocodes work need to be adequately considered by CEN Technical
Committees and/or EOTA Working Groups working on product standards with a view to
achieving a full compatibility of these technical specifications with the Eurocodes.

The Eurocode standards provide common structural design rules for everyday use for the
design of whole structures and component products of both a traditional and an innovative
nature. Unusual forms of construction or design conditions are not specifically covered and
additional expert consideration will be required by the designer in such cases.

Although the Eurocodes are the same across the different countries, for matters related to safety and
economy or for aspects of geographic or climatic nature national adaptation is allowed if therein
explicitly foreseen. These are the so-called Nationally Determined Parameters (NDPs) that are listed
at the beginning of each Eurocode. For these parameters, each country, in a National Annex included
in the corresponding National Standard, may take a position, either keeping or modifying them.

The possible contents and extent of the Nationally Determined Parameters is also described in the
common Foreword to all Eurocodes as reproduced below:

National Standards implementing Eurocodes

The National Standards implementing Eurocodes will comprise the full text of the Eurocode
(including any annexes), as published by CEN, which may be preceded by a National title page
and National foreword, and may be followed by a National annex.

The National annex may only contain information on those parameters which are left open in
the Eurocode for national choice, known as Nationally Determined Parameters, to be used for
the design of buildings and civil engineering works to be constructed in the country concerned,
ie.:

- values and/or classes where alternatives are given in the Eurocode,

- values to be used where a symbol only is given in the Eurocode,

- country specific data (geographical, climatic, etc.), e.g. snow map,

- the procedure to be used where alternative procedures are given in the Eurocode.
It may also contain

- decisions on the application of informative annexes,

- references to non-contradictory complementary information to assist the user to
apply the Eurocode.
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The concept of Nationally Determined Parameters thus allows small national variations without
modifying the overall structure of each Eurocode. This has been an essential tool to allow the National
Authorities to control the safety and economic consequences of structural design in their respective
countries without prejudice of the fundamental aim of the Eurocodes to remove technical barriers in
the pursuit of setting up the internal market in the Construction Sector and in particular for the
exchange of services in the field of Structural Design.

For each Nationally Determined Parameter, the Eurocodes present a recommended value or
procedure and it is interesting to note that, insofar as it is known at the moment, in the national
implementation process that is currently underway, countries have been adopting, in most cases, the
recommended values. It is therefore expected that the allowed national variations in the Eurocodes
shall progressively vanish.

Out of the 10 Eurocodes, Eurocode 8 deals with seismic design. Its rules are complementary (and in a
few cases alternative) to the design rules included in the other Eurocodes that deal exclusively with
non seismic design situations.

Hence, in seismic regions, structural design should conform to the provisions of Eurocode 8 together
with the provisions of the other relevant Eurocodes (EN 1990 to EN 1997 and EN 1999).

1.2 Eurocode 8

Eurocode 8, denoted in general by EN 1998: “Design of structures for earthquake resistance”, applies
to the design and construction of buildings and civil engineering works in seismic regions.

It covers common structures and, although its provisions are of general validity, special structures,
such as nuclear power plants, large dams or offshore structures are beyond its scope. Its seismic
design should satisfy additional requirements and be subject to complementary verifications.

The objectives of seismic design in accordance with Eurocode 8 are explicitly stated. Its purpose is to
ensure that in the event of earthquakes:

o human lives are protected;
o damage is limited; and
o0 structures important for civil protection remain operational.

These objectives are present throughout the code and condition the principles and application rules
therein included.

Eurocode 8 is composed by 6 parts dealing with different types of constructions or subjects:
o EN1998-1: General rules, seismic actions and rules for buildings
o EN1998-2: Bridges
o EN1998-3: Assessment and retrofitting of buildings
o EN1998-4: Silos, tanks and pipelines
o EN1998-5: Foundations, retaining structures and geotechnical aspects
o EN1998-6: Towers, masts and chimneys

Out of these parts, Part 1, Part 3 and Part 5 are those relevant to the design of buildings and
therefore are those dealt with in the Workshop.
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In particular Part 1 is the leading part since it presents the basic concepts, the definition of the seismic
action and the rules for buildings of different structural materials. Its basic concepts and objectives are
described in the following.

1.2.1 SCOPE OF EN 1998-1

EN 1998-1 (it is noticed that, herein, all references are made to EN 1998-1 published by CEN in 2005)
applies to the design of buildings and civil engineering works in seismic regions and is subdivided into
10 sections:

o0 Section 2 contains the basic performance requirements and compliance criteria applicable to
buildings and civil engineering works in seismic regions.

o Section 3 gives the rules for the representation of seismic actions and for their combination
with other actions.

o Section 4 contains general design rules relevant specifically to buildings.

o Sections 5 to 9 contain specific rules for various structural materials and elements, relevant
specifically to buildings (concrete, steel, composite steel-concrete, timber and masonry
buildings).

o Section 10 contains the fundamental requirements and other relevant aspects of design and
safety related to base isolation of structures and specifically to base isolation of buildings.

1.2.2 PERFORMANCE REQUIREMENTS AND COMPLIANCE CRITERIA

1.2.2.1 Fundamental requirements

EN 1998-1 asks for a two level seismic design establishing explicitly the two following requirements:
o No-collapse requirement:

The structure shall be designed and constructed to withstand the design seismic action without local
or global collapse, thus retaining its structural integrity and a residual load bearing capacity after the
seismic event.

o Damage limitation requirement:

The structure shall be designed and constructed to withstand a seismic action having a larger
probability of occurrence than the design seismic action, without the occurrence of damage and the
associated limitations of use, the costs of which would be disproportionately high in comparison with
the costs of the structure itself.

The first requirement is related to the protection of life under a rare event, through the prevention of
the global or local collapse of the structure that, after the event, should retain its integrity and a
sufficient residual load bearing capacity. After the event the structure may present substantial
damages, including permanent drifts, to the point that it may be economically unrecoverable, but it
should be able to protect human life in the evacuation process or during aftershocks.

In the framework of the Eurocodes, that uses the concept of Limit States, this performance
requirement is associated with the Ultimate Limit State (ULS) since it deals with the safety of people
or the whole structure.

The second requirement is related to the reduction of economic losses in frequent earthquakes, both
in what concerns structural and non-structural damages. Under such kind of events, the structure
should not have permanent deformations and its elements should retain its original strength and



Overview of Eurocode 8. Performance requirements, ground conditions and seismic action.
E. C. Carvalho

stiffness and hence should not need structural repair. In view of the minimization of non structural
damage the structure should have adequate stiffness to limit, under such frequent events, its
deformation to levels that do not cause important damage on such elements. Some damage to non-
structural elements is acceptable but they should not impose significant limitations of use and should
be repairable economically.

Considering again the framework of the Eurocodes, this performance requirement is associated with
the Serviceability Limit State (SLS) since it deals with the use of the building, comfort of the occupants
and economic losses.

As indicated above, the two performance levels are to be checked against two different levels of the
seismic action, interrelated by the seismicity of the region.

The definition of these levels of the seismic action for design purposes falls within the scope of the
Nationally Determined Parameters. In fact the random nature of the seismic events and the limited
resources available to counter their effects are such as to make the attainment of the design
objectives only partially possible and only measurable in probabilistic terms.

Also, the extent of the protection that can be provided is a matter of optimal allocation of resources
and is therefore expected to vary from country to country, depending on the relative importance of the
seismic risk with respect to risks of other origin and on the global economic resources.

In spite of this EN 1998-1 addresses the issue, starting with the case of ordinary structures, for which
it recommends the following two levels:

o Design seismic action (for local collapse prevention) with 10% probability of exceedance in 50
years which corresponds to a mean return period of 475 years.

o Damage limitation seismic action with 10% probability of exceedance in 10 years which
corresponds to a mean return period of 95 years.

The damage limitation seismic action is sometimes also referred to as the Serviceability seismic
action.

It is worth recalling the concept of mean return period which is the inverse of the mean (annual) rate
of occurrence (v) of a seismic event exceeding a certain threshold.

Assuming a Poisson model for the occurrence of earthquakes, the mean return period Ty is given by:

Te=1/v=-T,/In( 1-P) (.1)
where T is the reference time period and P is the probability of exceedance of such threshold (with
the recommended values indicated above, for the design seismic action we have T, = 50 years and

P = 10%, resulting in Tg =475 years) .

1.2.2.2 Reliability differentiation

The levels of the seismic action described above are meant to be applied to ordinary structures and
are considered the reference seismic action (which is anchored to the reference peak ground
acceleration agr). However, EN 1998-1 foresees the possibility to differentiate the target reliabilities (of
fulfilling the no-collapse and damage limitation requirements) for different types of buildings or other
constructions, depending on its importance and consequences of failure.

This is achieved by modifying the hazard level considered for design (i.e. modifying the mean return
period for the selection of the seismic action for design).

In practical terms EN 1998-1 prescribes that:

Reliability differentiation is implemented by classifying structures into different importance
classes. An importance factor y is assigned to each importance class. Wherever feasible this
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factor should be derived so as to correspond to a higher or lower value of the return period of
the seismic event (with regard to the reference return period) as appropriate for the design of
the specific category of structures.

The different levels of reliability are obtained by multiplying the reference seismic action by this
importance factor y which, in case of using linear analysis, may be applied directly to the action
effects obtained with the reference seismic action.

Although EN 1998-1 (and also the other Parts of EN 1998) presents recommended values for the
importance factors, this is a Nationally Determined Parameter, since it depends not only on the global
policy for seismic safety of each country but also on the specific characteristics of its seismic hazard.

In a Note EN 1998-1 provides some guidance on the latter aspect. Specifically, the Note reads as
follows:

NOTE: At most sites the annual rate of exceedance, H(agr), of the reference peak ground
acceleration agz may be taken to vary with agr as: H(agr ) ~ ko agR'k, with the value of the
exponent k depending on seismicity, but being generally of the order of 3. Then, if the seismic
action is defined in terms of the reference peak ground acceleration agr, the value of the
importance factor y multiplying the reference seismic action to achieve the same probability of
exceedance in T, years as in the T g years for which the reference seismic action is defined,
may be computed as y ~ (T.r/TL) e Alternatively, the value of the importance factor y that
needs to multiply the reference seismic action to achieve a value of the probability of
exceeding the seismic action, P, in T, years other than the reference probability of exceedance
P.r, Over the same T, years, may be estimated as 5 ~ (P./P.r) "

This relation is depicted in Fig. 1.2.1 for three different values of the seismicity exponent k, including
the “usual” value indicated in the Note (k = 3).

This value (k = 3) is typical of regions of high seismicity in Europe (namely in Italy). Smaller values of
k correspond to low seismicity regions or regions where the hazard is controlled by large magnitude
events at long distance, occurring widely spaced in time. On the other hand larger values of k
correspond to regions where the event occurrence rate is high.
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Fig. 1.2.1 Relationship between the Importance Factor and the Return Period (for different
seismicity exponent)

It should be noticed that this relation is just a rough approximation of reality. In fact, even for a single
site, if we consider the hazard described by spectral ordinates (and not only by the peak ground



Overview of Eurocode 8. Performance requirements, ground conditions and seismic action.
E. C. Carvalho

acceleration), there is not a constant value of k. It depends on the on the period range and also on the
value of the spectral acceleration itself (typically with larger values of k for larger spectral
accelerations). Values of k are also larger at short to intermediate periods than at long periods.

However, the plots in Fig. 1.2.1 somehow illustrate the dependence of the importance factor on the
mean return period chosen for design.

Buildings in EN 1998-1 are classified in 4 importance classes depending on:
o the consequences of collapse for human life;

o their importance for public safety and civil protection in the immediate post-earthquake period
and

o the social and economic consequences of collapse.

The definition of the buildings belonging to the different importance Classes is given in Table 1.2.1
reproduced from EN 1998-1.

Table 1.2.1 Importance classes and recommended values for importance factors for buildings

Importance Buildings Importance factor y,
class (recommended value)
| Buildings of minor importance for public safety, e.g. 08

agricultural buildings, etc.

Ordinary buildings, not belonging in the other

’ 1,0
categories.

Buildings whose seismic resistance is of importance in
1l view of the consequences associated with a collapse, 1,2
e.g. schools, assembly halls, cultural institutions etc.

Buildings whose integrity during earthquakes is of vital
v importance for civil protection, e.g. hospitals, fire 1,4
stations, power plants, etc.

Importance class Il is the reference case and is assigned to (ordinary) buildings for which the
reference seismic action is derived as indicated above. Accordingly the importance factor for this
class of buildings is y, = 1,0.

Importance class lll corresponds to buildings with large human occupancy or buildings housing
unique and important contents as, for instance, museums or archives.

Importance class IV corresponds to buildings essential for civil protection after the earthquake,
including buildings vital for rescue operations and buildings vital for the treatment of the injured.

Importance class | corresponds to buildings of low economic importance and with little and rare
human occupancy.

Besides these aspects influencing the importance class of each building, the importance factor may
also have to take in consideration the specific case of buildings housing dangerous installations or
materials. For those cases EN 1998-4 provides further guidance.

The recommended values in EN 1998-1 for the importance factors associated with the various
importance classes are also presented in Table 1.2.1.

Accordingly, for the different importance classes, the design ground acceleration (on type A ground,
as presented below), a4is equal to agg times the importance factor y:

ay =17, 4gr (1.2)



Overview of Eurocode 8. Performance requirements, ground conditions and seismic action.
E. C. Carvalho

In the absence of an explicit indication in EN 1998-1 of the return periods associated to the different
importance classes the relationship presented in Fig. 1.2.1 may be used to implicitly obtain a rough
indication of these return periods.

Considering the curve for the exponent k = 3 and introducing the recommended values for y we
obtain the (implicit) mean return periods in EN 1998-1. These values are indicated in Table 1.2.2,
where the values for other values of k are also presented.

Table 1.2.2 Importance classes and recommended values for importance factors for buildings

Importance class Importance Implicit mean return period (years)
factor
k=25 k=3 k=4
I 0,8 272 243 195
Il 1,0 475 475 475
1] 1,2 749 821 985
v 1,4 1.102 1.303 1.825

These values should be taken with caution but they show that for Class | structures the implicit return
period is of the order of 200 to 250 years, whereas for Class Il structures it is of the order of 800 to
1.000 years. For Class IV structures the implicit return periods varies more widely for the various
values of the exponent k, ranging from 1.100 to 1.800 years.

In any case, the definition of the importance factors is a Nationally Determined Parameter and
countries may introduce other considerations (besides the strict consideration of the return period)
and adopt whatever values they consider suitable for their territory.

1.2.2.3 Compliance criteria

EN 1998-1 prescribes that in order to satisfy the fundamental requirements two limit states should be
checked:

o Ultimate Limit States (ULS);
o Damage Limitation States (associated with Serviceability Limit States — SLS).

Additionally EN 1998-1 requires the satisfaction of a number of pertinent specific measures in order to
limit the uncertainties and to promote a good behaviour of structures under seismic actions more
severe than the design seismic action.

These measures shall be presented and commented below but essentially its prescription is implicitly
equivalent to the specification of a third performance requirement that intends to prevent global
collapse during a very strong and rare earthquake (i.e with return period in the order of 1.500 to 2.000
years, much longer than the design earthquake).

After such earthquake the structure may be heavily damaged, with large permanent drifts and having
lost significantly its lateral stiffness and resistance but it should still keep a minimal load bearing
capacity to prevent global collapse.

10
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1.2.2.4 Ultimate limit state

The no-collapse performance level is considered as the Ultimate Limit State in the framework of the
Eurocode “design system”, namely in accordance with EN 1990 — Basis of Design.

Satisfaction of this limit state asks for the verification that the structural system has simultaneously
lateral resistance and energy-dissipation capacity.

This recognises that the fulfilment of the no-collapse requirement does not require that the structure
remains elastic under the design seismic action. On the contrary it allows/accepts the development of
significant inelastic deformations in the structural members, provided that integrity of the structure is
kept.

It also relies on the (stable) energy dissipation capacity of the structure to control the build up of
energy in the structure resulting from the seismic energy input that, otherwise, would result in much
larger response amplitudes of the structure.

The basic concept is the possible trade-off between resistance and ductility that is at the base of the
introduction of Ductility Classes and the use of behaviour factors that is a main feature of EN 1998-1.

This is explained in the code as follows:

The resistance and energy-dissipation capacity to be assigned to the structure are related to
the extent to which its non-linear response is to be exploited. In operational terms such balance
between resistance and energy-dissipation capacity is characterised by the values of the
behaviour factor g and the associated ductility classification, which are given in the relevant
Parts of EN 1998. As a limiting case, for the design of structures classified as low-dissipative,
no account is taken of any hysteretic energy dissipation and the behaviour factor may not be
taken, in general, as being greater than the value of 1,5 considered to account for
overstrengths. For steel or composite steel concrete buildings, this limiting value of the q factor
may be taken as being between 1,5 and 2 (see Note 1 of Table 6.1 or Note 1 of Table 7.1,
respectively). For dissipative structures the behaviour factor is taken as being greater than
these limiting values accounting for the hysteretic energy dissipation that mainly occurs in
specifically designed zones, called dissipative zones or critical regions.

In spite of such basic concepts, the operational verifications required in EN 1998-1 to check the
satisfaction of this limit state by the structure are force-based, essentially in line with all the other
Eurocodes.

It should be noted that, exactly to the contrary, the physical character of the seismic action
corresponds to the application of (rapidly changing) displacements at the base of the structures and
not to the application of forces.

In fully linear systems there would be equivalence in representing the action as imposed forces or
imposed displacements. However, in nonlinear systems, the application of force controlled or
displacement controlled actions may result in quite different response of the structure. Accordingly,
the ability of structures to withstand earthquakes depends essentially on its ability to sustain lateral
deformations in response to the earthquake, keeping its load bearing capacity (and not on the simple
ability to support lateral forces).

Notwithstanding all this, the use of force-based design is well established and, as mentioned above, is
adopted in EN 1998-1 as the reference method, because most of other actions with which structural
designers have to cope are forces imposed to the structures.

Hence within the overall design process the use of a force based approach, even for seismic actions,
is very practical and attractive. Furthermore, analytical methods for a displacement based approach in
seismic design are not fully developed and not familiar to the ordinary designer.

11
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It should however be noticed that EN 1998-1 opens the possibility to use displacement-based
approaches as alternative design methods for which it presents an Informative Annex with operational
rules to compute the target displacements for Nonlinear Static Analysis (Pushover).

Besides the verification of the individual structural elements (for resistance and ductility), in
accordance with specific rules for the different structural materials, the Ultimate Limit State verification
entails the checking of:

o the overall stability of the structure (overturning and sliding)
o the foundations and the bearing capacity of the soil
o the influence of second order effects

o the influence of non structural elements to avoid detrimental effects.

1.2.2.5 Damage limitation state

As indicated above the performance requirement associated with this Limit State requires the
structure to support a relatively frequent earthquake without significant damage or loss of
operationality.

Damage is only expected in non structural elements and its occurrence depends on the deformation
that the structure, in response to the earthquake, imposes on such elements. The same essentially
applies to the loss of operationality of systems and networks (although in some equipments
acceleration may also be relevant to cause damage).

Accordingly an adequate degree of reliability against unacceptable damage is needed and checks
have to be made on the deformation of the structure and its comparison with deformation limits that
depend on the characteristics of the non structural elements.

For instance, for buildings EN 1998-1 establishes the following limits to the interstorey drift (relative
displacement divided by the interstorey height) due to the frequent earthquake (Serviceability seismic
action):

o 0,5 % for buildings having non-structural elements of brittle materials attached to the structure:
o 0,75 % for buildings having ductile non-structural elements:

o 1,0 % for buildings having non-structural elements fixed in a way so as not to interfere with
structural deformations or without non-structural elements

Additional requirements may be imposed in structures important for civil protection so that the function
of the vital services in the facilities is maintained.

1.2.2.6 Specific measures
As indicated in 1.2.2.3 above, EN 1998-1 aims at providing implicitly the satisfaction of a third
performance level that intends to prevent global collapse during a very strong and rare earthquake.

This is not achieved by specific checks for an higher level of the design seismic action but rather by
imposing some so called specific measures to be taken in consideration along the design process.

These specific measures, which aim at reducing the uncertainty of the structural response, indicate
that:

o To the extent possible, structures should have simple and regular forms both in plan and
elevation.

o0 In order to ensure an overall dissipative and ductile behaviour, brittle failure or the premature
formation of unstable mechanisms should be avoided. To this end resort is made to capacity

12
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design procedures. This is used to obtain a hierarchy of resistance of the various structural
components and of the failure modes necessary for ensuring a suitable plastic mechanism
and for avoiding brittle failure modes.

o0 Special care should be exercised in the design of the regions where nonlinear response is
foreseeable since the seismic performance of a structure is largely dependent on the
behaviour of these critical regions or elements. Hence the detailing of the structure in general
and of these regions or elements in particular, should aim at ensuring that it maintains the
capacity to transmit the necessary forces and to dissipate energy under cyclic conditions.

o The analysis should be based on adequate structural models, which, when necessary, should
take into account the influence of soil deformability and of non-structural elements.

o The stiffness of the foundations shall be adequate for transmitting the actions received from
the superstructure to the ground as uniformly as possible.

o The design documents should be quite detailed and include all relevant information regarding
materials characteristics, sizes of all members, details and special devices to be applied, if
appropriate.

o0 The necessary quality control provisions should also be given in the design documents and
the checking methods to be used should be specified, namely for the elements of special
structural importance.

o In regions of high seismicity and in structures of special importance, formal quality system
plans, covering design, construction, and use, additional to the control procedures prescribed
in the other relevant Eurocodes, should be used.

1.2.3 GROUND CONDITIONS

Nowadays it is widely recognised that the earthquake vibration at the surface is strongly influenced by
the underlying ground conditions and correspondingly the ground characteristics very much influence
the seismic response of structures.

The importance of such influence is taken in consideration in EN 1998-1 that requires that appropriate
investigations (in situ or in the laboratory) must be carried out in order to identify the ground
conditions. Guidance for such investigation is given in EN 1998-5.

This ground investigation has two main objectives:

o To allow the classification of the soil profile, in view of defining the ground motion appropriate
to the site (i.e. allowing the selection of the relevant spectral shape, among various different
possibilities, as shall be presented below).

o To identify the possible occurrence of a soil behaviour during an earthquake, detrimental to
the response of the structure.

In relation to the latter aspect, the construction site and the nature of the supporting ground should
normally be free from risks of ground rupture, slope instability and permanent settlements caused by
liquefaction or densification in the event of an earthquake.

If the ground investigation show that such risks do exist, measures should be taken to mitigate its
negative effects on the structure or the location should be reconsidered.

In what concerns the first aspect, EN 1998-1 provides five ground profiles, denoted Ground types A,
B, C, D, and E, described by the stratigraphic profiles and parameters given in Table 1.2.3.

Three parameters are used in the classification provided in Table 1.2.3 (reproduced from EN 1998-1)
for a quantitative definition of the soil profile:

13
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o the value of the average shear wave velocity, vs 39
o the number of blows in the standard penetration test (Nspt)
o the undrained cohesive resistance (c,)

The average shear wave velocity vq 3 is the leading parameter for the selection of the ground type.
It should be used whenever possible and its value should be computed in accordance with the
following expression:

Vg = — (1.3)
i=iN Vi

where h; and v; denote the thickness (in metres) and the shear-wave velocity (at a shear strain level of
-5
10 or less) of the i-th formation or layer, in a total of N, existing in the top 30 m.

When direct information about shear wave velocities is not available, the other parameters of Table
1.2.3 may be used to select the appropriate ground type.

Table 1.2.3 Ground Types

Ground

type Description of stratigraphic profile Parameters

Vs 30 (M/S) Nspr c, (kPa)
(blows/30cm)

A Rock or other rock-like geological > 800
formation, including at most 5 m of weaker
material at the surface.

B Deposits of very dense sand, gravel, or 360 — 800 > 50 > 250
very stiff clay, at least several tens of
metres in thickness, characterised by a
gradual increase of mechanical properties
with depth.

C Deep deposits of dense or medium-dense | 180 — 360 15-50 70 - 250

sand, gravel or stiff clay with thickness

from several tens to many hundreds of
metres.

D Deposits of loose-to-medium cohesionless <180 <15 <70

soil (with or without some soft cohesive

layers), or of predominantly soft-to-firm
cohesive soil.

E A soil profile consisting of a surface

alluvium layer with vy values of type C or D

and thickness varying between about 5 m

and 20 m, underlain by stiffer material with
Vs> 800 m/s.

Sy Deposits consisting, or containing a layer <100 10-20

atleast 10 m thick, of soft clays/silts with a | (indicative)

high plasticity index (Pl > 40) and high
water content

S, Deposits of liquefiable soils, of sensitive
clays, or any other soil profile not included
intypes A-E or S4

14
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Ground types A to D range from rock or other rock-like formations to loose cohesionless soils or soft
cohesive soils.

Ground Type E is essentially characterised by a sharp stiffness contrast between a (soft or loose)
surface layer (thickness varying between 5 to 20 m) and the underlying much stiffer formation.

Two additional soil profiles (S4 and S,) are also included in Table 1.2.3. For sites with ground
conditions matching either one of these ground types, special studies for the definition of the seismic
action are required.

For these types, and particularly for S,, the possibility of soil failure under the seismic action shall be
taken into account. It is recalled that liquefaction leads normally to catastrophic failures of structures
resting on these formations. In such event the soil loses its bearing capacity, entailing the collapse of
any foundation system previously relying on such bearing capacity.

Special attention should be paid if the deposit is of ground type S;. Such soils typically have very low
values of vg, low internal damping and an abnormally extended range of linear behaviour and can
therefore produce anomalous seismic site amplification and soil-structure interaction effects.

In this case a special study to define the seismic action should be carried out, in order to establish the
dependence of the response spectrum on the thickness and v value of the soft clay/silt layer and on
the stiffness contrast between this layer and the underlying materials.

1.2.4 SEISMIC ACTION

The seismic action to be considered for design purposes should be based on the estimation of the
ground motion expected at each location in the future, i.e. it should be based on the hazard
assessment.

Seismic hazard is normally represented by hazard curves that depict the exceedance probability of a
certain seismologic parameter (for instance the peak ground acceleration, velocity or displacement)
for a given period of exposure, at a certain location (normally assuming a rock ground condition).

It is widely recognised that peak values of the ground motion parameters (namely the peak ground
acceleration) are not good descriptors of the severity of an earthquake and of its possible
consequences on constructions.

Hence the more recent trend is to describe the seismic hazard by the values of the spectral ordinates
(at certain key periods in the response spectrum). In spite of this, for the sake of simplicity, in
EN1998-1 the seismic hazard is still described only by the value of the reference peak ground
acceleration on ground type A, (aggr).

For each country, the seismic hazard is described by a zonation map defined by the National
Authorities. For this purpose the national territories should be subdivided into seismic zones,
depending on the local hazard. By definition (in the context of EN1998-1) the hazard within each zone
is assumed to be constant i.e. the reference peak ground acceleration is constant.

The reference peak ground acceleration (agr), for each seismic zone, corresponds to the reference
return period Tycr, chosen by the National Authorities for the seismic action for the no-collapse
requirement (it is recalled that, as indicated above, the recommended value is Tycr = 475 years).

Hazard maps, from which the zonation maps result, are derived from attenuation relationships that
describe (with empirical expressions) the variation of the ground motion with the Magnitude (M) and
Distance (R) from the source.

Just to illustrate such relationship, Fig 1.2.2 presents the attenuation for the peak ground acceleration
proposed by Ambraseys (1996) for intraplate seismicity in Europe.

The attenuation of ag is given by the expression:
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loga, =-148+0,27-M-092/ogR (1.4)

where M is the Magnitude and R is the epicentral distance. The expression is valid for 4 <M < 7,3
and for 3 km <R <200 km.
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Fig. 1.2.2 Attenuation relationship for peak ground acceleration proposed by Ambraseys
(1996)

From the figure, it is clear that the ground acceleration increases with the Magnitude and decreases
sharply with the Distance.

1.2.4.1 Horizontal elastic spectra
The ground motion is described in EN1998-1 by the elastic ground acceleration response spectrum
S., denoted as the “elastic response spectrum”.

The basic shape of the horizontal elastic response spectrum, normalised by ag, is as presented in
Fig.1.2.3 (reproduced from EN 1998-1).

235 I
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Fig. 1.2.3 Basic shape of the elastic response spectrum in EN 1998-1
The horizontal seismic action is described by two orthogonal components, assumed as independent

and being represented by the same response spectrum.

The basic spectral shape is composed by four branches:
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o Very low period branch, from peak ground acceleration to the constant acceleration branch
o Constant acceleration

o Constant velocity

o Constant displacement

These branches are separated by three “corner” periods: Tg, T¢c and Tp which are Nationally
Determined Parameters (NDPs), allowing the adjustment of the spectral shape to the seismo-genetic
specificities of each country.

In this respect it is worth mentioning that EN 1998-1 foresees the possibility of using more than one
spectral shape for the definition of the seismic action.

This is appropriate when the earthquakes affecting a site are generated by widely differing sources
(for instance in terms of Magnitudes and Distances). In such cases the possibility of using more than
one shape for the spectra should be considered to enable the design seismic action to be adequately
represented. Then, different values of a4 shall normally be required for each type of spectrum and
earthquake (i.e. more than one zonation map is required).

Again, just with illustrative purposes of the influence of Magnitude and Epicentral Distance on the
response spectrum shape, Figs. 1.2.4 and 1.2.5 present the spectra derived from the spectral
attenuation expressions proposed by Ambraseys (1996), respectively different Magnitudes and
constant Distance and for different Distance and constant Magnitude.
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Fig. 1.2.4 Effect of Magnitude on spectral shape (for constant Distance) (Ambraseys, 1996)
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Fig. 1.2.5 Effect of Distance on spectral shape (for constant Magnitude) (Ambraseys, 1996)

The effect is generally similar to the one referred for the peak ground acceleration but it is clear that
increasing the Magnitudes has a more marked effect on the longer period spectral ordinates,
provoking the shift of the spectrum to the long period range.

It is worth noting that this is akin to the larger increase (in comparison with acceleration) of the peak
ground velocities (and also peak ground displacements) that is associated with larger Magnitudes.

Accordingly, to enable a wider choice to National Authorities, EN 1998-1 includes, as recommended
spectral shapes, two types of earthquakes: Type 1 and Type 2.

In general Type 1 should be used. However, if the earthquakes that contribute most to the seismic
hazard defined for the site have a surface-wave magnitude, Mg, not greater than 5,5, then Type 2 is
recommended.

The recommended spectral shapes (normalised by ag) for the two types of seismic action (Type 1 and
Type 2) are presented in Fig. 1.2.6.

The shift of the Type 1 spectrum (Larger Magnitudes) towards the longer periods, in comparison with
the Type 2 spectrum (Smaller Magnitudes) is clear.

To further illustrate this aspect, the figure also depicts the normalised spectral shapes derived with the
attenuation relationships proposed by Ambraseys (1996), as presented in Fig. 1.2.4. It is clear that the
spectrum for Magnitude M = 5,5 agrees well with the shape recommended for the Type 2 seismic
action, whereas, the recommended shape for the Type 1 action agrees quite well with the spectral
shape derived for Magnitude M = 7.

The comparison is made for an epicentral distance of R = 30 km but for other distances the
agreement would be similar.
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Fig. 1.2.6 Recommended spectral shapes for Type and Type 2 seismic action in EN 1998-1 and
illustration of the effect of Magnitude on normalised spectral shape (rock ground conditions)

As presented in 1.2.3 above, the underlying ground conditions at a site strongly influence the
earthquake vibration at the surface and correspondingly the peak ground acceleration and the
response spectrum shape.

In EN 1998-1 this is acknowledged by the use of a soil factor S, also a NDP, that multiplies the
design ground acceleration (ag4) derived from the zonation map.

It is worth recalling at this point that a5 = agr . 7| (i.e. ag already incorporates the importance class of
the structure (see 1.2.2.2)) and that agr should be taken from the zonation map that is established for
rock type ground conditions and for the reference return period chosen by the National
Authorities for the No-collapse requirement for ordinary structures.

Furthermore, in EN 1998-1 the ground conditions influence the values of the corner periods Tg, T¢
and Tp and correspondingly the spectral shape.

The recommended spectral shapes for the two types of seismic action (Type 1 and Type 2) are
presented in Figs. 1.2.7 and 1.2.8 illustrating the effect of the different ground types A, B, C, D and E.
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Fig. 1.2.7 Recommended spectral shapes for Type 1 seismic action (Ms 2 5,5) for various
ground types
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Fig. 1.2.8 Recommended spectral shapes for Type 2 seismic action (Mg < 5,5) for various
ground types

The recommended value for the soil factor is S = 1 for Ground Type A (Rock) and range from S =1,2
to 1,4 for the other ground types in case of Type 1 response spectra or from S = 1,35 to 1,8 in case of
Type 2 response spectra.

In this respect it is worth mentioning that in the Portuguese National Annex, non constant values of S
have been adopted. In fact, the value of the S factor decreases as the ground acceleration increases
in the different seismic zones. This accounts for the effect of decreased soil amplifications in case of
very high soil accelerations due to the triggering of nonlinear behaviour associated with larger soil
strains and also higher energy dissipation.

The solution adopted in the Portuguese National Annex for the definition of S is depicted in Fig. 1.2.9
and is based on the values of S,.x which are presented in the Annex for the various ground types.
These values range from 1,35 to 2,0 and are independent of the response spectra type.
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Fig. 1.2.9 Dependence of the soil factor S on the design acceleration in the Portuguese
National Annex of EN 1998-1
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In EN 1998-1 the spectral amplification (from peak ground acceleration to the acceleration at the
constant acceleration branch) is fixed at 2,5 and is consistent with 5% viscous damping. It is
however anticipated that the spectral shape may be adjusted for other damping values with the
correction factor n given by:

n=10/(5+¢&) 2055 (15)

where & is the viscous damping ratio of the structure, expressed as a percentage. The correction
factor is depicted in Fig 1.2.10
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Fig. 1.2.10 Spectral ordinates correction factor n as function of the viscous damping

This correction factor is applied directly to the spectral ordinates (for the reference value of 5%
damping) for T = Tg.

For the first branch of the spectrum, i.e. if 0 < T < Tg, the application of the damping correction factor
n is made in such a way that for T = 0 there is no correction and for T = Tg the correction is applied
fully. This is to ensure that at T = 0, where the spectral ordinate represents the peak ground
acceleration, there is no effect of the damping value.

1.2.4.2 Vertical elastic spectra

The vertical component of the ground motion is described in EN1998-1 by an elastic ground
acceleration response spectrum S, denoted as the “vertical elastic response spectrum”.

The spectrum is anchored to the value of the peak vertical acceleration a,q. For each seismic zone
this vertical acceleration is given by the ratio a,g/ag which is a NDP, to be defined by the National
Authorities.

The basic shape of the spectrum for the vertical component is similar to the one recommended for the
horizontal components, including four branches (limited by the corner periods Tg, T¢ and Tp, specific
of the vertical action). However, in this case, the spectral amplification factor is 3,0 instead of the
value 2,5 adopted for the horizontal spectra.

Similarly to the horizontal components, two spectral shapes are recommended in EN 1998-1 for the
vertical components, one for Type 1 and another for Type 2 earthquakes.

The recommended values for a,g/ag are a,g/ag = 0,9 for seismic action Type 1 (large Magnitude) and
ayglag = 0,45 for seismic action Type 2 (small Magnitude) and the recommended shapes for the two
types of seismic action are presented in Fig. 1.2.11, normalised by the horizontal acceleration ag.
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Fig. 1.2.11 Recommended spectral shapes for the vertical elastic spectra

Furthermore, it should be mentioned that, contrary to what is indicated for the horizontal components,
it is considered that the vertical ground motion is not very much affected by the underlying ground
conditions and so no use of the soil factor S is made.

1.2.4.3 Ground displacement and displacement spectra

As a final remark regarding the definition of the seismic ground motion, it should be mentioned that
EN 1998-1 indicates that the design ground displacement dg, corresponding to the design ground
acceleration ag4, may be estimated by the following expression:

d,=0025-a,-S-7;-T, (1.6)

with ag, S, Tc and Tp as defined above.

Besides the ground displacement, EN 1998-1 includes an Informative Annex presenting the Elastic
Displacement Response Spectrum Spe (T).

It represents the relative displacement (of the structure to the ground) and is intended for structures of
long vibration periods but it also covers the shorter period range.

In fact, up to the constant displacement branch of the spectrum, a direct conversion of the elastic
acceleration spectrum S, (T) into Spe (T) is made with the expression:

Spe(T) =S, (T)[ZT—E} (1.7)

Beyond the constant displacement branch, two additional corner periods, Tg and T, are considered
for the definition of the relative displacement response spectrum.

The corner period Tg corresponds to the end of the constant displacement branch. Then, in between
Te and T, the spectral ordinates decrease and tend to the ground displacement dy. Beyond that it
becomes constant and equal to dq (it may be noticed that at very large periods, corresponding to very
flexible single degree of freedom oscillators, the relative displacement is exactly the ground
displacement, since the mass of the oscillator remains motionless).
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In the annex of EN 1998-1 the recommended values for Tg are Tg = 4,5 s for ground type A,
Te = 5,0 s for ground type B and Tg = 6,0 s for ground types C to E. A common value of T = 10 s is
recommended for all ground types.

The shape of the elastic displacement response spectra for the various ground types and for seismic
action Type 1 is presented in Fig. 1.2.12. The spectra presented are normalised by the ground
displacement for ground type A, allowing to perceive the influence of the ground type on the seismic
ground displacement. In fact, the ground displacement, in relative terms, is represented at the right
hand side of the diagram (beyond T = 10 s) and it is clear that it increases sharply for the softer
ground types.
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Fig. 1.2.12 Recommended displacement spectral shapes for Type 1 seismic action for various
ground types

1.2.4.4 Design spectra for elastic analysis

As indicated before, seismic design according to EN 1998-1 relies on the (stable) energy dissipation
capacity of the structure and in operational terms (in a force-based design approach) such possible
trade-off between resistance and ductility is reflect by the use of behaviour factors for the
establishment of Design Spectra suitable for an elastic analysis.

The ordinates of these Design Spectra are reduced in comparison with the corresponding elastic
spectra (which essentially are intended to represent the actual ground vibration) and such reduction is
made by the behaviour factor (which is a divisor in the definition of the design spectrum).

In the context of EN 1998-1 the behaviour factor q is taken as “an approximation of the ratio of the
seismic forces that the structure would experience if its response was completely elastic with £ = 5%
viscous damping, to the seismic forces that may be used in the design, with a conventional elastic
analysis model, still ensuring a satisfactory response of the structure”.

The values of the behaviour factor g, which also account for the influence of the viscous damping
being different from 5%, are given for various materials and structural systems according to the
relevant ductility classes in the various Parts of EN 1998.

The value of the behaviour factor g may be different in different horizontal directions of the structure
(depending on the structural system in each direction), although the ductility classification shall be the
same in all directions

Hence EN 1998-1, besides the elastic response spectra discussed above, presents the so called
Design Spectra for Elastic Analysis. In most of the period range, the ratio between the elastic
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spectrum and the corresponding design spectrum is simply the value of the behaviour factor q as
indicated above.

However, in the “extreme” period ranges adjustments to this general rule are introduced as follows:

o In the very low period branch (from peak ground acceleration to the constant acceleration
branch, i.e. up to Tg) a non-constant g value is adopted so that at T = 0 the q factor is taken as
g = 1,5 (independently of the Ductility Class) whereas at the corner period Tg q is taken with
the value for the relevant Ductility Class. It should be referred that the adoptionof g=1,5at T
= 0 reflects the assumption taken in EN 1998-1 that the q factor accounts both for the
dissipation capacity as well as for the inherent over strength existing in all structures. This part
of the g factor is assumed to be 1,5.

o In the long period range the design spectrum is limited by a minimum value to safeguard
against the use of very low base shear coefficients. The recommended value for this lower
bound of the design spectra is 0,2 a.

With these adjustments, the typical shape of the design spectra of EN 1998-1 is depicted in Fig.
1.2.13, for different values of the behaviour factor g (shapes for ground type C, normalised by ag).
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Fig. 1.2.13 Design spectra for various behaviour factor values for Type C ground type (with
the recommended values of EN 1998-1)

The ordinate at T = 0 is 0,77 corresponding to the soil factor S = 1,15 (for ground type C) divided by
1,5 corresponding to the over strength (1,15/1,5 = 0,77). On the other hand, at the right hand side of
the diagram, the effect of the cut-off by a minimum spectral value for design is apparent

It is important to stress that the values of the behaviour factor q also account for the influence of the
viscous damping being different from 5%. Hence the damping correction factor ), presented above for
the elastic spectra, should not be applied to the design spectra (otherwise the effect of damping
differing from the 5% reference value would be accounted twice).
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2.1 Description of the building and of actions

In this chapter the modelling and the elastic analysis of the test building is described. First, the
building structure and the actions (both horizontal seismic action and the associated vertical action)
are described. In Section 2.2 the mathematical model, used in analyses, is explained. Sections 2.3
and 2.4 deal with the regularity and with the structural type of the building and the related behaviour
factor. The main analysis method was the modal response spectrum analysis. The main results of the
analysis are summarized in Section 2.5. For comparison, lateral force analysis was also performed.
Some results are shown in the last section. All analyses were performed with the ETABS software
(CSI 2002. ETABS. Integrated Building Design Software, Computers & Structures Inc. Berkeley). In all
cases a spatial mathematical model was used.

2.1.1 DESCRIPTION OF THE BUILDING

The investigated building is a multi-storey reinforced concrete structure. The elevation of the building
and two floor plans (typical and basement level) are shown in Figs. 2.1.1 and 2.1.2. The building has
6 storeys above ground level (level 0) and two basement storeys. The total height of the building
above the basement is 19 m. The height of the first storey (between levels 0 and 1) amounts to 4 m,
whereas the heights of other storeys are equal to 3.0 m. In the basement, there are peripheral walls.
The dimensions of the basement floors are 30m x 21 m, whereas the area of other floors (above the
level 0) is smaller. It amounts to 30m x 14 m.

The structural system consists of walls and frames. The cross sections of the construction elements
(beams, columns and walls) are plotted in Fig. 2.1.1. The slab is 0.18 m thick. Footings with tie beams
represent the foundation.

Concrete C25/30 is used. The corresponding modulus of elasticity amounts to E.,, = 31GPa (EN
1992/Table 3.1). Poisson’s ratio was taken equal to v = 0 (cracked concrete) according to EN
1992/3.1.3. Steel S500 Class C is used. The structure will be designed for ductility class DCM.
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Figure 2.1.1 Floor plan of the building: (a) basement levels and (b) levels above 0. The X- and
Y-axes as well as the origin of the global coordinate system and the centre of mass (CM) are
marked
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Figure 2.1.2 Schematic cross-section of the building

2.1.2 ACTIONS

2.1.2.1 Seismic actions

The seismic action is represented by the elastic response spectrum, Type 1 (Mg > 5.5, EN 1998-
1/3.2.2.2(2)P) for soil B (EN 1998-1/Table 3.1). The reference peak ground acceleration amounts to
agr = 0.25g. The values of the periods (Tg, Tc, Tp) and of the soil factor (S), which describe the shape
of the elastic response spectrum, amount to Tg = 0.15s, Tc =0.5s, Tp=2.0sand S = 1.2 (EN 1998-
1/Table 3.2). The building is classified as importance class Il (EN 1998-1/Table 4.3) and the
corresponding importance factor amounts to » = 1.0 (EN 1998-1/4.2.5(5)P). Therefore the peak
ground acceleration is equal to the reference peak ground acceleration a4 = y*agg = 0.25g. Using the
equation in EN 1998-1/3.2.2.2 the elastic response spectrum was defined for 5% damping.

For the design of the building the design response spectrum is used (i.e. elastic response spectrum
reduced by the behaviour factor q). Determination of the behaviour factor q, which depends on the
type of the structural system, regularity in elevation and plan, and ductility class, is described in
Section 2.4. It amounts to 3.0. The design spectrum for elastic analysis was defined using
expressions in EN 1998-1/3.2.2.5(4)P. The elastic response spectrum and the design response
spectrum (q = 3.0) are plotted in Figure 2.1.3.
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Figure 2.1.3 Elastic and design response spectrum

2.1.2.2 Vertical actions

In a seismic design situation the vertical actions (permanent loads “G” and variable-live loads “Q”)
have to be taken into account (see section 2.5.8). The permanent loads “G” are represented by the
self weight of the structure and additional permanent load. For later load the uniformly distributed
load equal to 2 kN/m? is assumed. In the case of investigated building (which represents an office
building — category B (EN 1991/Table 6.1)), the variable-live load in terms of uniformly distributed load
amounts to 2kN/m? (EN 1991/Table 6.2). The variable-live loads are, in a seismic design situation,
reduced with a factor of ¥, = 0.3 (EN 1990/Table A.1.1).

Based on the unit weight of the concrete (y = 25 kN/m®) and on the geometry of the structure, the self
weight of the beams and plates in terms of uniform surface loads was defined. It amounts to 5.23
kN/m? for all levels. Adding the additional permanent load (2 kN/mz), the total vertical action of the
permanent loads “G” amounts to 5.23 + 2 = 7.23 kN/m?. The self weight of the vertical elements
(columns and walls) was automatically generated in program ETABS.

The uniform surface loads (corresponding to permanent loads “G” and to variable-live loads “Q”) were
distributed to the elements with regard to their influence areas. The uniform surface loads were
converted to uniform line loads for beams and to concentrated loads for walls (interior walls W3, W4,
N1, part of walls modelled as columns WB1, WB2, WCOR). The uniform line load was calculated as a
product of the influence area of the beams and the uniform surface load, divided by the length of the
beam. The concentrated load represents the product of the influence area and the uniform surface
load.

2.1.2.3 Floor masses and mass moments of inertia

The floor masses and mass moments of inertia are determined according to EN 1998-1/3.4.2.
Complete masses resulting from the permanent load (self weight of the structure + 2 kN/mZ) are
considered, whereas the masses from the variable-live load are reduced using the factor %% = ¢- ..
Factor ¥; amounts to 0.3 in the case of an office building (EN 1990/Table A.1.1). Factor ¢ is equal to
1.0 for the roof storey and 0.5 for other storeys (EN 1998-1/4.2.4). The mass moment of inertia (MMI)
was calculated as

2
MMI =m- | 21)

where m is storey mass and | is the radius of the gyration of the floor mass determined by equation
(2.1). It amounts to Is = 9.56 m for storeys above level 0. The floor masses and mass moments of
inertia are shown in Table 2.1.1. In the analysis, only masses above the top of the basement (above
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the level 0) are taken into account. The total mass of the building (above the level 0) is equal to 2362
ton. The masses in basement do not influence the results due to extremely small deformations of
walls. Therefore these masses were neglected in order to facilitate the understanding of some results
(e.g. effective masses, base-shear ratio).

Table 2.1.1 Floor masses and mass moments of inertia

Level Storey mass Moment of i2nertia
(ton) (ton*m?)

ROOF 372 33951

5 396 36128

4 396 36128

3 396 36128

2 396 36128

1 408 37244

= 2362

2.2 Structural model

2.21 GENERAL

The program ETABS was used for analysis. A three-dimensional (spatial) structural model is used.
The major and auxiliary axes in plan are shown in Figure 2.1.1. The origin of the global coordinate
system is located in the centre of the upper storeys (above the level 0). Denotations for the major axis
and for the storey levels are shown in Figs. 2.1.1 and 2.1.2. The structural model fulfils all
requirements of EN 1998-1/4.3.1-2. The basic characteristics of the model are as follows:

o All elements, including walls, are modelled as line elements. The peripheral walls are
modelled with line elements and a rigid beam at the top of each element as described in
section 2.2.1.2.

o Effective widths of beams are calculated according to EN 1992. Two different widths for
interior beams and another two for exterior beams are used. More data are provided in section
2.2.1.1.

o Rigid offset for the interconnecting beams and columns elements are not taken into account.
Infinitely stiff elements are used only in relation to walls (walls W1 and W2 in axes 1 and 6,
see Figure 2.1.1).

o All elements are fully fixed in foundation (at Level -2).

o Frames and walls are connected together by means of rigid diaphragms (in horizontal plane)
at each floor level. (EN 1998-1/4.3.1(3)) The slabs are not modelled.

o Masses and moments of inertia of each floor are lumped at centres of masses (EN 1998-
1/4.3.1(4)). They were calculated from the vertical loads corresponding to the seismic design
situation (EN 1998-1/4.3.1(10), see section 2.1.2.3). Only masses above the top of the
peripheral walls (above the level 0) are taken into account.

o The cracked elements are considered (EN 1998-1/4.3.1(6)). The elastic flexural and shear
stiffness properties are taken to be equal to one-half of the corresponding stiffness of the
uncracked elements (EN 1998-1/4.3.1(7)), i.e. the moment of inertia and shear area of the
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uncracked section were multiplied by factor 0.5. Also the torsional stiffness of the elements
has been reduced. Torsional stiffness of the cracked section was set equal to 10% of the
torsional stiffness of the uncracked section.

o Infills are not considered in the model.

o The accidental torsional effects are taken into account by means of torsional moments about
the vertical axis according to EN 1998/4.3.3.3.3 (see section 2.5.3)

Figure 2.2.1 Structural model

2.2.1.1 Effective widths of beams

The effective widths of beams b were calculated according to EN 1992/5.3.2.1. Determined were
two different widths for interior beams (BINT1 and BINT2, Fig 2.2.2) and two widths for exterior beams
(BEXT1 and BEXT2 Fig. 2.2.2). A constant width was adopted over the whole span. In such a case
the value of the by applicable for the span should used (EN 1992/5.3.2.1(4)). The corresponding |,
(distance between points of zero moment) amounts to 70% of the element length (EN 1992, Figure
5.2). The values of the effective widths bey are shown in Fig. 2.2.2. They are rounded to 5 cm.
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Figure 2.2.2 Effective widths of the beams

2.2.1.2 Modelling the peripheral walls

The peripheral walls are modelled with line elements and a rigid beam at the top of each element.

The rigid beams (denotation RB in ETABS) are modelled as rectangular cross section 0.5/0.5 m. A
large value for the beam stiffness was obtained by multiplying all characteristics (area, shear area,
moment of inertia, torsional constant) with a factor of 100. Eight fictitious columns in X direction
(denotation WB1), four columns in Y direction (WB2) and four corner columns (WBCOR, see Figure
2.2.3) are used for the modelling of peripheral walls. For each column, the area, the moment of inertia
about the strong axis and the shear area in the direction of the strong axis are calculated as a part of
the respective characteristic of the whole peripheral wall in the selected direction (WB1* in X direction,
WB2* in Y direction). The cross sections of the walls are 30*0.3 m and 21*0.3 m in the case of WB1*
and WB2*, respectively. The moment about the weak axis and the shear area in the direction of weak
axes are determined using the effective width of the fictitious column. We arbitrarily assumed that the
effective width for columns WB1 and WB2 amounts to 4 m, which is the same value as the width of
the walls W1-W4 in the storeys above basement. The torsional stiffness of the columns is neglected.
In the case of the column WB1, the area, shear area and moment of inertia about strong axes
represent 1/5 of the values corresponding to the whole wall WB1*, whereas in the case of the column
WB2, they amount to 1/3 of the values of the wall WB2*. For the corner columns (WBCOR), the area
represents the sum of the proportional values of both walls (WB1* and WB2*), the shear area (A;22)
and the moment of inertia about the axis 3 originates from the wall WB1*, whereas the shear area
(As33) and the moment about the axis 2 originate from the wall WB2*. Local axes (2 and 3) of all
columns are oriented in such a way, that the axis 2 coincides with the global axis X and the axis 3
with the global axis Y.
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Figure 2.2.3 Modelling the peripheral walls

2.3 Structural regularity

Regularity of the structure (in elevation and in plan) influences the required structural model (planar or
spatial), the required method of analysis and the value of the behaviour factor q (EN 1998-1/4.2.3.1).

As shown in this section, the test structure can be categorized as being regular in elevation and in
plan. A lot of work has to be done to check the criteria for regularity in plan (see section 2.3.1) and, in
practice, a designer may wish to avoid this work by assuming that the structure is irregular in plan.
(Inregularity in plan may influence the magnitude of the seismic action (via the overstrength factor
ay/aq). In the case of the investigated building the overstrength factor does no apply and there is no
difference between seismic actions for a plan-regular and plan-irregular building. The test structure is
regular also in elevation, if we do not consider the irregularity due to basement. For a structure regular
in plan and in elevation, the most simple approach can be applied, i.e.a planar model can be used
and a lateral force method can be performed. Moreover, the reference value of the basic behaviour
factor qo can be used (see EN 1998-1/Table 4.1). Nevertheless, in this report, the standard (i.e.
spatial) model and the standard (i.e. modal response spectrum) analysis will be used.

2.3.1 CRITERIAFOR REGULARITY IN PLAN

In general, the regularity in plan can be checked when the structural model is defined. The criteria for
regularity in plan are described in EN 1998-1 (4.2.3.2)

o the slenderness of the building shall be not higher than 4 (4 = Liax/Limin),

o the structural eccentricity shall be smaller than 30% of the torsional radius (egx < 0.30ry, gy <
0.30ry) and

o the torsional radius shall be larger than the radius of the gyration of the floor mass in plan
(rxAs, ryls).
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The slenderness of the test building is smaller than 4.0. It amounts to 4 = 1.43 (30m/21m) in the case
of the two basement levels and 4 = 2.14 (30m/14m) for storey above level 0. Other two conditions (the
structural eccentricity is smaller than 30% of the torsional radius and the torsional radius is larger than
the radius of the gyration of the floor mass) are also fulfilled at each storey level in both horizontal
directions (see Table 2.3.1). Determination of the structural eccentricity, the torsional radius and the
radius of the gyration are described in sections 2.3.1.1, 2.3.1.2 and 2.3.1.3.

Building is categorized as being regular in plan in both directions.

Table 2.3.1 Criteria for regularity in plan according to EN 1998 (All quantities are in (m))

Direction X Direction Y

Level leox] < 03rx 1 > ls leoyl < 031y v > g

ROOF 0.00 3.81 12.71 9.56 0.93 4.96 16.54 9.56
LEVEL 5 0.00 3.80 12.66 9.56 1.06 5.10 16.99 9.56
LEVEL 4 0.00 3.78 12.59 9.56 1.25 5.27 17.56  9.56
LEVEL 3 0.00 3.77 1257 9.56 1.49 5.52 18.38 9.56
LEVEL 2 0.00 3.81 12.69 9.56 1.77 5.90 19.65 9.56
LEVEL 1 0.00 3.96 13.21 9.56 2.09 6.43 2144 956
LEVEL O 0.00 576  19.21 10.57 0.00 4.75 15.82 10.57
LEVEL-1 0.00 554 1848 10.57 0.00 4.77 1591 10.57

2.3.1.1 Determination of the structural eccentricity (eqx and egy)

The structural eccentricity in each of the two orthogonal directions (eox and eqy) represents the
distance between the centre of stiffness (Xcr, Ycr) and the centre of mass (Xcm, Yewm). In general, it
has to be calculated for each level. Centre of mass coincides with the origin of the global coordinate
system at levels above 0. EN 1998 does not provide a procedure for determination of the centre of
stiffness. One option for the determination of the structural eccentricity of level i is the use of
equations

R, (Fy =1 R, (R =
Cox.i :M and ey ; =———— (2.2)

where R,; (Fv; = 1) is the rotation of the storey i about vertical axes due to static load Fy; = 1inY
direction, R,; (Fx,; = 1) is the rotation due to load Fx; = 1 in X direction, and R,; (M = 1) is the rotation
due to torsional moment about the vertical axis. The forces Fy; and Fy; and the moment M are applied
in the centre of mass in storey i. This can be done because rigid floors are assumed. The spatial
structural model is needed for the determination of the structural eccentricity using this option.

In the case of the investigated building 24 (3*8 storeys) static load cases were defined. The results
are shown in Table 2.3.2. Values Fy; = Fy; = 10°kN and M = 10° kNm were used as unit loads. The
obtained coordinates of the centre of stiffness are measured from the centre of mass. The values in
the global coordinated system are determined as Xcr; = Xcmi + €ox.i» Ycri = Yemi + €ov,)- In general,
eoxi and egy,; may have positive or negative sign, but for the control of the plan regularity the absolute
values are used.
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Table 2.3.2 Coordinates of the centre of mass (Xcu, Yewm), the rotation Rz due to Fy = 10°kN, Fx =
10% kN and M = 10° kNm, structural eccentricities (eox and eqy) and the coordinates of the centre
of stifness (Xcgr, Ycr)

Level  Xcm Yewm Rz(Fx) Rz(Fv) Rz(M) €ox €oy Xcr Ycr
(m) (m) (rad) (rad) (rad) (m) (m) (m) (m)
ROOF 0.00 0.00 -0.0761 0.0000 0.0818 0.00 -0.93 0.00 -0.93
LEVELS5 0.00 0.00 -0.0570 0.0000 0.0537 0.00 -1.06 0.00 -1.06
LEVEL4 0.00 0.00 -0.0418 0.0000 0.0333 0.00 -1.25 0.00 -1.25
LEVEL 3 0.00 0.00 -0.0277 0.0000 0.0186 0.00 -1.49 0.00 -1.49
LEVEL2 0.00 0.00 -0.0151 0.0000 0.0086 0.00 -1.77 0.00 -1.77
LEVEL1 0.00 0.00 -00059 0.0000 0.0028 000 ....... -2.09 0.00 -209 .....

LEVELO 0.00 -3.50 0.0000 0.0000  0.0002 0.00 0.00 0.00 -3.50
LEVEL-1 0.00 -3.50 0.0000 0.0000  0.0001 0.00 0.00 0.00 -3.50

2.3.1.2 Determination of the torsional radius (rx and ry)

The torsional radius ry (ry) is defined as the square root of the ratio of the torsional stiffness (Ky) to
the lateral stiffness in one direction Kgy (Kgx)

M.,

My = L and 1, = < d (2.3)
FY,i FX,i

The procedure for the determination of the torsional and lateral stiffness is similar to that for the
determination of structural eccentricity (section 2.3.1.3). Three static load cases are defined for each
storey level, and loads are represented by Frx, Frx and My, respectively The forces and moment are
applied in the centre of stiffness (in the case of the determination of the structural eccentricity, forces
and moment were applied in centre of mass). The torsional and lateral stiffness for both directions are
calculated as follows

1 1 L

TX,i TY.i

(2.4)

where R, (M1, = 1) is the rotation of the storey i about the vertical axis due to unit moment, Uy; (Fx;
= 1) is the displacement at storey level i in direction X due to unit force Frx and Uy, (Fry; = 1) is the
displacement in direction Y due to unit force Fry.

The test structure has eight storeys therefore 24 static load cases were defined. Values Fry; = Fry; =
10°KkN and My, = 10° kNm were used as unit loads. The results are shown in Table 2.3.3.
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Table 2.3.3 The displacements (Uy, Uy) and rotation (Rz) due to Fyx = 10°kN, Frv = 10° kN and M+
= 10° kNm, the torsional (Kw) and lateral stiffness in both directions (Kgx, Kgy), and torsional
radius (ry, ry)

Level  Ux(Frx) Uy(Fry) Rz(My) Kex Key Kwur % ry

(m) (m) (rad) (kN/m)  (kN/m) (kNm/rad) (m) (m)
ROOF 22.37 13.22 0.0818 4.47E+04 7.57E+04 1.22E+07 12.71 16.54
LEVELS5 15.51 8.61 0.0537 6.45E+04 1.16E+05 1.86E+07 12.66 16.99
LEVEL4 10.26 5.28 0.0333  9.74E+04 1.89E+05 3.00E+07 12.59 17.56

LEVEL3 6.27 2.93 0.0186  1.59E+05 3.41E+05 5.39E+07 12.57 18.38
LEVEL2 3.30 1.38 0.0086  3.03E+05 7.26E+05 1.17E+08 12.69 19.65
LEVEL 1 1.29 0.49 0.0028  7.75E+05 2.04E+06 3.56E+08  13.21 21.44

LEVELO 0.05 0.07 0.0002 2.22E+07 1.51E+07 5.56E+09  19.21 15.82
LEVEL-1  0.02 0.03 0.0001  4.78E+07 3.55E+07 1.21E+10  18.48 15.91

2.3.1.3 Determination of the radius of gyration of the floor mass in plan (ls)

For checking the criteria for regularity in plan, the radius of the gyration of the floor mass (l;) is also
needed. It is defined as the square root of the ratio of the polar moment of inertia of the floor mass in
plan to the floor mass. In the case of the rectangular floor area with dimensions | and b and with
uniformly distributed mass over the floor, I is equal to

B (|2+b2)
l, = i (2.5)

In our case, Is amounts to 10.57 m for two basement levels and I = 9.56 m for storeys above level 0.

2.3.2 CRITERIA FOR REGULARITY IN ELEVATION

The test structure evidently fulfils all requirements for regularity in elevation stated in EN 1998-
1/4.2.3.3 provided that only the upper part of the structure (above basement) is considered. Such a
decision was made after the consultation with other authors of this publication and is supported by the
fact that the global seismic actions at the basement levels are negligible. However, we believe that a
different view is also legitimate. Considering the internal forces at the basement level (see section
2.6.4), one may treat that the structure conservatively as irregular.

2.4 Structural type of the building and behaviour factor

Structural type is the property of the building, but in general (especially in the case when the structure
consists of walls and frames), it could not be defined without appropriate analyses. So, the
mathematical (structural) model is needed for the determination of the structural type of the building.

According to EN 1998-1/5.1.2 the investigated building represents an uncoupled wall system in both
horizontal directions. The structural system is considered as a wall system, when 65% (or more) of
the shear resistance at the building base is taken by walls. However, the application of the shear
resistance is not possible before the final design is made. EN 1998 allows that shear resistance may
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be substituted by shear forces. In the case of the investigated building, base shear force (above the
basement), taken by walls, amounts to about 72% base shear force of the whole structural system in
direction X and 92% in direction Y.

Note that this classification was made after lively discussion between the authors of this publication.
Intuitively, the investigated structural system is a wall-equivalent dual system. In the next version of
EN 1998-1, more precise definitions of the structural type will be needed.

The behaviour factor q for each horizontal direction is calculated by equation (EN 1998-1/5.1)
q=0q- kw (2.6)

where qq is the basic value of the behaviour factor and k,, is the factor associated with the prevailing
failure mode in structural system with walls.

The test structure is classified as an uncoupled wall system in each of the two horizontal directions
and will be designed as a DCM (Ductility Class Medium) structure. The corresponding g, amounts to
3.0 (EN 1998-1/Table 5.1). Factor g, depends also on the irregularity in elevation (EN 1998-
1/5.2.2.2(3)). Because the structure is considered as regular in elevation, the value of gy remains
unchanged. If the structure was classified as irregular in elevation, factor g, would be reduced for
20%. Factor k, is equal to 1.0 (EN 1998-1, 5.2.2.2(11)) therefore the behaviour factor in both direction
is equal to the basic value of the behaviour factor g = qo = 3.0.

2.5 Modal response spectrum analysis

2.5.1 GENERAL

o0 Modal response spectrum analysis (abbreviation as RSA) was performed independently for
the ground excitation in two horizontal directions.

o Design spectrum (Figure 2.1.3) was used in both horizontal directions.
o The CQC rule for the combination of different modes was used (EN 1998-1/4.3.3.3.2(3)).

o The results of the modal analysis in both horizontal directions were combined by the SRSS
rule (EN 1998-1/4.3.3.5.1(2a)).

o The accidental torsional effects are taken into account by means of torsional moments about
the vertical axis according to EN 1998-1/4.3.3.3.3 (see section 2.5.3).

o The load combination of gravity and seismic loads was considered according to EN
1990/6.4.3.4 (see section 2.5.6)

2.5.2 PERIODS, EFFECTIVE MASSES AND MODAL SHAPES

The basic modal properties of the building are summarized in Table 2.5.1. The three fundamental
periods of vibration of the building (considering the cracked elements sections) amount to 0.92, 0.68
and 0.51 s. The effective masses indicate that the first mode is predominantly translational in the X
direction, the second mode is translational in the Y direction and the third mode is predominantly
torsional. All three fundamental modes are shown in Figure 2.5.1.

In the modal response spectrum analysis all 18 modes of vibration were taken into account (the sum
of the effective modal masses amounts to 100% of the total mass of the structure). Note that the first
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six modes would be sufficient to satisfy the requirements in EN 1998-1/4.3.3.3(3) (the sum of the
effective modal masses amounts to at least 90% of the total mass).

Table 2.5.1 The elastic periods (T), the effective masses and the effective mass moments (M)

T Metr,ux Mett,uy Mett,mz
Mode 9 ) o)
1 0.92 80.2 0.0 0.2
2 0.68 0.0 76.3 0.0
3 0.51 0.2 0.0 75.2
4 0.22 15.0 0.0 0.2
5 0.15 0.0 18.5 0.0
6 0.12 0.2 0.0 17.6
2 Mgt = 95.7 94.7 93.1
1. mode 2. mode
(predominantly translational (translational in direction Y)
in direction X)
g .
s . P
cM
Ll
T.=092s T7,=0.68s
Y 3. mode

I (predominantly torsional)
X

Figure 2.5.1 Three fundamental modes of vibration

2.5.3 ACCIDENTAL TORSIONAL EFFECTS

The torsional effects were considered by means of the torsional moments (My and My;) about the
vertical axis according to EN 1998-1/4.3.3.3.3. They are determined as a product of the horizontal
forces in each horizontal direction (Fx; and Fy;) and the corresponding accidental eccentricity (ex; and
evi). The horizontal forces are obtained by the Lateral force method of analysis (see section 2.6.3).
Accidental eccentricities are equal to 5% of the floor-dimensions (Ly; and Ly;, see Figure 2.1.1).
Torsional moments as well as horizontal forces and accidental eccentricity are shown in Table 2.5.2.
Only torsional moments above level 0 were considered in the analysis.
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Table 2.5.2 Torsional moments

Level Lxi Lvi €xi €yvi Fxi Fvi Myi = Fxi-€vi Myi = Fyi€x
(m) (m) (m) (m) (kN) (kN) (kNm) (kNm)
ROOF 30 14 1.5 0.7 703 951 492 1426
5 30 14 1.5 0.7 630 852 441 1278
4 30 14 1.5 0.7 512 692 358 1039
3 30 14 1.5 0.7 394 533 276 799
2 30 14 1.5 0.7 276 373 193 559
1 30 14 1.5 0.7 162 220 114 329

The procedure for the combination of the torsional moments, representing the accidental eccentricity,
and results obtained by modal response spectrum analysis (RSA) without considering accidental
eccentricity, is not clearly defined in EN 1998. In this paper, two options of combination are shown.

In the first option, the envelope of the effects resulting from the four sets of the torsional moments
(+My;, -My;, +My; -My;) is added to the combined (SRSS) results of the seismic actions in two
orthogonal directions obtained by RSA. The torsional moments due to horizontal loading in direction Y
(My;) are larger than those in X direction (My;). Therefore, the final torsional effects are determined as
the envelope of the torsional moments My; with positive and negative signs of loading.

In the second option, first, the effects resulting from the torsional moments due to seismic excitation in
a single direction with positive and negative sign of loading are combined with the results of RSA for
the same horizontal component of the seismic action. Then, the results for both directions with
included torsional effects are combined by SRSS rule.

Direction X Direction Y
1.25

1.2
s Add. torsional effects
S 1.15 Option 1
§ ------- Option 2
B ———- Without
N
©
£
o
P

A B N1 c 1 2 3 CM 4 5 6
Locations in plan Locations in plan

Figure 2.5.2 Torsional effects in terms of normalized roof displacements for both directions

Both options are compared in terms of the normalized roof displacements (Figure 2.5.2). The
normalized roof displacement is the roof displacement at an arbitrary location divided by the roof
displacements in the centre of mass (CM). It can be seen that both options yield practically the same
results in Y direction, whereas in X direction the option 1 is more conservative. In the following text
and results, the first options will be used.
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2.54 SHEAR FORCES

Shear force at the base of the structure obtained by modal response spectrum analysis for X
direction amounts to Fyx = 2693 kN .The corresponding base shear ratio (base shear force versus
total weight of the structure above level 0) is equal to 2693 / (2363*9.81) = 12%. For Y direction, the
base shear force and base shear ratio are larger, they amount to F,y = 3452 kN and 15%,

respectively.

Storey shear forces along the elevation for both directions are shown in Fig. 2.5.3. It can be seen that
the storey shear forces in two basement levels are equal to those in level 1, because the masses in
basement were neglected in the analysis (see section 2.1.2.3).

Storey shear forces (kN) Storey shear forces (kN)
Direction X Direction Y
Roof Roof
848 1094
L5 L5
1440 1882
L4 L4
1849 2444
L3 L3 2882
> 2183 >
e L2 )
n 2473 &4 3223
L1 L1
2693 3452
LO LO
2693 3452
L-1 L-1
2693 3452
L-2 L-2

Figure 2.5.3 Storey shear forces along the elevation for two horizontal directions obtained by
the modal response spectrum analysis

A quick check of the calculated base shear can be made by comparing it with the upper bound value
for the base shear, which can be determined by multiplying the total mass with the design spectral
acceleration at the fundamental period in the relevant direction. Considering M = 2362 ton and Sy (T =
0.92 s) = 0.14g in direction X and Sy (T = 0.68 s) = 0.18g in direction Y, the upper bound values for
base shear, shown in Table 2.5.3 are obtained. The lower bound values presented in Table 2.5.3 can
be obtained in a similar way, but considering the effective mass for the relevant fundamental mode
(80.2% and 76.3% of the total mass above the basement in direction X and Y, respectively) instead of

the total mass.

Table 2.5.3 Base shear forces

Base shear Lower bound Upper bound Calculated value
Direction X 2602 kN 3244 kN 2693 kN
Direction Y 3182 kN 4171 3452

255 DISPLACEMENTS

According to EN 1998-1 (Equation 4.23) the actual displacements of a point of the structural system
(ds) shall be calculated as a product of the behaviour factor q and the displacement of the same point
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(de) obtained by modal response spectrum analysis based on design response spectrum (with
included torsional effects). In our case, factor g amounts to 3.0 (see section 2.4). The displacements
in the centres of masses (CM) are presented in Table 2.5.4. Both displacements, d. and ds, are
shown. The ratio of the actual top displacement in the centre of mass and the total height of the
building above the basement amounts to 0.118m/19m = 0.6% and 0.089/19m = 0.5% for X and Y
directions, respectively.

Table 2.5.4 Displacements in centres of masses along the elevation (d. and ds) in both

directions
de (M) ds =de*q (M)
Level Direction X Direction Y Direction X Direction Y
ROOF 0.039 0.030 0.118 0.089
5 0.033 0.024 0.100 0.073
4 0.027 0.019 0.080 0.056
3 0.020 0.013 0.060 0.040
2 0.013 0.008 0.039 0.024
1 0.007 0.004 0.020 0.011
0 0.000 0.000 0.001 0.001
-1 0.000 0.000 0.000 0.000
Direction X Direction Y
Roof r Roof 4

L5 L5

L4 L4

L3 L3

“-—>; L2 L2

k]

@ L1

LO LO

L-1 L-1

L-2
0 0.030.060.090.120.15 0 0.030.060.090.120.15

Displacements (m) Displacements (m)

Figure 2.5.4 Actual displacements in centres of masses (ds) in both directions

2.5.6 DAMAGE LIMITATIONS

The damage limitation requirement should be verified in terms of the interstorey drift (d,) (EN 1998-
1/4.4.3.2) using equation
d «a
d -v<a-h = —L<— (2.7)
h v
Storey drift d, is evaluated as the difference of the average lateral displacements ds in CM at the top

and bottom of the storey (EN 1998-1/4.4.2.2(2)). In EN 1998, it is not defined how the “average” value
should be calculated. It seems reasonable to consider the values in CM (see Table 2.5.4) as the
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“average” values. Note storey drifts have to be determined for each vibration mode and combined
according to a combination rule, e.g. CQC. h is the storey height. vis the reduction factor which takes
into account the lower return period of the seismic action associated with the damage limitation
requirement. It depends on the importance class of the building. Test building is classified as
importance class Il (EN 1998-1/Table 4.3) and the corresponding reduction factor v amounts to 0.5
(EN 1998-1/4.4.3.2(2)). « is factor which takes into account the type of the non-structural elements
and their arrangements into the structure. It amounts to 0.005, 0.0075 and 0.01 (EN 1998-1,
equations 4.31, 4.32 and 4.33)

All parameters necessary for the verification of the damage limitation are listed in Table 2.5.6 for both
orthogonal directions. It can be seen that the most severe drift limit (e« = 0.005, for building having
non-structural elements of brittle materials attached to the structure) is not exceeded in any storey
(see also Figure 2.5.5).

Table 2.5.5 Storey drifts control for both directions

d, (m) in CM h v*d,/h o
Level ) . v . .
Dir. X Dir. Y (m) Dir. X Dir. Y (a) (b) (c)
ROOF 0.019 0.016 3 0.5 0.0031 0.0027
5 0.021 0.017 3 0.5 0.0034 0.0028
4 0.022 0.017 3 0.5 0.0036 0.0028
0.005 0.0075 0.01
3 0.022 0.016 3 0.5 0.0036 0.0026
2 0.020 0.013 3 0.5 0.0033 0.0022
1 0.020 0.010 4 0.5 0.0025 0.0013
Direction X Direction Y
Roof Roof
L5 0.62 L5054
Lg 069 L4 | 056
13|02 | 3056
>'1 o o
g L2 0.72 . % L2 0.52 . %
R 0.67 T S 11043 o 2
I =T Y J LI P=R S
Lopsal |5 g 2. LopH0%. . |8 g L.
L1 % o L-1 [003 OO
0.01 ERE ERE 3 |3 |3
L-2 ) 3 3 3 L-2 0.01 3 3 3
0 05 1 15 2 25 0 05 1 15 2 25
d./ h (%) d.lh (%)

Figure 2.5.5 Storey drifts control for both directions

2.5.7 CRITERION OF THE SECOND ORDER EFFECTS

The criterion for taking into account the second order effect is based on the interstorey drift sensitivity
coefficient 6, which is defined with equation (EN 1998-1/4.4.2.2(2))

0 — Ptot
Vtot

.d,
-h
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where d, is the interstorey drift (see Table 2.5.5), h is the storey height, V, is the total seismic storey
shear obtained by modal response spectrum analysis (Figure 2.5.3) and Py is the total gravity load at
and above the storey considered in the seismic design situation (G + 0.3Q, see section 2.5.6). The
sensitivity coefficients along the elevation for both directions are determined in Table 2.5.6.

In the case of the investigated building, the second order effects need not be taken into account,
because the interstorey drift sensitivity coefficient ¢is smaller than 0.1 in all storeys in both directions
(see Figure 2.5.6).

Table 2.5.6 Determination the interstorey drift sensitivity coefficient 8

Level  Pok) h(m e A minen A
Dir. X Dir. Y Dir. X Dir. Y Dir. X Dir. Y
ROOF 3650 3 848 1094 0.019 0.016 0.03 0.02
5 7659 3 1440 1882 0.021 0.017 0.04 0.02
4 11669 3 1849 2444 0.022 0.017 0.05 0.03
3 15678 3 2183 2882 0.022 0.016 0.05 0.03
2 19688 3 2473 3223 0.020 0.013 0.05 0.03
1 23817 4 2693 3452 0.020 0.010 0.04 0.02
Direction X Direction Y
Roof Roof
L5 L5
L4 L4
L3 L3
)
5 L2 L2
21 L1}
LO [t o -~ LO J -----
L-1 i L-1 S
L_ZO 0.03 0.06 0.09 0.12 L_ZO 0.03 0.06 0.09 0.12
Sensivity coefficient 0 Sensivity coefficient 6

Figure 2.5.6 Sensitivity coefficient @ for both directions

2.5.8 SEISMIC DESIGN SITUATION

For the determination of the design value of the action effects (e.g. internal forces) the load
combination of gravity and seismic loads has to be taken into account due to the seismic design
situation (EN 1990/6.4.3.4)

1.0-G + p, -Q + E, (¢M,) (2.9)

where G represents permanent gravity loads (self weight and additional dead loads), Q is live load

(variable, imposed load), which is reduced with factor ¥; = 0.3 (EN 1990/Table A.1.1, office building),
and Exy is the combined seismic action for both directions obtained by modal response spectrum
analysis with included torsional effects ( £ M,, see section 2.5.3).
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2.5.9 INTERNAL FORCES

The shear forces and bending moments obtained by the modal response spectrum analysis (RSA)
are presented in the following figures. The results are shown for selected frames and walls.

Note that the signs in results obtained by RSA have been lost due to the combinations. The correct
signs can be seen in the results of static analysis (Section 2.6.4).
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Figure 2.5.7 Shear forces (a) and bending moments (b) for internal frame B (see Figs. 2.1.1 and
2.1.2) in X direction obtained by modal response spectrum analysis.
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Figure 2.5.8 Shear forces (a) and bending moments (b) for wall N1 (see Figs. 2.1.1 and 2.1.2) in
X direction obtained by modal response spectrum analysis.
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Figure 2.5.9 Shear forces (a) and bending moments (b) for wall W3 (see Figs. 2.1.1 and 2.1.2) in
Y direction obtained by modal response spectrum analysis.
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2.6 Lateral force method of analysis

2.6.1 GENERAL

In the case of the investigated structure, the lateral force method is allowed, because both
requirements in EN 1998-1/4.3.3.2.1 are satisfied. The structure is categorized as being regular in
elevation (Section 2.3) and the fundamental mode periods in both directions (Tx = 0.92 s and Ty =
0.68 s) are smaller than the minimum of the 2 s and 4T,, where T, amounts to 0.5 s (see section
2.5.2). Nevertheless, the test structure presented in this report was analysed by modal response
spectrum analysis (Section 2.5), which is the reference method in Eurocode 8 and is considered as
more accurate than the lateral force method. In addition, for comparison and for obtaining information
about the signs of internal forces (which are lost in the case of the modal response spectrum
analysis), the lateral force method has also been applied. The same (spatial) structural model was
used as in the case of the modal response spectrum analysis presented in section 2.5.

2.6.2 THE FUNDAMENTAL PERIOD OF VIBRATION T; USING RAYLEIGH
METHOD

The fundamental mode period T, for each horizontal directions can be calculated according to the
Rayleigh method by equation

(2.10)

where n = 6 is the number of storeys above the top of the rigid basement (above the Level 0), m; are
storey masses (only masses above the top of the rigid basement are considered), f; are horizontal
forces (triangular shape was used) acting on storey i in centres of storey masses and s; are
displacements of masses caused by horizontal forces f. Storey masses m;, horizontal forces f; and
displacements s; are listed in Table 2.6.1.

Table 2.6.1 Quantities (horizontal forces f;, displacements s; and storey masses m;) needed for
the determination of the fundamental period using Rayleigh method

fix = fiy Six Siy mi
evel k) (m) (m)  (ton)
ROOF 1900 0.1051 0.0599 372

5 1600 0.0891 0.0491 396
4 1300 0.0715 0.0380 396
3 1000 0.0530 0.0268 396
2 700 0.0346 0.0164 396
1 400 0.0175 0.0076 408

Fundamental periods amount to T; = 0.91 s and 0.72 s for direction X and Y, respectively. Note an
excellent agreement with more accurate results (Section 2.5.2).
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2.6.3 BASE SHEAR FORCE AND DISTRIBUTION OF THE HORIZONTAL
FORCES ALONG THE ELEVATION

The seismic base shear force Fy, for each horizontal direction was determined by expression (EN
1998-1/4.5)

F,=S,(T,) m 2 (2.11)

where m is the total mass above the top of the basement (m = 2362 ton), T, is the fundamental period
in X or Y direction (T;x = 0.92 s and T,y = 0.68 s, Section 2.5.2), Sy(T,) is the ordinate of the design
spectrum at the period T; (Sq (T1x = 0.92) = 0.14g and Sy (T1y = 0.68) = 0.189g), and factor 4 is 0.85
(building has more than two stories and T; < 2T¢ in both directions; Tc = 0.5 s).

The base shear force amounts to Fyx = 2676 kKN (12% of the total weight without basement) in
direction X and F, v = 3621 kN (16% of the total weight without basement) in direction Y.

The horizontal force in i-th storey F; was determined using equation (EN 1998-1/4.11)

Z -m,

. 2.12
2z,-m, ( )

F=F

where m; (m;) are the storey masses and z; (z;) are the heights of the masses above the basement
level (above level 0). Results are presented in Table 2.6.2.

Table 2.6.2 Determination of the horizontal forces (Fix and F;y) for both horizontal directions

Level (rznl) (tr:r;) mi’z, (Eﬁ) (Eg)
ROOF 19 372 7063 703 951
5 16 396 6329 630 852

4 13 396 5142 512 692

3 10 396 3956 394 533

2 7 396 2769 276 373

1 4 408 1631 162 220
= 26890 2676 3621

2.6.4 DISTRIBUTION OF THE HORIZONTAL FORCES TO INDIVIDUAL
FRAMES AND WALLS AND SHEAR FORCES

Force distributions and shear forces for both directions are shown in Figs. 2.6.1 and 2.6.2. The results
are shown for the selected frames and walls for both directions of the horizontal forces. It can be
clearly seen that the distributions are quite irregular because the structure consists of individual
elements (frames and walls) which are characterized by different deformation shapes. The major
irregularity occurs at the ground level (Level 0), where the loads are transferred to the very stiff
peripheral elements. Note that the irregularities would be slightly reduced if the deformability of the
slab was taken into account. Note also, that the transfer of loads is associated with high shears in the
slab which should be checked (not shown in this report). In order to determine these shear forces the
correct signs of the forces in frames and walls are needed. They are provided by the lateral force
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analysis, whereas they are lost when using the combination rules in modal response spectrum
analysis.

Direction X
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Figure 2.6.1 Distribution of the horizontal forces and shear forces to individual frames and
walls in X direction
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Figure 2.6.2 Distribution of the horizontal forces and shear forces to individual frames and
walls in Y direction
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3.1 Introduction and overview

This Chapter of the report focuses on the rules of EN 1998-1:2004 for the design and detailing of
concrete buildings for ductility and on the procedure to be followed to achieve the goal of EN-
Eurocode 8. This is done through the application of EN-Eurocode 8 to the design of the example
building for earthquake resistance. Needless to say, the building is also designed and detailed to meet
the rules and requirements of EN-Eurocode 2.

Before going into the detailed design of all elements of the example building, from the roof to the
foundation soil, the Chapter gives first an overview of:

a) the process for detailed seismic design of concrete buildings, as this is dictated by the
interdependencies of design phases according to EN-Eurocode 8 (mainly owing to capacity
design) and

b) the design and detailing rules in EN-Eurocode 8 for beams, columns and ductile walls of the
three Ductility Classes (DC) in EN-Eurocode 8 (DC Low, Medium or High).

The detailed design of all elements of the example building is done “automatically”, through
computational modules having as built-in the dimensioning and detailing rules of Eurocodes 2 and 8.
The modules are activated in a prescribed sequence, such that all outcomes which are necessary as
input to subsequent design phases of the same or other elements or types of elements are archived
for future use. Examples of such information include:

a) the moment resistances at the end sections of beams for the capacity design of the columns
they frame into;

b) the moment resistances at the ends of beams and columns for the capacity design in shear of
these elements and of the ones they frame into;

c) the cracked stiffness of beams that restrain columns against buckling;

d) the capacity design magnification factors at the base of columns or walls for the design of their
footings, etc.

The design is on purpose “minimalistic”: the reinforcement is tailored to the demands of the analysis
and of EN-Eurocodes 2 and 8, to avoid overstrengths and margins that are not absolutely needed and
would have reflected the choice of the designer rather than the Eurocodes’ intention.

3.2 Material properties

o Concrete C25/30 and steel S500 of Class C are used;

0 Exposure class per Eurocode 2 is XC3, for which the nominal concrete cover of the
reinforcement is 35 mm.

o0 The soil is clay with design value of undrained shear strength c,q = 300 kPa (reduced by
10% to cyg = 270 kPa for the seismic design situation), design value of friction angle &4 =
20° and design value of drained cohesion ¢4 = 50 kPa; these properties are consistent with
its characterisation as Ground type B for the purposes of the definition of the seismic
action at the top of the ground.
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3.3 Geometry of foundation elements

Figures 3.3.1 and 3.3.2 depict the layout of the foundation in plan and a vertical section of the building
showing the foundation elements. Single footings with dimensions 2.0x2.0x0.8 (widthxdepthxheight in
meters) are used for columns C7 and C10, 1.8x1.8x0.8 for columns C8 and C9 and 2.0x1.5x0.8 for
columns C12 to C15. A common footing with dimensions 4.0x5.0x1.0 is used for the two walls W3,
W4 and an individual footing with dimensions 4.5%2.5x0.8 for wall W5. A strip footing with width 1.0 m
and height 0.30 m is used for the perimeter walls. Instead of a system of two-way tie-beams,
horizontal connection of the footings and the foundation strip of the basement perimeter walls is
provided by a foundation slab cast right below the top of the footings and the perimeter foundation
strip (see clause 5.4.1.2 para. (2), (3) and (7) of EN 1998-5:2004). This slab serves also as a floor of
the lower basement and helps create a rigid-box foundation system together with the perimeter walls
and the slab at the roof of the upper basement.

@ 6.00 @P 6.00 @ 6.00 QP 6.00 C? 6.00 @
1 1 1 1 1 1
| | | | | |
o
<
~
o
<
~
o
s}
~
' £7, F10: 2.00x2.00m, h = 0.8 m | ‘ ‘ ‘ ‘
F8, FO: 1.80x1.80m, h = 0.8 m
F12/F16: 1.50x2.00m, h = 0.8 m BASEMENT

Fig. 3.3.1 Plan of the foundation
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Fig. 3.3.2 Section in the Y direction showing the foundation elements

3.4 ULS and SLS verifications and detailing according to
Eurocodes 8 and 2

341 GENERAL

Clause 4.4.2.1(1) of Eurocode 8 prescribes the conditions regarding resistance, ductility, equilibrium
and foundation stability that should be met at the ultimate limit state. To satisfy the resistance
condition, it is verified that for all structural elements and all critical regions E4 < Ry, where Ey is the
design value of the action effect due to the seismic design situation and R, is the corresponding
design resistance of the element. In the resistance calculations, clause 5.2.4(2) recommends the use
of the partial factors for material properties applicable for the persistent and transient design situations.
According to clause 2.4.2.4(1) of Eurocode 2, their recommended values are y. = 1.5 for concrete and
¥s = 1.15 for reinforcing steel.

3.4.2 OVERVIEW OF THE DETAILED DESIGN PROCEDURE

Especially in frames, capacity design introduces strong interdependence between various phases of a
building’s detailed seismic design for ductility, within or between members:

o dimensioning a column in flexure depends on the amount and layout of the longitudinal
reinforcement of the beams it is connected to in any horizontal direction;

o dimensioning of a column or a beam in shear depends on the amount and detailing of its
own longitudinal reinforcement, as well as of those framing into them at either end;
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o verification of the foundation soil and design of foundation elements (especially of
individual footings and their tie-beams) depends on the amount and layout of the
longitudinal reinforcement of the vertical elements they support, etc.

o dimensioning any storey of a shear wall in shear depends on the amount and detailing of
vertical reinforcement at the base of the bottom storey; etc.

The detailed design operations should follow a certain sequence, so that information necessary at a
step is already available. More important, if detailed design takes place within an integrated
computational environment (as is not only common, but also essential nowadays), this information
should be appropriately transferred between the various modules of the system.

Flow Charts 3.4.1 and 3.4.2 depict the interdependence of the various components of a detailed
design process and suggests. A sequence is suggested there (with roman numerals) for their
execution, with specific reference to equations, sections or tables in this or previous chapters. Step
IVa in Flow Chart 3.4.1 may be carried out before IVb or vice-versa; while Steps V to VII can be
executed at any sequence after Il and lll, even before IVa and IVb. The same applies to Step IV in
Flow Chart 3.4.2, with respect to Il and Il there.

Flow Chart 3.4.1 Steps and interdependencies in dimensioning and detailing frame members
in DCMor DCH

JOINTS BEAMS COLUMNS
Flexure - | I m
Longitudinal
reinforcement Maximum beam Dimension, detail (Table Dimension and detail (Table
bar diameter for 5.3) and curtail beam 5.4) vertical bars. Satisfy
bond in joints (see longitudinal bars capacity-design check, unless
Table 5.3): column exempted from it (Table
5.4).
DCH: VI \Vj
Shear —| Capacity-design shear Dimension
Transverse force in joint. Joint size confining
reinforcement |check in shear. Horizontal reinforcement
hoops in joint. Column in “critical
intermediate bars through regions”. Detall
joint stirrups (Table
— 5.4)
DCM: VI v

Joint hoops as in column Va

" ) IVb
critical regions

Capacity-design shear force

(Table 5.3). Check beam cross-| | C@pacity-design shear
section size and dimension force (Table 5.4). Check
stirrups. column section size.

Dimension column
DCH only: Inclined stirrups.
reinforcement (Table 5.3).

COLUMN Vi

FOOTING Magnification factor on footing’s
seismic action effects
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Flow Chart 3.4.2 : Steps and interdependencies in dimensioning and detailing slender ductile
walls of DC M or DCH

INDIVIDUAL WALL OTHER WALLS
| la
Flexure — Dimension and detail vertical bars at the edges and the Seismic moments and
Vertical & | web of the section, starting from the base and proceeding shears redistributed
confining to the top according to the M-envelope, including boundary ¢ > | from walls with tensile
reinforcement elements and their confinement within “critical region” seismic axial force to
(Table 5.5) others with compressive
Shear — I Il
Horizontal (and
web vertic(al) Design shear force, with V-envelope for dual Dimension vertical and
reinforcement systems. Check wall thickness (with reduction to inclined bars at
einforceme 40% in DC H). Dimension horizontal web construction joints for
reinforcement: and detail it (Table 5.5). Detalil sliding shear (Table 5.5,
vertical web reinforcement (Table 5.5) last two rows)
\ 4
v
WALL Magnification factor on footing’s seismic action effects
FOOTING

The procedure for the design of the complete example building follows the steps below:
1. The beams are fully designed for:

o the ULS in bending under the persistent and transient design situation and the seismic
design situation (whichever governs at each beam section) and

o the SLS of stress limitation in concrete and steel and crack width limitation under the
frequent and the quasi-permanent combination of actions, whichever applies.

The maximum beam bar diameter that can pass through or terminate at beam-column joints is
determined at each one of them; the shear stresses that develop in the joint core due to the beam
bars passing or terminating there is calculated as well. The beam design is carried out for one multi-
storey plane frame at a time, possibly with different number of bays in different storeys. Foundation
beams are designed in bending in the same way and with the same computational module, but
specifying them as one-storey elements and not as the beams at the lowest level of a multistorey
plane frame. Archived are:

o the design values of beam moment resistances around joints, to be used in Step 2 for the
capacity design of columns and Step 3 for the capacity design of beams in shear;

o the beam longitudinal bar diameters, for use in Step 3 to determine the maximum stirrup
spacing to prevent buckling of these bars;

o the cracked stiffness of beams around joints, taking into account their reinforcement and
concrete cracking, for use in Step 2 to calculate the effective buckling length of the
columns connected to these beams.
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3.4.3

The columns are fully designed in bending and in shear, after checking that their cross-section
meets Eurocode 2’s slenderness limits for negligible second-order effects in braced or
unbraced conditions — whichever applies - under the persistent and transient design situation.
This step is carried out for one multi-storey column at a time (from the roof to the foundation),
using the moment resistance of the beams framing into the columns’ joints, as calculated and
archived in Step 1. Archived are:

o the design values of column moment resistances around joints under the maximum and
the minimum axial loads encountered in the seismic design situation according to the
analysis, for use in Step 3 for the capacity design of beams in shear;

o the capacity design magnification factors at the connection of the column to the
foundation, for use in Step 5 for the capacity design of the ground and the foundation
elements; they are calculated separately and archived for the different directions and
sense of action of the design earthquake, which produce 8 combinations of signs of the
column’s seismic biaxial moments and axial force.

The beams and their transverse reinforcement are fully designed in shear (per multi-storey
frame, possibly with different number of spans in every storey), using for the capacity design
the moment resistances of columns and beams calculated and archived in Steps 1 and 2 and
for the maximum stirrup spacing the beam longitudinal bar diameters from Step 1. As in Step
1, the beams’ shear design is carried out for one multi-storey plane frame at a time, possibly
with different number of bays in different storeys. Foundation beams are designed in shear in
the same way and with the same computational module, but specifying them as one-storey
elements and not as the beams at the lowest level of a multistorey plane frame.

The walls are fully designed in bending and shear. The step is carried out for one multi-storey
wall at a time (from the roof to the foundation). As for columns in Step 2, archived are:

o the capacity design magnification factors at the connection of the wall to the foundation
(separately for the 8 combinations of signs of the wall’'s seismic biaxial moments and axial
force), for use in Step 5 for the capacity design of the ground and the foundation elements.

The bearing capacity of the ground is calculated under each footing for biaxial eccentricity of
the vertical load and bidirectional horizontal forces (bidirectional inclination of the vertical load)
and checked aganst the soil pressure at the underside of the footing. Seismic reaction forces
and moments at the node connecting the footing to the ground are amplified by the
corresponding capacity design magnification factor at the connection of the vertical element to
the footing (a different value for the different directions and sense of action of the design
earthquake). The footing itself and its reinforcement are then dimensioned in shear, in doubly-
eccentric punching shear and in flexure for all directions and sense of action of the design
earthquake, as well as for the persistent and transient design situation (Egs. (6.10a), (6.10b)
in EN 1990:2002). This step is carried out separately for each individual footing.

The strip footings of the foundation beams are then designed, in a one-way version of the
design of individual footings in Step 5. The step is carried out for the full length of the strip
footings of each foundation beam, that may encompass quite a few intermediate nodes and
vertical soil springs.

ADDITIONAL INFORMATION FOR THE DESIGN OF BEAMS IN BENDING

According to clause 5.4.2.1(1) of Eurocode 8, the design values of bending moments are obtained
from the analysis of the structure for the seismic design situation. The bending resistance is calculated
in accordance with Eurocode 2, as prescribed in 5.4.3.1.1(1) of Eurocode 8, taking into account the
detailing requirements in section 5.4.3.1.2. Following 5.8.1(5) of Eurocode 8, the beams within the
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rigid-box basement (including those at the basement roof) are expected to remain elastic under the
seismic design situation and are designed for Low Ductility Class (DC L).

An overview of the design and detailing requirements applied to the design of the beams, not only for
the DCs applied in the present example, but also for DC H (High), is given in Table 3.4.3.

344 ADDITIONAL INFORMATION FOR THE DESIGN OF COLUMNS

According to clause 5.4.2.1(1) of Eurocode 8, the design values of bending moments and axial forces
are obtained from the analysis of the structure for the seismic design situation. Capacity design
requirements for columns in bending at beam/column joints do not apply in the present example, as
the building is classified as wall and wall-equivalent structural system.

According to clause 5.4.2.3(1) of Eurocode 8, the design values of shear forces are determined in
accordance with the capacity design rule, on the basis of the equilibrium of the column under end
moments that correspond to the formation of plastic hinges at the ends of the beams connected to the
joints into which the column end frames, or at the ends of the columns (wherever they form first). In
5.4.2.3(1) the end moments are defined as M4 = Yrq Mge;i min (1, > Mgc / > Mgp), Where ygrgq is a factor
accounting for overstrength due to steel strain hardening and confinement of the concrete of the
compression zone of the section, Mg, is the design value of the column moment of resistance at end
i, > Mge and > Mgy, are the sum of the design values of the moments of resistance of the columns and
the sum of the design values of the moments of resistance of the beams framing into the joint,
respectively (yrq = 1.1 for DC M and yrq = 1.3 for DC H).

The bending and shear resistance are calculated in accordance with Eurocode 2, as prescribed in
clause 5.4.3.2.1(1) of Eurocode 8, using the value of the axial force from the analysis in the seismic
design situation and taking into account the detailing requirements in section 5.4.3.2.2.

Following clause 5.8.1(5) of Eurocode 8, the columns within the rigid-box basement are expected to
remain elastic under the seismic design situation and are designed for Low Ductility Class (DC L).

An overview of the design and detailing requirements applied to the design of columns, not only for the
DCs applied in the present example, but also for DC H, is given in Table 3.4.4.

3.45 ADDITIONAL INFORMATION FOR THE DESIGN OF BEAMS IN SHEAR

According to clause 5.4.2.2(1) of Eurocode 8, the design values of shear forces are determined in
accordance with the capacity design rule, on the basis of the equilibrium of the beam under the
transverse load acting on it in the seismic design situation and end moments that correspond to the
formation of plastic hinges at the ends of the beam or at the columns connected to the joints into which
the beam end frames (wherever they form first). In 5.4.2.2(2) the end moments are defined as M4 =
Yra Mroi min (1, Y Mg / > Mgy), Where yrq is a factor accounting for overstrength due to steel strain
hardening and confinement of the concrete of the compression zone of the section and is equal to ygq
= 1.0 for DCM or yrq = 1.2 for DCH, Mgy is the design value of the beam moment of resistance at end
i, > Mg and > Mg, are the sum of the design values of the moments of resistance of the columns and
the sum of the design values of the moments of resistance of the beams framing into the joint,
respectively.

The bending and shear resistance are calculated in accordance with Eurocode 2, as prescribed in
clause 5.4.3.1.1(1), taking into account the detailing requirements in section 5.4.3.1.2.

Following 5.8.1(5), the beams within the rigid-box basement (including those at the basement roof) are
expected to remain elastic in the seismic design situation and are designed for DC Low.
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3.4.6 ADDITIONAL INFORMATION FOR THE DESIGN OF DUCTILE WALLS

To account for uncertainties regarding the moment distribution along the height of slender walls, i.e.
walls with height to length ratio h,, / I, > 2.0, clause 5.4.2.4(5) of Eurocode 8 specifies that the design
bending moment diagram along the height of the wall is given by an envelope of the bending moment
diagram from the analysis, vertically displaced by h.,. The height of the critical region above the top of
the rigid-box foundation is defined in 5.4.3.4.2(1) of Eurocode 8 as h, = max [l,, hy, / 6]. The critical
height must be less than 2l,, and also, for buildings with up to six storeys, less than the clear storey
height, hs. A linear envelope is allowed, as the structure does not exhibit discontinuity in mass,
stiffness or resistance along its height.

According to 5.8.1(5) of Eurocode 8, shear walls in box-type basements are designed for development
of a plastic hinge at the base of the roof slab and the critical region extends below the basement roof
level up to a depth of hg,.

To account for the possible increase in shear forces after yielding at the base, clause 5.4.2.4(7) of
Eurocode 8 specifies that the design shear forces of DC M walls are taken as being 50% higher than
the shear forces obtained from the analysis. Moreover and according to 5.8.1(5) of Eurocode 8, the
walls within the basement are dimensioned in shear assuming that they develop their flexural
overstrength yrgMgq at the basement roof level and zero moment at the foundation level.

The bending and shear resistance are calculated in accordance with Eurocode 2, as prescribed in
clause 5.4.3.4.1(1) of Eurocode 8, taking into account the detailing requirements in section 5.4.3.4.2.

An overview of the design and detailing requirements applied to the design of the walls for DC L (Low),
M (Medium) and H (High), is given in Table 3.4.5.

3.4.7 ADDITIONAL INFORMATION FOR THE DESIGN OF FOUNDATION
BEAMS

The perimeter walls of the basement may be treated as deep beams, i.e. beams with span-to-depth
ratio less than 3 according to the definition of clause 5.3.1(3) of Eurocode 2. The design values of
bending moments and shear forces can be obtained from the analysis for the seismic design situation,
multiplied by the capacity design factor yg¢Q = 1.4 specified in clause 4.4.2.6(4), (5) and (8) of
Eurocode 8 for foundation elements serving more than one vertical element (in the present case, all
vertical elements on the side of the perimeter in question). Owing to the applicaton of this capacity
design factor acp = 1.4, the bending and shear resistance may then be calculated in accordance with
Eurocode 2, taking into account the detailing requirements for deep beams in section 9.7 of Eurocode
2.

The present model of the example building does not include vertical (Winkler) springs to reflect the
compliance of the soil. Instead, the nodes of the deep beams modelling the perimeter walls of the
basement were fully constrained vertically. As a consequence, the analysis produced essentially nil
moments and shears for the deep foundation beams. So, the design and detailing of these beams are
not included in the example.

3.4.8 ADDITIONAL INFORMATION FOR THE DESIGN OF FOOTINGS

The design action effects for the foundation elements are derived on the basis of capacity design.
According to clause 4.4.2.6(4) of Eurocode 8, action effects are calculated as Erq = Erg + Yra Q EfE,
where Eg is the action effect due to the combination } Gy; “+” 3 y»; Qu;i, Yra is @an overstrength factor
equal to 1.0 for g = 3 (as in the present case) and to 1.2 for q > 3 and Egg is the action effect from the
analysis for the design seismic action. According to 4.4.2.6(5) of Eurocode 8, for columns Q < q is the
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ratio of the design bending resistance, Mgg, to the design bending moment, Mgy, for the seismic design
situation, both taken at the cross-section above the footing. For common footings of more than one
vertical elements, clause 4.4.2.6(8) allows the use of the values Q = 1 and yrq = 1.4 instead of more
detailed calculations.

Clause 5.8.1(1) of Eurocode 8 requires the design of the foundation elements to follow the relevant
rules of Eurocode 8 — Part 5. As capacity design requirements are met, according to 5.8.1(2), no
energy dissipation is expected in the foundation elements for the seismic design situation and
therefore the rules for Low Ductility Class apply.

Table 3.4.3 EN 1998 rules for detailing and dimensioning of primary beams (secondary beams

as in DCL)
DCH DCM DCL
“critical region” length 1.5hw hw
Longitudinal bars (L):
. . 0.26fcm/fyk,
pmin, tension side 0.5fcim/fyk 0'1:;102( K
Pmax, Critical regions(” p’+0.0018fcd/(p¢asy,dfyd)“) 0.04
As min, top & bottom 2014 (308mm?) -
As min, top-span As top-supports/4 -
As min, critical regions bottom 0.5As,top(2) | -

As,bottom—span/“'(o)

_ 750+08vq) fom

1+05-2 fy
Pmax

As.min, SUppOTrts bottom

L 62501+0.8%0) fumm
1+0.75—2 ) Jyd

Pmax

doi/he - bar crossing interior joint(s)

duL/hc - bar anchored at exterior

fctm
<7.5(1+0.8vq)—Sm ]
joint®® (+08va)

<6.25(1+ O.SVd)fcﬂ
S yd

yd

Transverse bars (w):

(i) outside critical regions

spacing su< 0.75d
pw 0.08V(fx(MPa)/fy(MPa)©
(ii) in critical regions:
dbw> 6mm
spacing su< 6do, "w , 24dpw, 175mm 8dbL, Mw , 24dpw, 225mm i
= 4 4
Shear design:
from analysis for
2 Mg, M @) i ismi
o (4) 1.2 +V @) RO 4/ design seismic
Vea, seismic | 0:97va Iy 9w action plus
¢ gravity

Vrd,max s€ismic © As in EC2: Vrg,max=0.3(1-fa(MPa)/250)bwozfessin2s ©), 1<cotd<2.5

VRrds, outside critical regions'® As in EC2: Vrds=buzpufywacotd ¥, 1<cots<2.5

Vras, critical regions® VRas=bwzpwfywa (5=45°) | As in EC2: Vras=buzpwfywscotd, 1<cots<2.5

If VEmax/(2+C)fctabwd>1:

If C=Vemin/Vemax” <-0.5: inclined

bars at angle +a to beam axis, with
cross-section As/direction

A5=0.5VEmax/fdeil’1(x -

& stirrups for 0.5Vemax
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(0) NDP (Nationally Determined Parameter) according to Eurocode 2. The Table gives the value recommended in
Eurocode 2.

(1) W is the value of the curvature ductility factor that corresponds to the basic value, q,, of the behaviour factor used in
the design as: py=20-1 if T2T¢ or gy=1+2(qo-1)Tc/T if T<Tc.

(2) The minimum area of bottom steel, Asmin, is in addition to any compression steel that may be needed for the
verification of the end section for the ULS in bending under the (absolutely) maximum negative (hogging) moment from the
analysis for the design seismic action plus concurrent gravity, Mgg.

(3) h. is the column depth in the direction of the bar, vq = Neo/Adfcq is the column axial load ratio, for the algebraically
minimum value of the axial load due to the design seismic action plus concurrent gravity (compression: positive).

(4) At a member end where the moment capacities around the joint satisfy: >Mgry>>Mgs, Mrs is replaced in the calculation
of the design shear force, Veq, by Mro(ZMro/>Mgs)

(5) z is the internal lever arm, taken equal to 0.9d or to the distance between the tension and the compression
reinforcement, d-d.

(6) Vemax, Veminare the algebraically maximum and minimum values of Vgq4 resulting from the = sign; Vemais the absolutely

largest of the two values, and is taken positive in the calculation of ¢; the sign of Vemin is determined according to whether it is
the same as that of Venax Or not.

Table 3.4.4 EN 1998 rules for detailing and dimensioning of primary columns (secondary ones

as DCL)
DCH DCM DCL
Cross-section sides, h., bs > . 0.25m; " -
h,/10 if 6=P&/Vh>0.1
“critical region” length "> 1.5h,, 1.5bc, 0.6m, I/5 | hg, be, 0.45m, 1/6 he, be
Longitudinal bars (L):
Prin 1% 0.1Ng/Afyq, 0.2%”
Prmax 4% 4%
dp> 8mm
bars per side > 3 2
Spacing bet;v;in restrained <150mm <200mm )

Distance of unrestrained bar
from nearest restrained nearest <150mm
restrained bar

Transverse bars (w):

Outside critical regions:

dbw2 6mm, db|_/4

12dy., 0.6h,, 0.6b,,

spacing s, < 20dy., he, be, 400mm 240mm

at lap splices, if

A >14mm: s.< 12dp, 0.6h, 0.6b., 240mm
bL - Ow=

Within critical regions:m

dpw> @ 6mm, 0.4(f,¢/fa)" oL 6mm, dy /4
Su< O 6dyL, bo/3, 125mm 8y, bo/2, 175mm -
owg= 0.08 -
Aye> D 3041 Vagsy,abo/be-0.035 -
In critical region at column base:
Owa> 0.12 0.08 -
Ay D ECHEE) 30p4VaEsy,abo/be-0.035 -
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Capacity design check at beam- 1.32XMgrp<2 Mg i
column joints: No moment in transverse direction of column
Verification for M,-M,-N: Truly biaxial, or uniaxial with (M,/0.7, N), (M,/0.7, N)
Axial load ratio vg=Ng4/Acfcq <0.55 <0.65 -
Shear design:
ds from analysis for
M ends M en y
Viq seismic™" 1.32—R°(”) 1.12—RC an design seismic
L Ly action plus gravity
Vramax Seismic 213 | As in EC2: Vrgmax=0.3(1-fo(MPa)/250)byozfeisin28, 1<cotd<2.5
Vias seismic 12> (19 (149 As in EC2: Vg s=byZpufywacotd+Neg(h-x)/lo"?, 1<cots<2 .5
(0) Note (0) of Table 3.4.3 applies.
(1) hy is the distance of the inflection point to the column end further away, for bending within a plane parallel to the side
of interest; I.is the column clear length.
(2) For DCM: If a value of q not greater than 2 is used for the design, the transverse reinforcement in critical regions of
columns with axial load ratio vq4 not greater than 0.2 may just follow the rules applying to DCL columns.
3) For DCH: In the two lower storeys of the building, the requirements on dyw, Sw apply over a distance from the end
section not less than 1.5 times the critical region length.
(4) Index c denotes the full concrete section and index o the confined core to the centreline of the perimeter hoop; b,is
the smaller side of this core.
(5) wwq i the ratio of the volume of confining hoops to that of the confined core to the centreline of the perimeter hoop,
times fq/fcq.
(6) o is the “confinement effectiveness” factor, computed as a = asan; where: as= (1-s/2b,)(1-s/2h,) for hoops and os = (1-

s/2b,) for spirals; a, = 1 for circular hoops and o,=1-{bo/((nn-1)ho)+ho/((ns-1)bo)}/3 for rectangular hoops with n, legs parallel to
the side of the core with length b, and n, legs parallel to the one with length h,.

(7) For DCH: at column ends protected from plastic hinging through the capacity design check at beam-column joints,
1, is the value of the curvature ductility factor that corresponds to 2/3 of the basic value, q,, of the behaviour factor used in the
design (see Egs. (5.2)); at the ends of columns where plastic hinging is not prevented because of the exemptions listed in Note
(10) below, 1, is taken equal to p, defined in Note (1) of Table 3.4.3 (see also Note (9) below); &sy,4= f,o/Es.

(8) Note (1) of Table 3.4.3 applies.

9) For DCH: The requirement applies also in the critical regions at the ends of columns where plastic hinging is not
prevented, because of the exemptions in Note (10) below.
(10) The capacity design check does not need to be fulfilled at beam-column joints: (a) of the top floor, (b) of the ground

storey in two-storey buildings with axial load ratio v4 not greater than 0.3 in all columns, (c) if shear walls resist at least 50% of
the base shear parallel to the plane of the frame (wall buildings or wall-equivalent dual buildings), and (d) in one-out-of-four
columns of plane frames with columns of similar size.

(11) At a member end where the moment capacities around the joint satisfy: >Mro<XMgrs, Mg is replaced by
MRC(ZMRD/ZMRC)~

(12) z is the internal lever arm, taken equal to 0.9d or to the distance between the tension and the compression
reinforcement, d-ds.

(13) The axial load, Ngg, and its normalized value, vq4, are taken with their most unfavourable values for the shear
verification under the design seismic action plus concurrent gravity (considering both the demand, Veq, and the capacity, Vra).
(14) x is the neutral axis depth at the end section in the ULS of bending with axial load.

Table 3.4.5 EN 1998 rules for the detailing and dimensioning of ductile walls

DCH DCM DCL
Web thickness, by,c> max(150mm, hgtore,/20) -

>max(ly, Ha/6) "
<min(2ly, Nstorey) if wall <6 storeys -
<min(2ly, 2hgorey) if wall > 6 storeys

critical region length, h,

Boundary elements:

a) in critical region:
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- length | from edge >

0.15ly, 1.5b,,, length over which ;> 0.0035

- thickness b,, over |; >

0.2m; hg/15 if I.<max(2by, I./5), hg/10 if I:>max(2by, 1.,/5)

- vertical reinforcement:

Orin OVET Ac=lcbiy 0.5% | 02%©
Pmax OVer A¢ 4% ©
- confining hoops (w) @
dow> 6mm, 0.4(f,/fwa)*doL 6mm, in the part of
spacing s,<"’ 6dsL, bo/3, 125mm 80, bo/2, 175mm th‘f,vf]eecrgon
owe=? 0.12 0.08 pL>2%: as
over the rest
3),4) of the wall
AWy 30py(vatmy)esy qbu/bs-0.035 (case b,
below)

b) over the rest of the wall
height:

In parts of the section where £:>0.2%: pymin = 0.5%; elsewhere 0.2%

In parts of the section

distance of unrestrained bar in compression zone from nearest

where p >2%:

restrained bar <150mm;

hoops with d,,> max(6mm, d, /4) & spacing s,,< min(12dy, 0.6b,,
240mm)(°) up to a distance of 4b,, above or below floor beams or slabs,
or s,< min(20dy., byo, 400mm)(°) beyond that distance

Web:
- vertical bars (v):
Pv,min Wherever in the section £.>0.2%: 0.5%; elsewhere 0.2% 0.2%
Pv,max 4%
dpy> 8mm -
dp< bwo/8 -
spacing s,< min(25dy,y, 250mm)

min(3by,, 400mm)

- horizontal bars:

Phmin 0.2% max(0.1%, 0.25p,)”
dpr> 8mm -
dpp< bwo/8 -

spacing sp< min(25d,n, 250mm) 400mm

axial load ratio vy4=
Neo/Adfe

<0.35

from analysis

seismic action, times
factor ¢:

<q

se(mf

2
M Rd°] - 0.1(q
Medo Se(Tl)

If Hy/l,>2, design moments from linear envelope of for design
Design moments Mgg: maximum moments Mgq from analysis for the “seismic seismic
design situation”, shifted up by the “tension shift” a, action &
gravity
Shear design:
Design shear force Vgq4 = if Hu/l<2: 8=51 '62MR°’°/ Meqo<q
shear force V’gq from the if Hy/l,>2 ©:
analysis for the design =15 e=1.0
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. : from analysis
Design shear force in y

. for design
walls of dual systems with Veg (2) = 075z 1 Veg (0)+ 15_192 Ve Hy seismio
Hw/lw>2, for z between H 4 H 3 ion &
Hy/3 and H,: @ action
b w gravity

Vra,max OUtside critical
region
VRa,max iN critical region 40% of EC2 value ‘ As in EC2

Vras i critical region; web
reinforcement ratios: py, p,

As in EC2: Vg max=0.3(1-fx(MPa)/250)b,o(0.81,)fssiN25, with 1<cots<2.5

o As in EC2:
i) if 0s=Mgg/VEglh>2 :
( )_ ° B¢ TEW . VRd,szbwo(O-Slw)phfywd VRd,szbwo(O-8|W)phfywdCOt8s
Pv=Pv,mins Phfrom Vrqs: 1<cots<2.5
(ii) if as<2: pnfrom Ve -=Ver +b As in EC2:
= as(0.751,)pnf,
Vrds: 8) Rds= VRd,c T Pwo0ls( w)Ph yhd VRd,szbwo(O-8|w)phfywdCOt8s
p, from: © Pufyva> pafyna-Nea/(0.814byo) 1scotd<2.5
Resistance to sliding Vi - =Af. GOS0+
shear: via bars with total Ami RS’SZSfSI y‘; 5 \/O; ¢
area A at angle +o. to the svMin(0.25%yq, 1.3¥(fyafca))
horizontal 19 0.3(1-fek(MPa)/250)by,oxfeq
N
) 1'3fctd -5
P 0.0025 A -
at construction joints ™" :
J fo +15Foy fog
(0) Note (0) of Tables 3.4.3 and 3.4.4 applies.
(1) lw is the long side of the rectangular wall section or rectangular part thereof; Hyis the total height of the wall; hsiorey is
the storey height.
(2) For DC M: If, under the maximum axial force in the wall from the analysis for the design seismic action plus

concurrent gravity the wall axial load ratio vg= Ned/Adfeq satisfies vq < 0.15, the DCL rules may be applied for the confining
reinforcement of boundary elements; these DCL rules apply also if this value of the wall axial load ratio is v¢<0.2 but the value of
q used in the design of the building is not greater than 85% of the g-value allowed when the DC M confining reinforcement is
used in boundary elements.

3) Notes (4), (5), (6) of Table 3.4.4 apply for the confined core of boundary elements.

(4) W, is the value of the curvature ductility factor that corresponds as: py=2qc-1 if T2Tc¢ or pe=1+2(qo-1)Tc/T if T<Tg, to the
product of the basic value q, of the behaviour factor times the value of the ratio Meso/Mr4o at the base of the wall (see Note (5));
€sy,d= fya/Es, 0vais the mechanical ratio of the vertical web reinforcement.

(5) Megois the moment at the wall base from the analysis for the design seismic action plus concurrent gravity; Mg, is the
design value of the flexural capacity at the wall base for the axial force Ngq from the same analysis (design seismic action plus
concurrent gravity).

(6) Se(T+) is the value of the elastic spectral acceleration at the period of the fundamental mode in the horizontal direction
(closest to that) of the wall shear force multiplied by ¢; Se(T.) is the spectral acceleration at the corner period T¢ of the elastic
spectrum.

(7) A dual structural system is one in which walls resist between 35 and 65% of the seismic base shear in the direction of
the wall shear force considered; z is distance from the base of the wall.

(8) For by and d in m, foq in MPa, p. denoting the tensile reinforcement ratio, Ngq in kN, Vgrqc (in kN) is given by:

Via e = 1max 180100, )%, 35,1+ /% fL0 11+ % fcld’3+0.15% b,,d

Neq is positive for compression; its minimum value from the analysis for the design seismic action plus concurrent gravity is
used; if the minimum value is negative (tension), Vrqc=0.

9) Neq is positive for compression; its minimum value from the analysis for the design seismic action plus concurrent
gravity is used.

(10) A, is the total area of web vertical bars and of any additional vertical bars placed in boundary elements against shear
sliding; x is the depth of the compression zone.

11) fea=Ferc0.05/7c is the design value of the (5%-fractile) tensile strength of concrete.
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3.5 Outcome of the detailed design

3.5.1 DESIGN MOMENT AND SHEAR ENVELOPES OF THE WALLS

20 4 from analysis 20 - from analysis
— — design envelope | — —design envelope
16 16
E 12 A 12
= =
2 =
T 87 < 8 A
4 4 - -
I
0 T T . 0 - " . T
0 4000 8000 12000 0 500 1000 1500 2000 2500
Bending moment (kNm) Shearforce (kN)

Fig. 3.5.1 Design envelope for bending moment (left) and shear (right) of wall W1l
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16 A \ 16 -
12 4 12 4
E 81 E 8
5 5 |
(]_J 4 - a 4 - —
T T
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1 0 3000 4000 5000 0 1500
4 Pre 4 I
-8 - -8 -
Bending moment (kNm) Shearforce (kN)

Fig. 3.5.2 Design envelope for bending moment (left) and shear (right) of wall W3
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Bending moment (kNm) Shearforce (kN)

Fig. 3.5.3 Design envelope for bending moment (left) and shear (right) of wall W5 and direction X
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20 - from analysis 20 - from analysis
— — design envelope — — design envelope
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Fig. 3.5.4 Design envelope for bending moment (left) and shear (right) of wall ws and direction Y
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Fig. 3.5.5 Mx-My interaction diagram for wall W5 (stars indicate the design action effects)

3.5.2 REINFORCEMENT DRAWINGS

The following figures show framing plans with the longitudinal reinforcement of the beams and of the
footings. The reinforcement of the columns and the walls are depicted in sections of these elements.

The complete design of all elements in the building is given in Annex 3.A
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Fig. 3.5.6 Beam framing plan at roof
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Fig. 3.5.7 Beam framing plan at storey 5
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Fig. 3.5.15 Cross-section of columns C1to C6 and C11 to C16 (longitudinal reinforcement
4916 & 8d14)
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Fig. 3.5.16 Cross-section of columns C7, C8, C9 and C10 (longitudinal reinforcement 4018 &
8d14)
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4.1 Introduction

EN 1998-5 addresses the requirements, criteria and rules for soils and foundations in earthquake
prone areas. It covers the identification of the relevant soil parameters, the design of different
foundation systems, the design of earth retaining structures, the stability of slopes, and touches, in a
qualitative way, upon the effect of soil structure interaction on the seismic response of structures.
According to the scope of this part of Eurocode 8, it complements Eurocode 7 (the geotechnical
Eurocode) that does not cover the special requirements of seismic design. Eurocode 7 (EN 1997)
states that "EN 1998 provides additional rules for geotechnical seismic design, which complete or
adapt the rules of this standard".

A particular feature of Eurocode 8-Part 5 is that it applies to buildings (EN 1998-1), bridges (EN 1998-
2), towers, masts and chimneys (EN 1998-6), silos, tanks and pipelines (EN 1998-4). As a
consequence, all requirements for foundations and soils are found in this part of Eurocode 8 and only
specialized requirements of certain types of structures may be found in the other relevant parts of EN
1998.

This paper will attempt to present the links and common features with Eurocode 7 and then detail
most of the aspects covered in EN 1998-5 with emphasis on foundations, illustrated by the detailed
example of the seismic calculations of a shallow foundations. This example is taken from the design
presented in other chapters of this book. For further details on Eurocode 7, the reader can refer to R.
Frank (General presentation of Eurocode 7 on 'Geotechnical design', Seminar on Eurocodes, Hong
Kong, 5th May 2008).

4.2 Selection of geotechnical parameters

4.2.1 DEFINITION OF DESIGN VALUES

Many geotechnical tests, particularly field tests, do not allow basic geotechnical parameters or
coefficients, for example for strength and deformation, to be determined directly. Instead, values of
these parameters and coefficients must be derived using theoretical or empirical correlations. The
concept of 'derived values' had been introduced in EN 1997, in order to give status to correlations and
models commonly used to obtain, from field tests and laboratory tests, geotechnical parameters and
coefficients which enter directly into the design. The definition of derived values is given in Eurocode
7 — Part 2 as: ‘Derived values of geotechnical parameters and/or coefficients are obtained from test
results by theory, correlation or empiricism.” From field test results, the geotechnical parameter
obtained is either an input for an analytical or indirect model or a coefficient for use in a semi-empirical
or direct model of foundation design. Derived values of a geotechnical parameter then serve as input
for assessing the characteristic value of this parameter in the sense of Eurocode 7 - Part 1 and,
further, its design value, by applying the partial factor yy (‘'material factor'). The role played by the
derived values of geotechnical parameters can be understood with the help of Figure 4.2.1, taken
from Eurocode 7 - Part 2.

The philosophy with regard to the definition of characteristic values of geotechnical parameters is
contained in Eurocode 7 — Part 1 (clause 2.4.5.2 in EN1997-1) : ‘The characteristic value of a
geotechnical parameter shall be selected as a cautious estimate of the value affecting the occurrence
of the limit state.” * [...Jthe governing parameter is often the mean of a range of values covering a
large surface or volume of the ground. The characteristic value should be a cautious estimate of this
mean value.” These paragraphs in Eurocode 7 — Part 1 reflect the concern that one should be able to
keep using the values of the geotechnical parameters that were traditionally used (the determination
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of which is not standardized, i.e. they often depend on the individual judgment of the geotechnical
engineer). However two remarks should be made at this point : on the one hand, the concept of
'derived value' of a geotechnical parameter (preceding the determination of the characteristic value),
has been introduced and, on the other hand, there is now a clear reference to the limit state involved
and to the assessment of the mean value (and not a local value; this might appear to be a specific
feature of geotechnical design which, indeed, involves 'large' areas or 'large' ground masses).
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partial factors
v

Design values of geotechnical
properties

Fig. 4.2.1 General framework for the selection of derived values, characteristic values and
design values of geotechnical properties

Statistical methods are mentioned only as a possibility: ‘If statistical methods are used, the
characteristic value should be derived such that the calculated probability of a worse value governing
the occurrence of the limit state under consideration is not greater than 5%’. The general feeling is
that the characteristic value of a geotechnical parameter cannot be fundamentally different from the
value that was traditionally used. Indeed, for the majority of projects, the geotechnical investigation is
such that no serious statistical treatment of the data can be performed. Statistical methods are, of
course, useful for very large projects where the amount of data justifies them.

The relationship of characteristics values to design values is governed by the general prescription of
EN 1990, namely the design value X4 of a geotechnical parameter is obtained as:

M 4.1)

where X, is the characteristic value and y, a partial factor for the parameter, subject to national choice
(NDP parameter).

4.2.2 SOIL PROPERTIES

Eurocode 8 considers both the strength properties and the deformation characteristics; it further
recognizes that earthquake loading is essentially a short duration loading. Consequently most soils
behave in an undrained manner and that for some of them the properties may be affected by the rate
of loading.
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4.2.2.1 Strength properties

For cohesive soils the relevant strength characteristic is the undrained shear strength C,. For most
materials this value can be taken equal to the conventional "static" shear strength. However, on the
one hand, some plastic clays may be subject to cyclic degradation with a loss of strength and, on the
other hand, some clays may exhibit a shear strength increase with the rate of loading. These
phenomena should ideally be given due consideration in the choice of the relevant undrained shear
strength. The recommended partial factor y, on Cis equal to 1.4.

For cohesionless soils the relevant properties are the drained friction angle ¢ and the drained
cohesion c'. These parameters are directly usable for dry or partially saturated soil; for saturated soils
they would require the knowledge of the pore water pressure variation, u, during cyclic loading, which
directly governs the shear strength through the Mohr Coulomb failure criterion:

! !
r=(o—u)tang’'+c 42)
This evaluation is very difficult; therefore EN 1998-5 suggest an alternative approach which consists
in using the undrained shear strength under cyclic loading, z,,,. This undrained shear strength may
be determined from experimental relationships with, for instance, the soil relative density or any other
index parameter like the blow counts, N, measured in Standard Penetration Tests (SPT). The
recommended partial factors yy are equal to 1.25 on tan(¢') and z,, and to 1.4 on c".

4.2.2.2 Deformation characteristics

The soil stiffness is defined by the shear wave velocity, Vs, or equivalently the soil shear modulus G.
The main role played by this parameter is in the classification of the soil profile according to the
ground types defined in EN 1998-1. Additional applications that require knowledge of the shear
stiffness of the soil profile include the evaluation of:

o Soil structure interaction,

o The seismic coefficient k;, to be used in the calculation of earth pressure for high retaining
structures (H > 10m) when a site response analysis is performed,

o Site response analyses to define the ground surface response for special soil categories
(profile Sy).

However in the applications listed above it is essential to recognize that soils are highly nonlinear
materials and that the relevant values to use in the calculation models are not the elastic ones but
secant values compatible with the average strain level induced by the earthquake, typically of the
order of 5 10™ to 10°. EN 1998-5 proposes a set of values correlated to the peak ground surface
acceleration (Table 4.2.1). It is must be recognized that the fundamental parameter that governs the
reduction factor is the shear strain and not the peak ground surface acceleration but, in order to
provide useful guidance to designers the induced strains have been correlated to peak ground
accelerations.

Table 4.2.1 Average soil damping ratio and average reduction factors (for Vgmax < 360m/s)

Ground Damping ratio Vs Vsmax Gs / Gsmax
acceleration
Ratio
asS
0.1 0.03 0.9 (£0.07) 0.8 (£0.1)
0.2 0.06 0.7 (£0.15) 0.5 (x0.2)
0.3 0.10 0.6 (£0.15) 0.36 (£0.2)
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In addition to the stiffness parameters, soil internal damping shall be considered in soil structure
interaction analyses. Soil damping ratio also depends on the average induced shear strain and is
correlated to the reduction factor for the stiffness. Appropriate values are listed in Table 4.2.1.

4.3 Design approaches

EN 1997-1 introduces three alternative design approaches to geotechnical problems, denoted DA-1,
DA-2 and DA-3. Each design approach introduces partial factors that affect either directly the actions,
the action effects, the global resistance, or the strength parameters.

o Asi illustrated in Figure 4.3.1 (Frank, 2008) approach DA-1 C1 introduces partial factors on
the actions (56, n):

Qa=%0- Q= 150+
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Fig. 4.3.1 Design approach DA-1C1
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o Design approach DA-1 C2 introduces partial factors (y, %) on the ground strength
parameters (Figure 4.3.2):
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Fig. 4.3.2 Design approach DA-1C2

o Design approach DA-2 introduces partial factors on actions (or action effects) and on the
global resistance (js, 7, /&v) (Figure 4.3.3).
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Fig. 4.3.3 Design approach DA-2
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o Design approach DA-3 introduced partial factors on structure generated actions and on
ground strength parameters (js, 1o to Gx and Q, %, % ) (Figure 4.3.4).
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Fig. 4.3.4 Design approach DA-3

As seen from the previous figures approach DA-3 coincides with approach DA-1 C2 when structure-
generated actions are absent. In EN 1998-5, structure-generated actions, such as the inertial forces
transmitted to the ground through the foundations, are combined according to the rules specified in
EN 1998-1.

In EN 1998-5, there is no explicit mention of design approaches. However, the pseudo static methods
recommended for stability verifications assume ground strength parameters in agreement with DA-3.
Therefore, the implicit design approach followed in EN 1998-5 is design approach DA-3.

4.4 Requirement for construction sites

A common requirement in any seismic building code is to prevent construction in the immediate
vicinity of a seismically active fault. Eurocode 8 requires that buildings of importance category I, Il or
IV be not erected in the immediate vicinity of such faults. The rationale behind this prescription is
illustrated in Figure 4.4.1 depicting the movements caused by a fault offset during the Chi-Chi
earthquake in Taiwan (1999). Designing a structure for such large movements (9m in the present
case) is beyond our capability.

It must however be recognized that definition of a seismically active tectonic fault is nothing but a
trivial task. Special geological investigations shall be carried out for urban planning purposes and for
important structures. An absence of movement during the late Quaternary (last 10 000 years) may be
considered as an indication of non-active faults. Hopefully in Europe, surface offset caused by co-
seismic fault rupture is a relatively rare event. For common structures one should refer to official
documents issued by the competent national authorities to identify potentially dangerous active faults.
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Fig. 4.4.1 Example of a fault disruption at Shih-Kang dam during the Chi-Chi earthquake in
Taiwan (1999) (Courtesy of Prof. Gazetas)

4.5 Liquefaction assessment

Liquefaction designates the generic term for the loss of shear strength of cohesionless soils due to
excess pore water pressure caused by cyclic, but not exclusively, loading. In almost all significant
earthquakes that occurred, liquefaction has been observed and caused a lot of damages to
infrastructures, buildings (Figure 4.5.1), pipelines, etc. This phenomenon has been extensively
studied since 1964 and the state of the art is now well established and, more importantly, allows
reliable prediction of the occurrence of liquefaction. Therefore this aspect is fully covered in EN 1998-
5 with, furthermore, a normative annex for the use of SPT measurements for the evaluation of the
undrained cyclic strength of cohesionless soils. However, aside the SPTs, other techniques are
allowed for the determination of the soil strength like CPTs and shear wave velocity measurements.
Laboratory tests are not recommended because obtaining reliable estimates of the liquefaction
resistance requires very specialized drilling and sampling techniques which are beyond the budget of
any common project. It is worth noting, because it often leads to a misinterpretation of the code, that
although Annex B covering the evaluation of the liquefaction resistance of soils with SPT
measurements is normative, it is by no way implied that liquefaction should be assessed with SPTs;
annex B is only normative when SPTs are used and any of the other techniques mentioned above is
allowed.

The verification of the liquefaction susceptibility shall be carried out under free field conditions but with
the conditions prevailing during the lifetime of the building; for instance if a several meters high
platform is erected to prevent flooding of the site, or if permanent water table lowering is implemented
these features should be reflected in the evaluation. The recommended analysis is a total stress
analysis in which the seismic demand, represented by the earthquake induced stresses, is compared
to the seismic capacity, i.e. the undrained cyclic shear strength of the soil (also called liquefaction
resistance). The seismic demand is simply evaluated with the well-known Seed-Idriss formula which
allows a rapid calculation of the induced stress with depth without resorting to a dynamic site
response analysis. As mentioned previously, the liquefaction resistance can be estimated through
empirical correlations with an index parameter which can be the SPT blow count, the point resistance
measured in a static cone penetration test (CPT) or the shear wave velocity. Attention is drawn on the
fact that all these methods shall be implemented with several corrections aiming at normalizing the

91



Design of concrete foundation elements
A. Pecker

measured index parameter; these corrections bear on the overburden at the depth of measurements,
the fine content of the soil, the effective energy delivered to the rods in SPTs.

Kobel995

Fig. 4.5.1 Example of damages to a building caused by liguefaction of the foundation soil

For a soil to be prone to liquefaction it is necessary that it presents certain characteristics that govern
its strength and also that the seismic demand be large enough. Therefore, taking the opposite view,
EN 1998-5 has defined soils that are not prone to liquefaction or for which liquefaction assessment is
not required. The following conditions shall be met:

o Low ground surface acceleration (<0.15g)

o And either soils with a clay content larger than 20% and a plasticity index larger than
10%, or soils with a silt content higher than 35% and a corrected blow count measured in
SPT larger than 20, or clean sands with a corrected blow count larger than 30.

In addition, assessment of liquefaction is not required for layers located deeper than 15m below the
foundation elevation. It does not mean that those layers are not prone to liquefaction, although
susceptibility to liquefaction decreases with depth, but that because of their depth possible
liquefaction of the layer will not affect the building. Obviously this condition is not sufficient by itself
and should be complemented with a condition on the relative foundation dimensions with respect to
the layer depth. Unfortunately, this clause does not exist in EN 1998-5.

Figure 4.5.2 taken from the normative annex B presents the correlation between the liquefaction
resistance and the corrected SPT blow count (N4)s. These charts are valid for earthquake with
magnitudes equal to 7.5. For other magnitudes correction factors are provided in the annex. The
procedure is then rather simple: SPTs are carried out on site; raw blow counts are corrected to
account for the overburden, delivered energy, fine content to yield the corrected value (N4)s. The
liquefaction resistance is read from the charts and the correction for earthquake magnitude
(multiplication factor) applied to provide the in situ liquefaction resistance. This resistance is compared
to the seismic demand (calculated with the Seed-Idriss formula) and the safety factor computed. The
minimum required safety factor is a NDP, but the recommended value is equal to 1.25.
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Fig. 4.5.2 Charts giving the liquefaction resistance as function of the corrected blow count for
earthquake magnitude 7.5

4.6 Slope stability analyses

The ultimate limit state (ULS) or damage limit state (DLS) is related to unacceptable large
displacements of the slope that may endanger the functionality or stability of the construction (Figure
4.6.2). Therefore analysis is required for all structures, except those of importance category I, that are
located in the vicinity of a slope. The recommended approach is a pseudo-static stability analysis in
which the inertia forces are represented by permanent horizontal and vertical loads related to the
peak ground acceleration, a,S. This peak ground acceleration shall be multiplied by the topographic
amplification factor, 7, defined in annex A (informative) and which values are depicted in Figure 4.6.1.

Topographic amplification factors (ST)

Type_ of _ Sketch Average slope
topographic profile angle,a

Isolated cliff and o
slope ﬁ o >15 1.2

15° to 30° 1.2

Ridge with crest
width significantly i D N e
less than base width <

ST

Fig. 4.6.1 Topographic amplification factor

The inertia forces are defined by the following equations:
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F,=05a,S {V—VJ ,  F,=033t005F,
g (4.3)
The key parameter in the pseudo-static approach is the choice of the fraction of the seismic coefficient
(kn = ag S/g) that is applied to the soil weight (W). This fraction, set equal to 0.5 in EN 1998-5 (eq.
(4.3)), has been selected on empirical basis, on observed performance of slopes and embankments
during earthquakes and on back-calculations. It must be realized that choosing a seismic coefficient
that represents only a fraction of the maximum ground acceleration implicitly implies that permanent
displacements will occur during the earthquake; however, on the basis of tests examples, it is
believed that, pending the limitations listed below, those displacements will remain limited and will not
affect the stability of the slope. Would the designer have to design a sensitive structure at the crest of
a slope for instance, although this situation is certainly not advisable, he may take the decision of
limiting the induced permanent displacements with the choice of a higher seismic coefficient, possibly
equal to the peak ground acceleration.

Fig. 4.6.2 Example of slope instability affecting constructions (Loma Prieta, 1989)

It is essential to keep in mind that the proposed calculation method is only valid if the soils composing
the slope do not experience a significant loss of strength during seismic loading. This loss of strength
may be caused, for saturated materials, by the excess pore water pressure build-up, even without
reaching a state of liquefaction. Sensitive clays may also be subject to a sudden drop in strength
when they are strained beyond a given strain threshold.

4.7 Earth retaining structures

Implicit in the design of a retaining structure is the fact that permanent displacements and tilting may
be acceptable provided functional or aesthetic requirements are not violated. Permanent
displacements, albeit of limited extent, always occur in the so-called yielding walls, i.e. walls that can
move a sufficient amount to develop active earth pressure states. Examination of the behavior of
retaining structures during earthquakes clearly shows that the most commonly observed failure mode
is associated with liquefaction of the backfill supported by the wall (Figure 4.7.1). Therefore significant
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pore water pressure build-up must absolutely be prevented and a minimum safety factor against
liquefaction, specified equal to 2.0 in EN 1998-5, must be ensured.

l‘."lf-‘-‘/» J

Fig. 4.7.1 Example of soil liqguefaction behind a retaining structure (Kobe, 1995)

As requested in EN 1998-5 the method of analysis should account for the inertial and interaction
effects between the structure and the soil, and for the hydrodynamic effects in the presence of water.
Provided the soil does not suffer from a significant loss of strength during seismic loading, the
recommended approach is a pseudo-static analysis in which the earth pressures are calculated on
the basis of Mononobe-Okabe formula. This approach is detailed in annex E which differentiates
between dry soils, pervious saturated soil below the water table and impervious soils below the water
table. The total action effects on the wall includes the static and seismic earth pressures, the
hydrostatic and hydrodynamic water pressures and the inertial forces developed in the wall. The
global force acting on the wall can be written as:

Ed zly*(likv)K H2+EWS+EWd
2 (4.4)
where :

o His the wall height,

o Ewsand E,q4 are the static and hydrodynamic water pressures, occurring in the backfill or
on the front face of the wall (for harbor structures),

o Kk, is the vertical seismic coefficient,

o K the earth pressure coefficient, including both the effect of the static and seismic
pressures,

o y* the appropriate soil unit weight detailed below.
Both K and y* depend on the soil permeability.

The calculation model for the earth pressure is an extension of the static Coulomb model in which the
seismic forces are introduced through horizontal and vertical forces (Figure 4.7.2); the pseudo-static
soil thrust is obtained through equilibrium of the forces acting on the soil wedge. As for slope stability,
the key parameter in the calculation of the earth pressure coefficient K is the choice of the seismic
coefficient ky. This one is related to the peak ground acceleration through:
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k, =

= |k

a, S
- , k, =+0.33t0 0.50 k,,
g (4.5)

A r value larger than 1.0 implicitly implies that permanent movements are accepted for the wall.
Accordingly, depending on the amount of displacement tolerated for the wall, r takes the values given
in Table 4.7.1.

Fig. 4.7.2 Calculation model for the evaluation of the seismic earth pressures

Table 4.7.1 Coefficient relating the seismic coefficient to the amount of accepted wall
displacement

Type of retaining structure r

Free gravity walls that can accept a displacement d; < 300 (mm) ag ng S 2
As above with d, <200 a; »g S (mm) 1,5

Flexural reinforced concrete walls, anchored or braced walls, 1
reinforced concrete walls founded on vertical piles, restrained
basement walls and bridge abutments

As mentioned above the earth pressure coefficient K and the soil unit weight y* to consider in eqn. 4.4
depend on the soil permeability.

For unsaturated soils above the water table the unit weight is simply the soil unit weight y and the
angle 6 entering the expression of Mononobe-Okabe formula (see EN 1998-5, annex E) is given by

k
tan(0) = 1+*|‘(
=% (4.6)

The water pressures E,s and E,4 are obviously equal to 0.
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For highly pervious saturated soils below the water table (permeability typically higher than
5 103m/s) the soil unit weight is the buoyant unit weight y' and @is given by:

. v, Kk
y :}/':y—yw , tan(ﬁ):—d,ﬁ
Vo oLTKy 4.7)
where y; is the soil dry unit weight. The water pressures E,s and E,q are non-zero. In particular, the
hydrodynamic water pressure is computed according to Westergaard's formula giving the
hydrodynamic pressure acting on a rigid wall moving against an infinite water reservoir:

Ewd :lkHyvazv

12 (4.8)

For impervious saturated soils below the water table (permeability typically smaller than
5 10’4m/s) the soil unit weight is the buoyant unit weight ' and @is given by:

« y k
4 =7/'=7/—7/W , tan(0)=—,+—';(
y' 1tk 4.9)
where y is the soil total unit weight. The water pressure E,s is non-zero but the hydrodynamic water
pressure E,q is equal to zero.

The rationale for the above distinction between highly pervious and impervious soils is based on the
theoretical analysis by Matsuo and O'Hara of the excess pore water pressure generated in a two-
phase medium during cyclic loading (Figure 4.7.3)

pwd
K, v, H;, Matsuo-O’Hara solution

0.6

Westergaaréd
< §
\Hzlom ,T=0.2s
0.4 N ;
N

\H:Zm ,T=2.0s
VS N\

0.2 \\
Hw :
Y
DN
~. ~\
0 v Y o~ M
101 100 10t 102 108
2nny,, H,
E, KT

Fig. 4.7.3 Theoretical hydrodynamic excess pore pressure in a saturated two-phase medium

As shown in Figure 4.7.3, as the soil permeability k tends to infinity the excess hydrodynamic water
pressure p.q approaches, as expected, Westergaard's solution, while as the permeability tends to
zero the excess hydrodynamic water pressure becomes negligible. It does not mean, however, that
the presence of water does not affect the actions transmitted by the soil to the structure; simply in the
case of an impervious material the soil skeleton and the water contained in it move in phase and
behave as a one-phase medium. Comparison of egn. (4.9) with egn. (4.6) shows that the seismic
coefficient (not the earth pressure coefficient K) is multiplied by a factor almost equal to 2 with respect
to the dry soil.
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The dynamic increment of the earth pressure is assumed to act at mid-height of the wall except for
walls that are susceptible to rotate around their toe or for flexible retaining structures, like anchored
sheet pile walls. As calculations, as well as post-earthquake observations, have shown that the slope
of the potential failure wedge is flatter than under static condition, the length of the anchor shall be
increased with respect to the length computed under static conditions to ensure that the anchor
system is located outside this potential failure wedge; the recommended length is given by:

a S
L=Lg {1+1.5§’T}

(4.10)

where Ls is the anchor length calculated under static conditions. Furthermore, the anchorage tendon
shall have the capability of accommodating differential soil displacements that are likely to develop
between the front wall and the anchor wall. These differential displacements are caused by a
phenomenon similar to topographic amplification close to the front wall.

Verifications of the wall include checks on the sliding capacity, loss of bearing capacity, general slope
failure and structural strength verifications.

4.8 Foundation systems

Foundations shall ensure the transfer of forces from the superstructure to the soil without significant
deformation. Deformations shall remain small because foundations are placed below the ground and
they are difficult to inspect and repair after an earthquake. Furthermore, inelastic deformations of soils
and foundations are difficult to accurately predict, although it is recognized that they are a significant
source of energy dissipation.

The design action effects shall be evaluated in accordance with the design of the superstructure:

o For dissipative structures, as defined in EN 1998-1, they are evaluated according to
capacity design considerations;

o For non-dissipative structures the actions effects are simply obtained from the elastic
analysis.

4.8.1 DIRECT FOUNDATIONS: FOOTING, RAFT

The design verifications include verification with respect to the sliding capacity and verification for the
seismic bearing capacity.

4.8.1.1 Sliding capacity
The total design horizontal force shall satisfy the following condition:

Vy, <F., +F,+0.3F, @11)

Where:
o Fyy: Friction along the base of the footing, equal to Ngp tan(d)/y;
0 Fypo : Friction along lateral sides for embedded foundations;

o Fp: Ultimate passive resistance.
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0 Ngp : Vertical design force acting on the foundation
o o6 : Friction angle between the foundation and the soill
o partial factor taken equal to y,

It is worth noting that although full friction on the base and lateral sides of the foundation can be
mobilized, it is not allowed to rely on more than 30% of the total passive resistance. The rationale for
this limitation is that mobilization of full passive resistance requires a significant amount of
displacement to take place, and this does not comply with the performance goal set forth at the
beginning of this paragraph. However, under certain circumstances, sliding may be accepted because
it is an effective means for dissipation of energy and, furthermore, numerical simulations generally
show that the amount of sliding is limited. For this situation to be acceptable the ground
characteristics shall remain unaltered during seismic loading and sliding shall not affect the
functionality of lifelines. Since soil under the water table may be prone to pore pressure build-up,
which will affect their shear strength, sliding is only tolerated when the foundation is located above the
water table. The second condition listed above is simply recognition that buildings are not isolated
structures and are connected to lifelines; one should make sure that displacements imposed by
buildings to lifelines will not damage either the connection or the lifelines themselves. For instance,
during the Loma Prieta earthquake (1989), liquefaction in the Marina district caused severe lateral
spreading that did not really damage the houses but induced failure of the gas pipelines.

4.8.1.2 Bearing capacity

The seismic bearing capacity of foundations shall be checked taking into consideration the load
inclination and eccentricity acting on the foundation, as well as the effect of the inertia forces
developed in the soil medium by the passage of the seismic waves. A general expression has been
provided in annex F (informative) that has been derived from theoretical limit analyses of a strip
footing. However, recent studies have shown that the same expression is still valid for a circular
footing provided the ultimate vertical force under vertical centered load, Ny, entering egn. (4.12) is
computed for a circular footing. The condition to satisfy for the foundation to be safe against bearing
capacity failure simply expresses that the forces Ngp (design vertical force), Vsp (design horizontal

force), Msp (design overturning moment) and If(soil seismic forces) should lie within the surface
depicted in Figure 4.8.1.

HN o

Fig. 4.8.1 Surface of ultimate loads for the foundation bearing capacity

The analytical expression of the surface is provided in annex F:
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with the following definition for the different quantities:
Yro P2B
N:yRDNsd ’ \7:7RDVsd 1 M:yRDMSd CF= C,
Nmax Nmax B Nmax yRD a
gtang (4.13)

The coefficients represented by lower case letters in eqn. 4.12 (like a, b, ..) are numerical values that
are tabulated in annex F.

Although Eqn. 4.12 does not look familiar to geotechnical engineers who are more accustomed to the
"classical" bearing capacity formula with corrections factors for load inclination and eccentricity, it
reflects the same aspect of foundation behavior. The verification suggested in EN 1998-5 is similar to
using interaction diagrams in structural engineering for the design check of a beam cross section
under combined axial force and bending moment.

The model factor jzp, which only appears in EN 1998-5 for the seismic verification of the bearing
capacity, is introduced to reflect the uncertainties in the theoretical model, and as such should be
larger than 1.0, but also to recognize that limited permanent foundation displacements may be
tolerated (i.e. Eqn. (4.12) is violated), in which instance it can be smaller than 1.0. Tentative values,
which intend to combine both effects, are proposed in annex F and recalled in Table 4.8.1 which
reflects that for the most sensitive soils (loose saturated soils) the model factor should be higher than
for stable soils (medium dense sand).

Table 4.8.1 Model factors for use in eqn.(4.13)

Medium Loose dry Loose No'r? Sensitive
saturated sensitive
dense sand sand clay
sand clay
1.0 1.15 1.50 1.0 1.15

4.8.1.3 Example of bearing capacity check

This example is taken from the design example covered in the book. The building has been designed
according to capacity design considerations. Therefore clause 5.3.1 of EN 1998-5 applies: “The action
effect for the foundations shall be based on capacity design considerations accounting for the
development of possible overstrength”.

Clause 4.4.2.6 of EN 1998-1 provides the design values of the action effect on the foundation:

EFd = EF,G + Vrd QEF,E (4.14)
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O R4 is the overstrength factor equal to 1.0 for a behavior factor q less or equal 3, and equal
to 1.2 otherwise;

o 02=R;/E, <q with Ry the design resistance and Ey the design value of the action

effect in seismic situation;

0 Eggis the action effect of the permanent loads,

0 Eggis the action effect of the seismic loads,

Table 4.8.2 gives the values of Egq for column 7 of the design example. For these quantities the

product (2., takes the value:

—Q?’Rd:q:3

Table 4.8.2 Design action effects Egq for the foundation of column 7 of the design example

+X/+Y/max
-X/+Y/max
+X/-Y/max
-X/-Y/max
+X/+Y/min
-X/+Y/min
+X/-Y/min
-X/-Y/min

(kN)
2861
2861
2861
2861
2744
2744
2744
2744

My
(kN.m)
21
26
21
26
21
26
21
26

Vy
(kN)

Mz
(kN.m)
27
27
28
28
27
27
28
28

v
(kN)
14
16
14
16
14
16
14
16

(kN.m)
34
37
35
38
34
37
35
38

(4.15)

The footing has been sized to ensure a safe bearing capacity under permanent loads; its calculated
dimensions are equal to 2m x 2m. The soil conditions correspond to stiff clay classified as ground type
B (Table 3.1 of EN 1998-1).

For static conditions, the undrained shear strength of the clay is assumed equal to C, = 300kPa. For
seismic conditions, a 10% reduction is assumed to reflect a small cyclic degradation under cyclic
loading (clause 3.1 of EN 1998-5) and the relevant cyclic undrained shear strength is C, = 270kPa.
With a material factor of 1.4 (clause 3.1 of EN 1998-5), the design undrained cyclic strength becomes
equal to C, = 195kPa. Finally, according to annex F of EN 1998-5 (see also Table 4.8.1) the model

factor yp = 1.0.

As mentioned previously, although annex F is for strip footing, it can also be used for circular footing
with the appropriate choice of N,.«. The equivalent foundation radius is 1.13m and

N, =7r’N, C, =3.14x1.13 x6.0x195 = 4680 kN

Then from eqn. (4.13):
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N = 28610r2744 _  cior059 . v=—% _0.0035
4680 4680
M =38 00041 . F _2x25x20 _ g
25 4680 195

(4.17)

The quantity on the left hand side of eqn. (4.12) is equal to -0.999 and therefore stability is ensured;
the large margin safety is due to the small overturning moment applied to the foundation. Figure 4.8.2
presents a cross section of the surface of ultimate loads depicted in Figure 4.8.1 with the location of
the point corresponding to the actual forces acting on the foundation. This point is located well inside
the surface of ultimate loads.

0.160

0.140

\\
0.120 I

\\
.
o Ny, = 2744 MN
Ny = 2861 MN\

0.080 Seismic forces k

L/ N\
1/
-l \!
" |

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Normalized shear force Vg y/Nax

Normalized overturning moment Mgy /B.N,,,

Fig. 4.8.2 Verification of the seismic bearing capacity of column 7 footing

4.8.2 PILES AND PIERS

Piles and piers need to be verified under the effects of the inertia forces transmitted from the
superstructure onto the pile heads and also under the effects of kinematic forces due to the
earthquake-induced soil deformations. However, kinematic interaction needs only to be considered for
soft deposits (ground types D, S; or S,) with consecutive layers of sharply contrasting stiffness,
design acceleration in excess of 0.10g and supported structure of importance category Il and IV.

Although piles will generally be designed to remain elastic, they may under certain conditions be
allowed to develop plastic hinges at their head. The reason to require than piles remain elastic is,
once again, related to the difficulty to inspect and repair piles after an earthquake. Nevertheless, it is
well known by designers that large bending moments may develop at the pile-cap connection (see
Figure 4.8.3) and designing that section to remain elastic may be a formidable task.
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Fig. 4.8.3 Example of damage at the pile-cap connection

It is therefore more economical and often safer to design this section with a plastic hinge, applying all

the requirements listed in EN 1998-1 for plastic hinges.

Among the special provisions that are required for piles, the least accepted by the earthquake
community is clause 5.4.2(5) of EN 1998-5: "Inclined piles are not recommended for transmitting

lateral loads to the soil". In fact, this clause has been added for several reasons:

o There are several examples of poor behavior of inclined piles during earthquakes; it is,
however, admitted that this is not a general observation since there exist counter
examples, especially in situations where soil lateral spreading is significant (Landing Road

Bridge during the 1987 Edgcumbe earthquake in new Zealand);

Figure 4.8.4 shows the results of centrifuge tests carried out at IFSTTAR (former LCPC) on groups of
vertical and inclined piles. As seen from the figure residual bending moments are significantly higher
in the inclined pile (red curve) than in the vertical one (blue curve) regardless of the frequency of the
sine input signal; these bending moments are explained by the soil settlement beneath the inclined

pile that reduces the supporting soil reaction.

Depth (m)

Fig. 4.8.4 Residual bending moment in inclined and vertical piles groups; centrifuge tests
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Piles working in compression/tension are less ductile than flexural piles;

Inclined piles are highly sensitive to soil settlements which may induce residual bending
moments in the piles as pointed out in the same clause "If inclined piles are used they
should be designed to safely carry axial loads as well as bending loads".
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carried out at IFSTTAR
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4.9 Soil Structure Interaction

The chapter on soil structure interaction (SSI) is mainly qualitative because it has been realized, when
drafting EN 1998-5, that being more specific was impossible, unless the chapter becomes a textbook.
Therefore, the effects of SSI are simply described in an annex (annex D) and situations where SSI
shall be considered in design are identified. They concern massive and embedded foundations,
slender structures like towers, masts and chimneys, more generally any structure sensitive to second
order effect (P-¢ effects), structures founded on soft soil deposits with a Vg3 less than 100m/s, and
piled foundations. For piled foundations, an informative annex (annex C) provides the pile head
stiffness that can be used for SSI calculations.

As a result of SSI, the seismic response of a structure is modified with respect to the case of a fixed-
base structure. Due to the flexibility of the ground the fundamental period of vibration is elongated,
significant rocking movements may take place and the overall damping of the system is increased due
to radiation damping. For the majority of structures, except those listed above, these effects tend to
be beneficial because they reduce the seismic forces; however, the importance of rocking motions
must not be overlooked. An illustrative example is shown in Figure 4.9.1. This picture was taken in
Mexico City after the 1985 Michoacan Guerrero earthquake; two adjacent buildings of the same
original height experienced severe rocking movements because of the very low stiffness of the Mexico
lake deposits; the separation joint between the buildings was too small and pounding eventually
occurred causing a structural failure with the loss of three stories in left building. Without SSI, i.e. if the
buildings have been founded on rock, the rocking movements would have been negligible and the
buildings may have survived the earthquake.

WIkL OGS A L V.

IR e

VD R T G A s
(T

Fig. 4.9.1 Pounding of adjacent buildings in Mexico City (1985) due to SSI
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5.1 Definition of the structure

The example consists in a preliminary design of the building shown at Figure 5.1.1. The aim is to
obtain in a straightforward way, making certain approximations, ‘sizes’ for the structural elements
close to a final design. Such a preliminary process is a normal step in seismic design, because the
dynamic action effects are a function of the member stiffness which the designer is trying to
determine, so iterations are inevitable. A more refined definition of the section sizes, complete 3D
calculations etc, can only be made once the ‘reasonable’ design presented hereafter has proved its
validity.

The example considers a building in which the seismic resistance is provided by both peripheral and
interior moment resisting frames (MRF), in both the x and y directions. MRFs are known to be flexible
structures and their design is often governed by the need to satisfy deformation criteria under service
earthquake loading, or limitation of P-A effects under design earthquake loading. For this reason, rigid
connections are preferred.

It is wise in a preliminary design to select sections that will satisfy, with some reserve, the design
criteria under gravity loading alone, and to select a value below the maximum authorised one for the
behaviour factor g.

The maximum allowedisq=5xa,/a;=5x 1.3 =6.5.
In order to quickly arrive at the final design a value of q = 4 will be chosen for the analysis.
The preliminary design consists of:

o Firstly define minimum beam sections, checking deflection and resistance criteria under
gravity loading.

o Then follow an iterative process, going through the following steps until all design criteria
are fulfilled.

The iterative process can make use of either the ‘lateral force’ method or the ‘spectral response-
modal superposition’ method. If the ‘lateral force’ method is used, the calculation steps are:

1. selection of beam sections

2. definition of column sections checking the ‘Weak Beam Strong Column’ criteria

3. check compression/buckling resistance of columns at ground floor level under gravity loading

4. calculation of the seismic mass (G + g Q) of the structure

5. evaluation of the period of the structure by means of a code formula

6. evaluation of the resultant base shear F, and distribution of F, into lateral forces

7. static analysis of one plane frame under ‘lateral loads’, magnified by a factor to take into
account torsional effects

8. static analysis under gravity loading (G + w5 Q)

9. stability check, considering P-A effects (parameter 0) in the seismic loading situation (in which
the gravity loading is G + w,; Q)

10. deflection check under ‘service’ earthquake loading (a fraction of the design earthquake,
generally 0.5)

11. combination of action effects determined in steps 7. and 8., and design checks on section
resistances.

If the ‘spectral response-modal superposition’ method is used, steps 5., 6. and 7. are replaced by:
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5. ‘spectral response-modal superposition’ analysis of one plane frame to evaluate the
earthquake action effects. Torsional effects are included by magnifying the design spectrum by the
amplification factor &.

The ‘spectral response-modal superposition’ method is a dynamic analysis which allows several
vibration modes to be taken into account.

Both the ‘lateral force’ and the ‘spectral response-modal superposition’ methods are used below in
order to compare the results of those methods in terms of fundamental period and base shear.

I o

{ Fm——T .

R e «

1T s

1R o

R, S | :
o ., T,

Fig. 5.1.1 Definition of the structure.
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The site and building data are as follows:

o

(0]

[0}

(0]

(0]

o

Seismic zone ; agr= 2.0 m/s?

Importance of the building; office building, y=1.0=>a4=2.0 m/s’

Service load Q = 3 kKN/m2

Design spectrum; type 1

SoilB  =>fromcode:S=1.2 TB=0.15s TC =0.5s TD =2s

Behaviour factor: q = 4

The building dimensions are shown in Figure 5.1.1. The orientation of the columns is chosen in order
to have:

(0]

o

a similar percentage of strong and weak axis column bending in both the x and y directions.

columns presenting their strong axis where this is mostly needed in order to satisfy the ‘weak
beam-strong column’ condition with respect to the deepest beams used in the structure, that is
for the beams in the x direction (longer spans) at interior nodes.

5.2 Checks of resistance and stiffness of beams

Beams in x direction. Deflection check.

Beams are assumed to be fixed at both ends. Span | = 8m.

Frame on line X2 supports a width of floor = 6m

Floor weight is estimated at 5 kN/m?, all included.

G floor : 6m x 5 kN/ m? = 30 kN/ m

G walls : 3kN/m

Q service : 6m x 3 kN/ m* =18 kN/ m

G+Q=30+3+18=51kN/m

Deflection limit: f =1/300 under G+Q = 51 kN/m

f = pl* / 384EI= 1/300

=> |roquires= 300 pI°/384E = (300 x 51 x 8% )/( 384 x 0.2 x 10° )= 10199.10* mm*

Minimum beam section in x direction: IPE 330 (I = 11770.10* mm®*)

Beams in x direction. Moment resistance check.

1.35G +1.5Q =1.35x 33 + 1.5 x 18 = 71.55 KN/m
Beams are assumed fixed at both ends: Mgy = 71.55 x 8%/12 =381 kNm
Wopl,min = 381.10°/ 355 = 1075.10° mm®

Minimum beam section in x direction: IPE 400 (Wpl = 1307.10° mm®)

Beams in vy direction. Deflection check.

Beams are assumed fixed at both ends. Span | = 6m.
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Frame on line Y2 supports a width of floor = 8m

G floor : 8m x 5 kN/ m* = 40 kN/ m

G walls : 3 kN/ m

Q service : 8m x 3 kN/ m* =24 kN/ m

G + Q=67 kN/m

Deflection limit: | /300 under G+Q = 67 kN/m

f=pl*/ 384EI=1/300

=> |ioquirea= 300 pI°/384E = (300 x 67 x 6% ) / (384 x 0.2 x 10° ) = 5653.10" mm*

Minimum beam section in y direction: IPE 270 (1= 5790.10* mm4)

Beams in y direction. Moment resistance check

1.35G + 1.5Q =1.35x43 + 1.5 x 24 =58 + 36 = 94.05 kKN/m

Beams are assumed fixed at both ends: Mgq = 94.05 x 6% /12 = 282 kNm
Wpl,min = 282.10° / 355 = 795.10° mm®

Minimum beam section in y direction: IPE 360 (Wpl = 1019.10° mm®)

Conclusion.

For gravity loading, minimum beam sections are:

- in direction x : IPE400 Wpl = 1307.10° mm*® 1=23130.10* mm*
- in direction y : IPE360 Wpl = 1019.10° mm® 1=16270.10" mm*

Based on these minimum sizes needed to resist gravity loading the iterative procedure for sizing the
beams and columns can begin. The calculations presented below correspond to the following
(slightly greater) sizes of beams and columns:

- beam sections in direction x :  IPE500 I= 48200.10* mm* Wpl = 2194.10° mm?®

- beam sections in directiony :  IPEA450 I= 29760.10* mm* Wpl = 1494.10° mm?®

- columns: HE340M: | gyong axis= |y = 76370.10* mm* lweakaxis=l; =19710.10* mm*
Wi strong axis = 4718.10° mm® W weakaxis = 1953.10° mm?®

5.3 ‘Weak Beam-Strong Column’ checks

The Weak Beam-Strong Column (WBSC) check is: Z Mg, = 1.32 Mg,

That criterion can be expressed: Z f s cotumn < Wai coturm = 1.32 f i eams XWo beams

Grade S355 steel is chosen for both the beams and columns, so the WBSC check becomes:

ZWpl,columns > 1.32Wpl,beams
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At interior nodes there are 2 beams and 2 columns intersecting, so the WBSC check becomes:
Wpl, column 2 1 3 Wpl, beam
At exterior nodes, there is 1 beam and 2 columns intersecting so the WBSC check becomes:

2 Wpl, column 213 Wpl, beam

Interior node, line Y2.

W, columnweak axis 2 1.3 W ipEadso

= HE340M has Wiy yeakaris = 1953.10° mm® > 1.3 x 1494.10°=1942.10° mm*®

Exterior node line Y2.

2Wy columnweak axis = 1.3 Wy pesso IS @ less demanding check than that for the interior node, so is
satisfied ‘by inspection’.

Line Y1.

Columns are oriented such that the strong axis bending resistance of the HE340M sections is
mobilised rather than the weak axis considered above, so the WBSC check is satisfied ‘by inspection’.

Interior node, line X2.

WpI,HE340M,strong axis — 4718.1 03 mm3
W, pesoo X 1.3= 2194.10% x 1.3 = 2852.10° mm®
4718.10° mm?® > 2852.10° mm® => WBSC condition satisfied.

Exterior node, line X2.

WBSC condition: 2Wpl, column,weak axis 2 13 WpI,IPE500
2 Wy HEssomweak axis =1953 X 2=3906.10° mm® > 1.3 W, 1pesoo =2194.10° x 1.3 =2852.10° mm®
WBSC condition satisfied.

Conclusion.

Beam sections IPE500 in direction x and IPEA450 in direction y satisfy the WBSC condition when
HE340M columns are used and oriented as indicated in Figure 5.1.1.

5.4 Interior column. Axial compression check

Relevant loaded area: 8 x 6 = 48 m?
Floor weight is 5 kN/m?, all included.
G floor = 48 x 5 = 240 kN/storey

G walls = (8 + 6)x 3 = 42 kN/storey
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G frame: 18.5 kN/storey

Q = 3 kN/m” x 48 = 144 kN

1.35G +1.5Q =1.35x 300.5 + 1.5 x 144 = 622 kN/storey

Compression in column at basement level: 6 x 622 = 3732 kN
Approximate buckling length: 2.9 m (equal to the storey height)
Slenderness (with HE340M section, weak axis, i = 79mm): 2900/79 = 36.7

Euler slenderness Ag : 76.4 (S355 steel) => reduced slenderness Z =0.48=>x=0.85
A. = 31580 mm?
Nbrd = 0.85 x 31580 x 355 = 9529 kN > 3732 kN

5.5 Interior column. Plastic resistance at ground level

Plastic hinges form in the bases of the columns at ground level as part of the global plastic
mechanism. Their bending resistance has to be evaluated considering the interaction between axial
force and bending, according to Eurocode 3 (EN1993-1-1 paragraph 6.2.9.1), for the seismic design
condition. The axial force is found as the sum of the contribution of 6 storeys:

Negg = G + oy Q =(300.5 + 0.15 x 144) x 6 = 1932 kN

The value ,; = 0.3 corresponds to offices.

For the HE340M section: N rq = fyg X A = 355 x 31580 =1 1210.10° N=11210 kN

N = Ngq/ Npirg = 0.184

a = (A-2bt;)/A = (31580 — 2 x 309 x 40)/31580 = 0.22 > 0.17 (= n)

Moiy.rd = fya X Wiy ra=355 X 4718.10°= 1674.89 . 10° Nmm =1674.89 kNm

Mny.rd = Mpiy.ra (1-n)/(1-0.5 a) = 1674.89 . 10°x (1-0.184)/(1- 0.5 x 0.22) = 1540.10° Nmm
Mny.ra = 1540 kKNm

Asn<a =>Myzrd = Mpizra = 355 X 1953.10° Nmm = 693 kNm

Mn,y.rd = 1540 KNm and My, rq = 693 kKNm are the resisting moments. In section 5.10, it is checked
that they are greater than the design action effects considered for elements checks.

5.6 Evaluation of the seismic mass

The unit used for mass is kg’ . Total floor area for a single storey: 30 x 24 = 720 m?
G floor = 500 kg/ m? x 720 = 360 000 kg /storey

Partitions and fagade; total length for one storey: 30m x 4 + 24m x6 = 264 m

300 kg/m => 79200 kg / storey

G 100f CONsiders various pieces of equipment (elevator plant rooms, air conditioning, water tanks, etc)
with an assumed mass of 79200 kg
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G frame: Column HE340M: 2.9 m x 24 x 248 Kg/m = 17260 kg
beams IPE500: 8m x 3 x 6 x 90.7 Kg/m = 13060 kg
beams IPEA500: 30m x 4 x 67.2 Kg/m = 8064 kg

total G fame: 38384 kg/storey
Wei X Q (service load)= wg; x 300 kg/ m? x 720 m?= 0.15 x 300 x 720 = 32400 kg /storey
Seismic mass (G+ wg; Q ) of one storey: 360000 + 79200 + 38384 +32400 = 509984 kg
Seismic mass m = G+ g; Q of the building (6 storeys): 6 (storeys) x 509984= 3060.10° kg

Interestingly, the steel frame represents only 7.5 % of the total seismic mass (and could be
approximated as a constant mass in the first iterations of a design). The floors however represent
70% of the total seismic mass m, so a reduction of the floor weight by means of an alternative flooring
system would be an effective way to substantially reduce the earthquake actions (by reducing the
seismic mass), and subsequently the cost of the building.

5.7 Evaluation of seismic design shear using the ‘lateral forces’
method

In this section the approximate ‘lateral forces’ method is considered.
Estimate the fundamental period of the structure:
T=CH" Ci=0.085 H=6x29m=174m =>T=0.085x 17.4**=0.72s
Calculate the corresponding design pseudo acceleration Sq (T): Tc<T<Tp

= Sy(T)=(25xagxSxTc) (qxT)=(25x2 x 1.2 x 0.5)/(4x 0.72)= 1.04 m/s’
Calculate the seismic design shear Fyr
For =M Sq (T) A =3060.10° x 1.04 x 0.85 = 2705.10° N = 2705 kN

Fur is the total design seismic shear applied to the building in either the x or y direction (they are the
same because the estimation of T is only related to the building height). This corresponds to a
deformed shape which is purely translational in the x or y directions.

In this example, calculations are presented for frames in the x direction. All six frames are the same,
and with a floor diaphragm that is assumed to be effective enough to evenly distribute the force, then
the seismic design shear Fyy in one frame is: F,x = F,r /6 = 451 kN

Torsional effects have to be added to the translational effects. In the structure analysed, due to
double symmetry in the x and y directions, the centre of mass CM and the centre of rigidity CR are
both, at all levels, at the geometrical centre of the building. This means that only accidental
eccentricity results in torsional forces. In this example, torsion is therefore taken into account by
amplifying Fpx by 6= 1 + 0.6x/L. In this expression, L is the horizontal dimension of the building
perpendicular to the earthquake in direction x (30m), while ‘X’ is the distance from the centre of
rigidity to the frame in which the effects of torsion are to be evaluated. The greatest effect is obtained
for the greatest x, which is x = 0.5 L (15m), so that: 60=1+06x05=1.3

The design shear Fpx including torsional effects is therefore: Fyx= 1.3 x 451 kN = 586 kN

[Note: If the final design was to be based only on a planar analysis as described above, 6 would be
taken equal to: 6= 1 + 1.2 x/L , as prescribed in Eurocode 8. However, the example described here
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has been developed assuming that a final design using 3D modal response analysis will be performed
after ‘satisfactory’ sizes of the beams and columns have been established. The value (1 + 0.6 x/L)
used for & is known to be close to the real value for the type of frame analysed].

Definition of storey forces.

As all storey seismic masses are equal the distribution of storey forces is triangular and the storey
Z
forces are givenby: F, = F - ——
2z
The resultant design base shear Fpyx in frame X1, including torsional effects, is: Fpx = 586 kN
The storey forces are: F1=27.9 kN F2=55.8 kN F3=83.7 kN F4=111.6 kN

F5=139.5 kN F6=167.5 kN

Earthquake action effects.

The earthquake action effects E are determined using a static analysis under the storey forces.

Results are given in section 5.10, where they are compared to those from a dynamic analysis.

5.8 Gravity load combined with earthquake effects

Beam sections are checked under combined earthquake and coincident gravity loading using the
following combination: G + ¢, Q=G + 0.3 Q

W Q=0.3Q=0.3x300kgx720 m? = 64800 kg /storey

The total design mass at one storey is:

G + 0.3 Q = 360000 + 79200 + 38384 + 64800 = 542384 kg

Line X2 carries 1/5 of that mass (line X1 and X6 carry each 1/10, while lines X2 to X5 carry 1/5 each).
The vertical load (G + wy Q) /m of beam in line X2 is: 542384 / ( 5 x 24m) = 4520 kg/m

G + Wy Q =45.2 kN/m

5.9 Dynamic analysis by spectral response and modal
superposition method

A planar analysis of a single frame in line X1 is considered.

The seismic mass G+ wg; Q for one frame is 1/6 of the total seismic mass of the building.
As the facade in direction x is 24m long and there are six levels of beams, the mass

(G+ wg Q) /m of beam is: G+ wg Q = 3060000/(6 x 6 x 24)= 3542 kg/m

The design peak ground acceleration is ag= 2.0 m/s” .
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Torsional effects have to be added to the translation effects, and this is done by amplifying the action
(the spectrum) by the factor & = 1.3 explained above, so that the value of a5 considered for the
analysis is : a; = 2 x 1.3 = 2.6 m/s’

5.10 Results of the analysis

Figure 5.10.1 presents bending moments under earthquake loading obtained by the lateral force
method. Figure 5.10.2 presents bending moments under earthquake loading obtained by the
dynamic analysis (spectral response — modal superposition) method. Due to the SRSS (Square Root
of the Sum of the Squares) combination of modes, action effects such as bending moments are all
defined as positive.

The bending moments shown in Figure 5.10.2 are a more realistic representation of the real bending
moment diagram at a given time, with moments at the beam ends which are of opposite sign.
Bending moments at any point in the structure can be either positive or negative, due to reversal of
the earthquake action.

The values obtained by the dynamic analysis are smaller than those from the lateral force method.
This is due to the use of correct values of periods in the dynamic analysis; the first mode period T, =
1.17 s is greater than the estimated 0.72s of the lateral force method, and a smaller pseudo
acceleration S4 (T) corresponds to a greater period T, for T4 > T¢ of the design spectrum. The
analysis also shows that first modal mass is 82.7 % of the total seismic mass m. The second modal
period is T,=0.368 s and the second modal mass is 10.4 % of the total seismic mass m. Figure 5.10.3
and 5.10.4 present the deformed shapes in vibration modes 1 and 2.

Tables 5.10.1 and 5.10.2 give details of the checks made on the limitation of P-A effects with the
results from both the lateral force method and the dynamic analysis. The values of the resultant base
shear from both methods are indicated in those tables: 586.0 kN (lateral force method, for one frame)
and 396.2 kN (dynamic response).

It can be seen that the value of the parameter 8 does not differ much from one type of analysis to the
other. 6 is < 0.1 at storeys 1, 4, 5, 6 . Bending moments and other action effects found from the
analysis at storeys 2 and 3 have to be increased by 1/ (1- 6) (1.16 at storey 2 and 1.13 at storey 3).

Figure 5.10.5 presents the bending moment diagram under the combination used for the checks of
structural elements: E + G + wy Q (in which bending moments are taken from the lateral force
method).

The maximum beam moment is at storey 2: 509.8 kNm
With the 1/ (1- 6) increase: 1.16 x 509.8 = 591.4 KkNm
Beams are IPE5S00 : M rqg = 2194.10° x 355 = 778.9 kNm > 591.4 kNm

The maximum moment in interior columns is: 481 kNm (at the base, as moments at storeys 1 and 2
are inferior to that value even with the 1/ (1- 6) increase).

Interior columns are HE340M bending about their strong axis:
Mpi,rd = 4718.10° x 355 = 1674.9 kNm > 481 kNm

The maximum moment in exterior columns is 195.2 kKNm ,at the base of columns (moments at storeys
1 and 2 are inferior to that value even with the 1/ (1- 6) increase).

Exterior columns are HE340M bending about their weak axis:
Mpird = 1953.10° x 355 = 693.3 kNm > 195.2 kNm

115



Specific rules for the design and detailing of steel buildings: (i) Steel moment resisting frames.
A Plumier

Checks under the service earthquake, which is assumed to be half of the design earthquake, raise no
concerns. Interstorey drifts D are half of those given in Tables 5.10.1 and 5.10.2, with a maximum:

Ds =0.5x0.054 x 1/ (1- 6) = 0.031m
Ds/h=0.031m/29=0.0108 =1.1 %

This value is acceptable with infills and partitions that are independent of the structure.
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Fig. 5.10.1 Diagram of bending moments under earthquake action obtained by the lateral force
method. Units: kNm.
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Fig. 5.10.2 Diagram of bending moments under earthquake action from the dynamic analysis.
Units: kNm.

Fig. 5.10.3 Deformed shape in vibration mode 1
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Fig. 5.10.4 Deformed shape in vibration mode 2

Table 5.10.1 Results from the lateral force method analysis

Lateral force method =Es+G+ yg Q G+yg Q= 35.42 kN/m
Absolute | Design Storey Shear Total Store Inte(;;tfct)rey
displacement | interstorey | lateral at cumulative | - h>tl sensitivit
Storey of the drift forces gravity load 9 Ity
E: coefficient
storey : (d;-di.p): E : storey E; : at storey E;: (E,-E.y) :
hi m i i-1) -
d [m] am; | vigeg | Vel | Pk m] ]
Eo do 0 dro
E; d; 0.033 |]d4 |0.033 JV; |27.9 Vi1 |586.0 |Pit1 |5100 fhs |2.9 |64 |0.100
E, d, 0.087 |]d. |0.054 |V, |558 [Vitz2 |558.1 P2 [4250 |h, |29 []6, |0.141
E; ds 0.139 |]d |0.052 V3 |83.7 ]Vits [502.3 |Piis [3400 Jhs |29 |65 |0.122
E,4 dy4 0.184 ds |10.044 |V, |111.6 [ Vietsa |418.6 JPiwisa 2550 Jhs |29 |64 ]0.093
Es ds 0.216 ]dis |0.033 Vs |139.5 JVits [|307.0 |Pits |1700 fhs |2.9 |65 |0.062
Ee ds 0.238 de 10.021 Vs |167.5 | Viote 167.5 |Piis | 850 he 129 |66 |0.037
6=P707""‘: <010
Behaviour factor : qg=4 Pot -0
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Table 5.10.2 Results from the modal superposition analysis

Modal superposition

=E;+ G+ y Q G+yg Q= 3542 kN/m
Dynamic analysis.
Absolute | Design Storey Shear Total Store Inte(;:r;itf?rey
displacement | interstorey |  lateral at cumulative heigh)t/ sensitivity
Storey of the drift forces gravity load £ |coefficient
storey : (d;-dis): E storey E;: |at storey E;: v E-E)
hi m i~=i-1) -
d [m] am; | v | Vel | Pk m] ;
Eo do 0 drO
E; d, 0.022 |d+ |0.022 V¢ |26.6 Vi1 |396.2 |Pyt1 |5100 |hy |2.9 164 |0.099

=) d; 0.057 ]d |0.035 |V, |42.9 |Vitz [369.7 |Pwi2 |4250 |h, |29 16, |0.137
E; d; 0.090 ]di [0.033 JV; |50.0 |Vits [326.8 |Pwts |3400 |hs |29 165 |0.118
E4 d4 0.117 Jdu |0.027 Vs |61.1 |Vietsa [|276.7 |Pwtsa |2550 |hs |29 )64 |0.086
Es ds 0.137 Jds [0.020 Vs |85.0 |Vits [215.6 |Pwts |1700 |hs |29 |65 |0.054

Es de 0.148 |]dw |0.012 Ve |130.6 JVite |130.6 |Pwts |850 he |2.9 |66 |0.027

. Prgt -dy
Behaviour factor : qg=4 ] =°—J_ 0,10
Vtot -7
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Fig. 5.10.5 Bending moment diagram under the combination used for the checks of structural
elements: E + G + g, Q. Units: kKNm.

154,

5.11 Design of beam to column connection at an interior joint in
line X2

The example connection in line X2 connects an IPE500 beam to a HE340M column. Both are made
of S355 steel. A connection type valid for a Ductility Class DCH is selected. This is an unstiffened
end plate connection; extended end plates are welded to the beam during fabrication and bolted to
the column flanges on site.

The design also involves consideration of the beam connections in line Y2, which are similar;
extended end plates are welded to the IPEA450 beams during fabrication and are bolted on site to
vertical plates welded to the columns flanges (see Figures 5.12.1 and 5.12.2).

Design checks are presented below for the connections in line X2 only.

Design moment and shear at the connection of the IPES00 beam.

The design moment and shear are related to a design situation in which plastic hinges are formed at
all the beams ends in line X2 (at all storeys). The design values are established considering possible
beam material real strength that is greater than the nominal f, =355 N/mm? This is achieved using a
7o factor, and a partial safety factor of 1.1:

MRd5connection >1.1 Yov MpI,Rdabeam =1.1x1.25x778.9 =1071 KkNm
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V

Recomnection = Ved = Veas +1: 170, CVeqe

Vede = 2 Mpirapeam/ | =2 x 778.9 /8 = 194.7 kN

Veqc is found under G + y; Q (= 45.2 kN/m, see above)
Veqe =0.5x8x45.2 =180.8 kN

VRd.connection = 180.8 + 1.1 x 1.25 x 194.7 = 448.5 kN

Given the design values of bending moment and shear, the design is based on the requirements of
Eurocode 3 (EN1993-1-8) with additional consideration of some specific requirements from Eurocode
8 (EN1998-1:2004).

Design of welds between end plates and beams.

Butt welds with adequate preparation and execution (V grooves, welding from both side) satisfy the
overstrength design criterion by default so no calculation is needed.

Design of bolts.
The bending moment Mgy, connection 1S transferred by 4 rows of 2 M36 grade 10.9 bolts.

Forrow 1, h,=500-16 + 70 =554 mm. Forrow 2, h, =500—-16-70 =414 mm.
The resistance Fygq of an M36 grade 10.9 bolt in tension is:

Firra = 0.9 fy As/ ymz = 0.9 x 1000 x 817 /1.25 = 735.3 kN/1.25 = 588.2 kN
Mgd,assemblage = (554 + 414) x 2 x 588.2 = 1138.10° kKNmm = 1138 kNm > 1071 kNm

Shear is transferred by 6 M20 grade 10.9 bolts placed on both sides of the web and designed to carry
the design shear in its entirety.

Design resistance of bolts in shear: 6 x 122.5/1.25 = 588 kN > 448.5 kN
Design bearing resistance of plate (40 mm thickness, see below):
VRd,plate= (6 X 193 x 40)/(10 x 1.25)= 3705 kN > 448.5 kN

Design of end plate.

The total design tension force Fy rq applied by one flange to the end plate is:

Firra = Mra / (500- 16) =1071.10° / 484 = 2213 kN

The virtual work equation on which end plate design in EN1993-1-8 is based indicates:
4 Mp,1rd X 0 = Frrg Xx 8 xm

6 is the rotation in a plastic yield line over the width of the plate (the yield line is horizontal); My, 1 rq iS
the plastic moment developed along this yield line; 4 is the number of yield lines when prying action is
accepted — Figure 5.12.3; m is the distance from the bolt axis to the flange surface (70 mm, see
Figure 5.12.2).

For yielding to develop in the beam and not in the plate the following condition should be satisfied:
4 Mp,1rd X 0 > Fyrrg X 8 xm

Moi1ra = (ot X £ X £, ) 4o

lett = 300 mm

Ymo = 1.0
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f, = 355 N/mm?
(4 x 300 x t* x 355) /4 =2213.10° x 70

=>t = 38.1 mm as minimum =>t =40 mm

Note.
As:

- the thickness t; of the column flange is also 40 mm

- the distance to the column web is (150/2) — (t,, /2)= 75 —21/2 = 64.5 mm < 70 mm

- the length of a potential vertical yield line in the column flange is (70 + 16 + 70) + (2x70) = 296
mm =~300 mm

It can be deduced that the flange has the required resistance to accommodate the tension from the
connection, without need of transverse stiffeners.

Check of resistance of end plate and column flange to punching.

The resistance Byrq Of the end plate and of the column flange to punching by one bolt should be
greater than the tension Fy rq that can be applied by that bolt: Bprg > Firrg

The check is identical for both the end plate and the column flange since they have the same
thickness (40 mm) and yield strength (355 N/mm?).

Firra = 2213 /4 = 553 kN

By ra is taken as the shear resistance corresponding to punching out a cylinder of diameter dp,, of the
head of the bolt (58 mm for a M36 bolt) and thickness t, of the plate (40 mm):

Bpra =0.6 Mdnt, fy =0.6 x 3.14 x 58 x 40 x 500 /1.25= 2185.10% N = 2185 kN > 553 kN

Check of column web panel in shear.

In the design situation plastic hinges are formed in the beam sections adjacent to the column on its
left and right sides. The horizontal design shear V,,gq in the panel zone is therefore equal to:

Vup.ed = MpiRd, left / (Cieft = 2trjert) + Mpird, right / (Tright — 21t rignt) + Vsd, ¢

Neglecting Vgq, :

V=2 x1071. 10° /(377-2x40) = 7212 kN

Vabra = (0.9, Auc ) (V3 X ymo) = (0.9 x 355 x 9893) / (V3 x 1.0) = 1824.10° N
Vb rd = 1824 kN << 7212 kN

The column web area therefore needs to be increased by adding plates with a shear resistance of:
7212 — 1824 = 5388 kN

This corresponds to an additional shear area: (5388.103 \3) /(355 x 0.9) = 29209 mm?

The design of the connections for the beams oriented in the y direction requires two plates of 297 mm
length and thickness equal to: 29209/(2 x 297)= 49.2 mm => 50 mm (Figure 5.12.1).

Check of column web panel in transverse compression.

This check refers to cl. 6.2.6.2 of EN1993-1-8.

Fc,wc,Rd sw kwc beff,c,wc twc fy,wc / Ymo
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A simple check is made by:

o setting w and k. at 1.0 and taking befcwec = tw + 5(t + 8)= 16 + 5 (40 + 27) = 351 mm (both of
these are safe-sided assumptions)

o yMO0=1.0
o ignoring the connecting plates of beams in the y direction
Fewerd = 351 x 21 x 355 = 2616. 10® N = 2616 kN > Firra = 2213 kN

The check is therefore satisfied. A more comprehensive check would include taking the connecting
plates of beams in the y direction into account:

Befteme = to + 5(ti + S)= 16 + 5 (40 + 27+ 40 + 40)= 751 mm

Check of column web panel in transverse tension.

This check refers to cl. 6.2.6.3 of EN1993-1-8.

Fc,wc,Rd =w bef‘f,c,wc twc fy,wc / Ymo

The check is identical to the one above, and is therefore satisfied.

5.12 Comment on design options

The design presented above is governed by the limitation of deflections, both in terms of P-A effects
under the design earthquake loading and inter-storey drift under the serviceability earthquake loading.
This means that the section sizes chosen for the beams inevitably possess a safety margin for
resistance; Myrs = 778.9 KNm > Mgq =591.4 kKNm (which is the worst case applied moment).
Making use of redistribution of moments would not enable smaller beam sections to be used, as this
would result in an unacceptable level of flexibility in the structure.

Reducing the beam sections locally, close to the connections (‘dogbones’ or RBS) should however be
considered. Such an approach would only change the structure stiffness by a few percent so it would
still comply with design requirements for deformation, but would provide a useful reduction in the
design moments (and shears) applied to the beam to column connections. At the interior joints the
IPE5S00 plastic moment My rg could be reduced by the ratio 778.9/591.4 = 1.32 (that is a 32%
reduction). Using RBS would allow reduced bolt diameters and end plate thicknesses. At the
connections to the perimeter columns, where IPE500 beams are connected into the column minor
axis, the reduction could be greater since the maximum value of Mgq is only 481 kNm allowing a
reduction ratio of 1.61 (that is 61% reduction).

Other design options could be considered to reduce fabrication and construction costs. Using
nominally pinned connections for the beams framing into the column minor axes would simplify the
column ‘nodes’. The loss of frame stiffness could be compensated by using deeper beam and
column sections. Alternatively, it might be interesting to reduce the number of frames that provide
most of the earthquake resistance. For instance, frames in lines Y1 and Y4 could be dedicated to
earthquake resistance in the y direction, while frames in lines X1, X4 and X6 could be dedicated to
earthquake resistance in the x direction. Smaller beam sections and low cost connections could be
used in the frames on other grid lines.

123



Specific rules for the design and detailing of steel buildings: (i) Steel moment resisting frames.
A Plumier

IPE A'450
"

HE 340 M

X
Fig. 5.12.1 Plan view of beam to column connections
o
«Q
RS
f 4 M 36
o
N~
N
[e0]
IPE A 450 &
6M 20
N
oo}
N
[e0]
X RE
Qo | a7 4M 36
o
IPE 500 — | K N
— -
[ 8
P
[
HE 340 M N
[
I N R—
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Fig. 5.12.3 Plastic deformation mechanism in the end plate of the IPE500 beam

5.13 Design of reduced beam sections

Objective.

The analysis has indicated a maximum bending moment of 592.4 kNm in the IPE500 beams in the x
direction under the seismic load combination E + G + w5 Q . Because the beams are deflection
governed there is an excess of resistance which is equal to: 778.9 : 592.4 = 1.32. The objective in
considering the use of reduced beam sections is to limit the beam end moment to a value at or near
to 592.4 KNm.

In principle this could be achieved by trimming the flanges of the beam adjacent to the column
connection, but experiments have shown that better ductility is achieved by locating the reduced
section some distance away from the beam end. This means the limiting moment has a slightly
different value, which must be determined. The design moment to consider is influenced by the
increase in flexibility due to the reduced beam section. In the paragraphs that follow, the design
moment in the RBS is evaluated considering these two factors.

Influence of increase in flexibility due to RBS.

Reducing the beam sections (RBS) increases frame flexibility and therefore drift by an estimated 7%
(see section 5.6 and 5.7), which results in an increase in 8 also of 7%. Therefore the amplification
factors 1/ (1- 6) which are given in Table 5.10.2 should be recalculated considering the modified
values of 6 as shown in Table 5.13.1.
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Table 5.13.1 Modified amplification factors 1/ (1- )

Interstorey drift sensitivity coefficient 8 | amplification factor 1/ (1- 6)
StOT®Y | \ithout RBS | With RBS With RBS
1 0.099 0.105 1.1
2 0.137 0.147 1.17
3 0.118 0.126 1.14
4 0.086 0.092 1
5 0.054 0.057 1
6 0.027 0.028 1

Only the worst case value [1/ (1- 8) = 1.17] is considered in the design, because all RBS will have the
same dimensions at all levels. The maximum moment applied at the beam ends under the
combination E + G + y, Q , without considering the amplification factors 1/ (1- 6), was 509.8 kNm.
When reduced sections are used that maximum moment is amplified by 1.17 due to the increase in
flexibility: 1.17 x 509.8 = 596.5 kNm

Clearly this value is not very different from the value without RBS (592.4 kN)

Influence of RBS distance to connection.

To take into account the fact that the RBS is located at some distance away from the column face, it is
necessary to choose dimensions which comply with recognised guidance. Consider:

a=0.5xb=0.5x200=100 mm

s=0.65xd =0.65x 500 =325 mm

The distance from the RBS to the column face is a + s/2 (see Figure 5.13.1).
a+s/2 =162.5+ 100 = 262. 5 mm

The maximum moment is obtained at the beam end, and the bending moment diagram can be
approximated as being linear between the beam end and 1/3 span point, so that the design bending
moment in the RBS is as follows.

1/3 span = 8000/ 3 = 2666 mm
Mares = 596.5 x (2666 — 262.5) / 2666 = 537 kKNm
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Fig. 5.13.1 Symbols used in definition of RBS

Definition of section cuts at RBS.
The RBS cut dimension ¢ should be inthe range c=0.20b t0 0.25 b
Consider c=0.22b = 0.22 x 200 = 44 mm .

The plastic moment of an IPE500 section (without any reduction) is equal to:

Wi, f, =2194.10° x 355 = 778. 10° Nmm

This results from the addition of:

Flange moment: b t; f, (d - t) = 16 x 200 x 355 (500 — 16) = 549. 10° Nmm

Web moment: t, f, (d - 2t)° /4 = 10.2 x 355 x (500 — 32)° = 198. 10° Nmm

Moment due to root radii at web-flange junctions:= (778 — 549 — 198) = 31. 10° Nmm
The plastic moment of a ‘reduced’ IPE500 (RBS) is calculated as follows:

be =b—2c =200-88 =120 mm.

Flange moment: betify(d-t) =16x112 x 355 (500 — 16) =308. 10° Nmm
RBS plastic moment: My rgras = ( 308 + 198 + 31)) 10° =537. 10° Nmm = 537 kNm

For fabrication purposes it is also necessary to know the radius R of the cut (see Figure 5.13.1). This
is calculated as: R = (4c® + s°) / 8¢ = (4 x 32° + 3257)/(8 x 32) = 857 mm.

Design moment and design shear at the connection.

The shear in the RBS due to the earthquake action corresponds to the situation when plastic hinges
form at the left and right hand ends of the beam. This is therefore given by:

VEqe=2 Mpl,Rd,,RBs /L

in which L’ is the distance between the plastic hinges at the extremities of the beam.
L'=8000 — 377 - (2 x262.5)=7098 mm =7.098 m

Vege =2 x537/7.098 = 151 kN

The shear Vg4 in the RBS due to gravity loading G + @5 Q is:
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Vege = 0.5x7.098 x 45.2 = 160.4 kN

The total shear in the RBS is:

Vege = Vede + 1.1 Jov Veqe =160.4 + 1.1 x 1.25 x 151 = 368 kN

The design moment Mgq connection @pplied to the beam end connections is:
Med,connection = 1.1 %v Mpird,res * Veae X X with X=a+s/2 =262.5mm
Med connection = 1.1 x 1.25 x 537 + 368 x 0.2625 = 834 kNm

Thanks to the RBS, the design moment Mgq comnection fOr the beam end connections has been reduced
from 1071 kNm down to 834 kNm. The reduction in design moment for the connections, due to RBS,
is therefore 28%.

The design check for shear at the connection is: V >Vgy =Vege 1,17, QVee

d,connection

The condition was: VRd connection = 448 kN without RBS.
Itis : VRd,connection = 368 kN with RBS

The reduction in design shear at the connection, due to RBS, is therefore 21%.

5.14 Economy due to RBS

The use of reduced beam sections can contribute significantly to the economy of the design by
allowing a reduction of 28% in the design moment at the connection. This reduction is also reflected
in the design shear applied to the panel zone of the column. Both types of reduction can bring
significant reductions in cost.

128



Specific rules for the design and detailing of steel buildings:

(i) Composite steel concrete moment resisting frames

H. Somja', H. Degee” and. A. Plumier?

1. INSA Rennes

2:University of Liege



Specific rules for the design...: (ii).Composite steel concrete moment resisting frames
H. Somja, H. Degee and A Plumier

130



Specific rules for the design...: (ii).Composite steel concrete moment resisting frames
H. Somja, H. Degee and A Plumier

5.15 Structure Description

The structure is a 5-storey composite office building, with a height of 17.5 m. An intermediate beam in
Y-direction allows adopting a slab's thickness of 12 cm. The slabs are made of reinforced concrete
and are assumed to be rigidly joined to steel beam profiles. The surfaces of slabs are 21m (3 bays in
the X-direction) by 24m (4 bays in the Y-direction). The dimensions of the building are defined in the
Figures 5.15.1 and 5.15.2.
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Fig. 5.15.1 Floor plan Fig. 5.15.2 Front elevation

The preliminary design of the multi-storey composite office building has been made in accordance
with recommendations of Eurocodes 3, 4, and 8. Four cases are considered:

o Case 1: building in a high seismicity zone, composite beams, steel columns
o Case 2: building in a high seismicity zone, composite beams, composite columns.
o Case 3: building in a low seismicity zone, composite beams, steel columns.
o Case 4: building in a low seismicity zone, composite beams, composite columns.

The buildings are supposed to withstand the applied forces by a moment-resisting frame (MR) in the
X direction (strong axis of columns) and by a braced frame in the other direction. MR direction is the
only one considered in the design. Different mechanicals characteristics have been considered in
function of the seismicity level:

o high seismicity : Profiles S355, Steel reinforcement S500, Concrete C30/37

o low seismicity : Profiles $S235, Steel reinforcement S450, Concrete C25/35
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5.16 Characteristic Values of Actions on the Building

5.16.1 PERMANENT ACTIONS

They include the self-weight of the primary structure frame, supporting structures, completion and
finishing elements connected with the structure. They also consist of services and machinery fixed
permanently to the structure, in addition to the weight of slabs and partitions.

o Slab: 5 kN/m2
o Partitions: 3 kN/m

o The beams and columns frame weight is calculated in the preliminary design.

5.16.2 VARIABLE ACTIONS

Imposed Load: the structure is category B: Office building (clause 6.3.1.1 and table 6.1 of [1]) and
values of imposed loads conforming to French Annex are:

o Uniformly distributed loads: gk = 3 kN/m2
o Concentrated loads: Qk =4 kN
The snow load is, for a site altitude A = 1200 m, q = 1.1 kN/m?
Wind Load : g,(Z) = 1.4 kN/m2. Wind pressure acting on building surfaces: W= 1.4 kN/m?

5.16.3 SEISMIC ACTION

Recommended values of y factors corresponding to live loads, for an office building of category B are
specified as (Annexe A1, clause A1.2.2 and tableau A1.1 of [7]):

v, =0.7
v, =05
y,=03

Seismic design of the building is done for Medium ductility class (DCM). As the structure has a regular
elevation with uniform distributions of lateral rigidities and masses, (clause 4.2.3.3 of [8]), the range of
behaviour factor for a building of type B according to the Eurocode 8 (clause 7.3.2 and table 7.2 of [8]

s 2<Q0<4 q=4

or clause 6.3.2 and table 6.2 of [8]) is: . The behaviour factor adopted is:

Spectrum Data

For a soil of type B, the values of the parameters describing the recommended type 1 elastic
response spectrum, (clause 3.2.2.2. and table 3.2 of [8]), are: S=1.2, Tg = 0.15s, T¢c = 0.5s, Tp = 2s

For a building of an importance class Il, the importance factor, (clause 4.2.5(5) and table 4.3 of [8]), is
=1

The reference peak ground acceleration (agr) and the design ground acceleration (ag) chosen for high
and low seismic zones are shown below:
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High seismicity zones Low seismicity zones

dgr ag =Y * agr agr ag=Vv * agr
m/s rn/s2

0.25¢g 2.453 0.10g 0.981

S,(T)

1.96 m/s?
1.84 m/s?

1.265 m/s?
0.8 m/s?

0.736 m/s’
0.5m/s’

0.2m/s?

T(s)

T =05s
1.85s
=25

C

T =0.15s
T=0.727s

T

Fig. 5.16.1 .Response spectra for high and low seismicity zones considered in the design

Seismic Acceleration of the Structure
The fundamental period of vibration of the building for lateral motion in the direction considered, T, is
approximated by the following expression (clause 4.3.3.2.2(3) of [8]):
3
T,=C, *H *
T,=0.727s

Where: C;=0.085 (clause 4.3.3.2.2(3)/Note of [8] Building height, H =5 * 3.5 =17.5m
This estimation of T4 is too rough, so the real period of the structure is computed. The table below
provides the values of real structure's periods.

Casel Case2 Case3 Case4
Real period (T, in s) 1.64 1.72 1.35 1.41
0.727 0.727 0.727

Estimation by EN 1998 expression 0.727
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As Tc < T4 < Tp, the value of design spectrum associated with period of vibration is calculated by
mean of the equation 3.15 (clause 3.2.2.5 of [8]):
25T
a,S.—. =
q | T

> pa = 0.5 (Cases 1land 2)
779 0.2 (Cases 3and 4)

Sd(T)=

Where § is the lower bound factor for the horizontal design spectrum (Recommended value 8 = 0.2).
The table below provides the real design values as well as EN 1998 values of design spectrum and
the corresponding period values.

Case l Case 2 Case 3 Case 4
Real Values So(T1) mis? 0.561 0.535 0.272 0.261
Period (s) 1.64 1.72 1.35 1.41
Estimation by EN 1998 So(T1) mis? 1.265 1.265 0.506 0.506
expression Period (s) 0.727 0.727 0727 | 0727

Total Mass of the Building

The inertia effects of the design seismic action shall be evaluated by taking into account the presence
of the masses associated to all gravity loads appearing in the following combination of actions
(Clause 3.2.4 of [8]): Gk + wgiQx

Where: YEi= ou2i W2i=0.3
The coefficient ¢ is equal to (Clause 4.2.4 and table 4.2 of [8]): ¢ =1

The detailed calculation is given only for Case 2 high seismicity — composite columns. The mass unit
is kg (for simplification, we consider that a mass of one kg corresponds to a gravitational force of
10N).

Dead load of slabs, Ggzp.

Total floor area of the building: 24 x 21= 504 m?

Geiab = 500 kg/ m? x 504 m? = 252.10° kg /storey

Self-weight of walls and partitions, Gyqs-

Total length of one level; 21 m x5+ 24 mx4 =201 m

Gyais = 300 * 201 = 60300kg / storey

Self-weight of steel structural elements, Ggteq-

Column HEA320:3.5m x 20 x 97.6 Kg/m = 6832 kg /storey
X-Beam IPE330 :7m x 3 x5 x49.1 Kg/m = 5155.5 kg /storey
Y-Beam IPEA330 : 6m x 4 x 4 x 43 Kg/m= 4128 kg /storey
Secondary beam IPE220: 6m x 3 x 4 x 26.2 Kg/m = 1886.4 kg /storey
S0: Ggteel total = 6832 + 5155.5+4128+1886.4 = 18002 kg /storey
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Self-weight of concrete in composite columns, Ggnerete-
Geoncrete = (b X h - A) X 3.5m x 5 x 4 x 2400 kg/m®
=(0.3m x 0.31m — 12.44.10° m?) x 3.5m x 5 x 4 x 2400 kg/m® = 13534 kg /storey
Where b, h and A are width, height and area of the steel profile of the column
Total dead load of the building, G:
G = Gaa + Gualis + Gstesl + Gooncrate = 5*(252000 + 60300 + 18002 + 13534) = 1719.2*10° kg
Imposed 10ad. Qimposes = 300 kg/ m* x 504 m* = 151200 kg /storey
Snow load, Qgnow = 110 kg/ m?x 504 m? = 55440 kg /storey
Total live load of the building: Q =5 x 151200 + 55440 =811.5* 10° kg
Total mass of the building, m = G + wg Q= 1719200 + 0.3 x 811500 = 1963 * 10° kg

Casel Case? Case3 Case4

Seismic mass of

the building (tons) 1900 1963 1916 1994

Determination of Seismic Base Shear Force by the Lateral Force Method of Analysis

According to structure regularity in plan and elevation, we use the equivalent static lateral force
method for the linear-elastic analysis (clause 4.2.3.1 and table 4.1 of [8]) provided that the clause
4.3.3.2.1(2) of [8] is satisfied.

The detailed calculation is given only for Case 2 high seismicity — composite columns

The seismic base shear force (Fp), acting on the whole structure, for the horizontal direction in which
the building is analysed, is determined as follows (clause 4.3.3.2.2(1) of [8]):

F,=m*S,(T)*4
F, =1963*0.535*0.85
F, =892 kN
Where m is total mass of the building and A is the correction factor which is equal to 0.85
F, 892

The seismic base shear force, Fy, , applied on each MR frame is F, = ? ? =178.4 KN

We take into account the torsion by amplifying the base shear force, F,, by the factor & (clause

5=1+06%2
L
4.3.3.2.4 of [8]): 6=13
Where: L=6"4=24m x=05*L=12m
So, the total seismic base shear force (F,y), acting on each MR frame, by taking torsion effects into
Foxe =0 Fix
account is: Fox =1.3*178.4
Fox =232 kN

135



Specific rules for the design...: (ii).Composite steel concrete moment resisting frames
H. Somja, H. Degee and A Plumier

The horizontal seismic forces acting on building stories are determined by the following expression

s.m.
(clause 4.3.3.2.3(2) of [8]): F =F,, *=——
D.s;m,;
Fi=15.46 kN F, =30.93 kN F; =46.39 kN
F, =61.86 kN Fs=77.32 kN
Seismic static Casel | Case2 | Case3 | Case4
equivalent forces
E1 (kN) 15.70 | 15.46 7.69 7.67
E2 (kN) 3140 | 30.93 | 15.39 | 15.33
E3 (kN) 4710 | 46.39 | 23.08 | 23.00
E4 (kN) 62.79 | 61.86 | 30.77 | 30.66
E5 (kN) 78.49 | 77.32 | 38.46 | 38.33
E5 —
E4 —>
E3——»
E2 —»
E1-»

Fig. 5.16.2 Distribution of seismic loads

5.16.4 COMBINATIONS OF ACTIONS FOR SERVICEABILITY LIMIT STATE
DESIGN

Combinations of actions for quasi-permanent actions, and the general format of effects of actions at
SLS (service limit state) is written as (Annex A, clause A1.4.1 (1) and table A,.4 of [7]):

Gy sup T Giguint T ¥21Qk1 + 2, Qi

Where Gi and Qi are defined at clause 3.5.1 of this chapter. For serviceability limit states, the partial
factors for actions should be taken as 1.0 (Annex A, clause A;.4.1 (1) of [7]), we thus use the

following critical combination at SLS: G+Q where G and Q are dead and imposed loads
respectively.
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5.16.5 COMBINATIONS OF ACTIONS FOR ULTIMATE LIMIT STATE DESIGN

Fundamental Combinations

Combinations of actions for persistent or transient design situations are called  fundamental
combinations and the general format of effects of actions at ULS (ultimate limit state) is written as

(Annex A, clause A;.3.1 and table A,.2 (B) of [7]): ijvsqukj sp T ij'inkaj’inf + 7Q,1Qk,1 + 7Q,i‘//o,iQk,i

Where: And:

Gyjsup - Unfavorable permanent action Yajsup = 1.35

Gyint : Favorable permanent action Yot =1

Q«1 :Leading variable action Ya1 = 1.50 where unfavorable
Q«; :Accompanying variable action = 0 where favorable

For an office building of type B, the combinations at ULS considered in the analysis are:

1.35G +1.5W +1.05Q +0.75S

Where:
1.35G +1.5W +1.05S +0.75Q
1.35G +1.5Q +1.05W +0.755 G : Dead load
1.35G +1.5Q +1.05S +0.75W Q : Imposed load
1.35G +1.5W +1.05(S +Q) S : Snow load
1.35G +1,5(3 +Q)+1.05VV W: Wind load

Combinations of Actions for Seismic Design Situation

To perform the verification of structure design at ULS and for a building type B, the following
combination of permanent and variable actions in seismic design situation (clause 6.4.3.4(2) of [7]) is
considered: Gy + w,Qx+E  where E represents the seismic design load and y,=0.3

Final critical Load Combinations

To perform the verification of structure design at ultimate limit state method (ULS), we adopt the
following two critical load combinations in persistent, transient and seismic design situations:

Persistent and Transient Design Seismic Design Situation
Situations
1.35G +1.5(S +Q)+1.05W G+ WoQ+E  with =03

5.16.6 ACTIONS ON MR FRAMES

Persistent and Transient Design Situations

Figure 5.16.3 shows the distribution of wind and gravitational loads on MR frames in persistent and
transient design situations.
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Fig. 5.16.3 Distribution of loads

Where:

G, = Uniform dead load =16.3 KN/m
G. = Concentrated dead load =55.8 kN
Q, = Uniform imposed load =8.0 kN/m

Q. = Concentrated imposed load =33.5kN

Seismic Design Situation

Figure 5.16.4 shows the distribution of seismic design loads on MR frames in seismic design situation.
Seismic actions (Ei) are given for all cases of building design.

Gp.Qp GoQ, GoQ,

| | |
E5 p (LIIRITIIITITTRITITIIITRITITL 6, Q8

| | |
E4 o TTTRITT NI TRIT I T T G,

| | |
E3 o LTI T TR TTINTITRITIT G, Q,

| | |
=37 J S A A A A A 1 A A N N Sy o

| | |
1t I LBIITINDI TR TINIITRILLLY g q,

7777 7777 7777 7777

Fig. 5.16.4 Distribution of loads

5.17 Stages of Preliminary Design

The preliminary design consists of the following (Clause 15.1 of [9]):
At first, we check the sections of beams for deflection and resistance under the gravity loads.

Then, we perform the following steps of calculation iteratively to meet all criteria of the design.
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5.17.1 ASSUMPTIONS

A 2D-linear elastic analysis was carried out using the FINELG software. This analysis has been used
primarily for the preliminary design of the structure: it also provides information on the elastic dynamic
characteristics of the structure like the fundamental period of vibration.

Class sections of structural elements and effective column length are shown in section 5.17.2.
Effective width of composite beam are calculated in section 5.17.5.

In beams, two different flexural stiffnesses are defined (clause 7.7.2(3) of [8]) as:

El, for the part of the spans submitted to positive (sagging) bending (uncracked section)

El, for the part of the span submitted to negative (hogging) bending (cracked section).

The analysis was performed considering for the entire beam an equivalent second moment of area lgq
and a cross-section area constant for the entire span (clause7.7.2 (3) of [8]):

leg=0.61;+0.4 1, Asq=0.6A+04A,
For composite columns, the stiffness and area are given by (clause7.7.2 (4) of [8]):

El =0.9(E, I, +0.5E,1, +E,1,)
A=0.9(A, +0.5%+ A)

The partial factors yyi, applied to the various characteristic values of resistance, are given as (Clause
6.1/Note 2B of [12]) ; ymo =1.0 for the resistance of cross-sections to excessive yielding including local
buckling; yms =1.0 for resistance of members to member buckling.

The values of partial factors, yc and ys, of materials for the persistent and transient design situations
are found from the EN 19921-1 (clause 5.2.4 of [13]).

The partial coefficients of materials, for the ultimate limit state, for persistent and transient situations
are given as (Clause 2.4.2.4 and table 2.1N of [13]); ys = 1.15 for reinforcing steel; yc = 1.5 for
concrete.

The recommended values of yc and ys in the serviceability limit state, for deflection check, are equal
to 1.0 (Clause 2.4.2.4(1) of [13]).

The modulus of elasticity of concrete, Ec, is controlled by its strength class (clause 3.1.2 and table 3.1
of [13]). In case of high seismic zones (cases 1 and 2), and for a concrete of class C30/37, E¢ =
33.10° N/mm? . In case of low seismic zones (cases 3 and 4), and for a concrete of class C25/30, E¢
=31.10° N/mm?

The modulus of elasticity of reinforcing steel and profile steel, E,, is equal to 210.10° N/mm?®. For
persistent and transient design situations the effects of creep in composite beams may be taken into
account by replacing concrete areas A; by effective equivalent steel areas (A./n) for both short-term
and long-term loading, where (n = E./E.n,) is the nominal modular ratio corresponding to an effective
modulus of elasticity for concrete E. taken as (E./2) (clause 5.4.2.2(11) of [10]). But in this report we
took n = 6 and 18 for short-term and long-term loading respectively.

For seismic design situations, the stiffness of composite sections in which the concrete is in
compression is computed using a modular ratio n (clause 7.4.2(1) of [8]): n = EJ/Ecn =7

The elastic coefficient of equivalence, ng = E; / Ec = 6.

The plastic coefficient of equivalence for the profile steel, ny:
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N f,.7
pl
0.85f, .7u
~/20.90 (Cases 1 and 2)
P 116.60 (Cases 3 and 4)

The plastic coefficient of equivalence for the reinforcing steel, nys:

no— b7
pls
fsk '}/M
_/0.82 (Cases 1 and 2)
P57 10.60 (Cases 3 and 4)

5.17.2 DESIGN

In this section, we display the structural analysis and design results for all cases. Structural cross-
sections. Figures 5.17.1, 5.17.2 and 5.17.3 describe the cross-section of composite beams and

columns for all cases.

z

Det 4p2p—
412 200 mm HEA320_Case2
mm ‘ HEA400_Case4
0mmz g N v : ral

120 mm
20mmz | ® . . . * |y D 7"]7
h
Yoo B L y_
IPE330_Case 1and 2 4 L I _
IPE360_Case 3 and 4
® ®
\*
== = !
b=b,
Fig. 5.17.1 Composite beams Fig. 5.17.2 Composite columns

HEA360_Case1

HEA450_Case3 h

Fig. 5.17.3 Steel columns

The steel profiles resulting from structure design, in all four cases, are defined in the Figures 5.17.4
and 5.17.5. Left of column axis and above beams: steel columns correspond to low and high
seismicity, case 1 and 3. Right of column axis and below beams correspond to composite columns ,

low and high seismicity, case 2 and 4.
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Fig. 5.17.4 High seismicity (Cases 1 and 2) Fig. 5.17.5 Low seismicity (Cases 3 and 4

Classes of steel section

Eurocode EN 1998 (section 6.1.2 and 7.1.2 for steel and composite structures) requirements depend
on the value of selected behaviour factor:

Class 1 for 4.0 <q. (For high dissipative structural behaviour)
Class 2 for 2.0 <q =4. (For medium dissipative structural behaviour)
Class 3for 1.5 <q<2. (For low dissipative structural behaviour)

Class sections of structural elements are as follows:

Composite Beams
For composite beams, (clause 5.5.1(1) of [10]) and (clause 5.6 and table 5.2 of [12]), we have:

Flange subject to compression:

¢ (0.5b-r-05t,) (0.5%170-18-0.5*8)

t, t, 12.7

235
= * —
¢ (507 (PE330) 9 =9, [~ = =7.32 (IPE330)

= <
t, |4.96 (IPE330
f ( ) 9s =9* %:9.00 (IPE360)

= flanges are classified into class 1

Web subject to bending and compression:
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271.0 mm (IPE330)
208.6 mm (IPE360)
(Z,—t, —r) [0.909 (IPE330)

T ¢ ={ 0.994 (IPE360)

c=h, -2t —2r:{

Since o >0.5:
c 36.133 (IPE330) > 306 £ 3 29.802 (IPE330)
37.325 (IPE330) (13a—1)_ 33.217 (IPE360)

==
— Webs are classified into class 2

W

So composite beams of steel sections IPE330 and IPE360 belong to class 2.

Steel Columns

For steel columns, which are subjected to axial force and bending, we can always consider the worst
case where the elements are subjected to compression only (clause 5.6 and table 5.2 of [12]), we
have:

Flange subject to compression:

¢ (0.5b-r-0.5t,) B {6.74 <9¢ =7.29 (HEA360)

t t, 5.58 < 9¢ = 9.00 (HEA450)

= flanges are classified into class 1

Web subject to compression:
¢ h-=-2t,-2r [26.10<33¢=27 (HEA360)
t ot {29.91< 33¢ = 33 (HEA450)
= Webs are classified into class 1

Steel columns of sections HEA360 and HEA450 belong to class 1.

Composite Columns
For composite columns, (clause 5.5.3(1) and table 5.2 of [10]) or (clause 7.6.4(8) and table 7.3 of [8]):
Flange subject to compression:
¢ (0.5b—r-0.5t,)
t; t;

=6.74 <9¢ =7.29 (HEA360 Case?)

t£ —6.18<95=9 (HEA400 Case4)
f

= flanges are classified into class 1

It is assumed that the concrete (that encases the web of steel sections) is capable of preventing
buckling of the web and any part of the compression flange towards the web (clause 5.5.3(2) of [10]).
As a result, composite columns of steel sections HEA320 and HEA400 belong to class 1.
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Effective Column Length

The effective column length (buckling length) is calculated as L.=KL. Where the buckling coefficient K
is the ratio of the effective column length to the unbraced length L. Values of K depend on the support
conditions of the column to be designed, and the design values of K for use with idealized conditions
of rotation and translation at column supports are illustrated in Fig. E.2.1 of Annex E (Clause E.2 of
[16]). For example, we take K=0.5 for columns fixed at both ends, K=1 for columns simply supported
at both ends and K=0.7 for columns simply supported at one end and fixed at the other. in this report,

for more safety, we took K=1.

Hence, the buckling length, L. L., = 3.5 m (= storey height)

Axial Force and Bending Moment Diagrams

Axial force and bending moment diagrams for the critical load combinations at ULS are shown in

Figures5.17.6 to 5.17.9.

Axial force diagram (Nmax = 1980 kN)
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Bending moment diagram (Mzmax = 319 kN m)

Fig. 5.17.6 Case 1: high seismicity — steel columns

Axial force diagram (Nmax = 2001 kN)
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Bending moment diagram (Mzmax = 326 kN m)

Fig. 5.17.7 Case 2: high seismicity — composite columns
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Fig. 5.17.8 Case 3: low seismicity — steel columns
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Fig.5.17.9 Case 4: low seismicity — composite columns

Maximum Internal Forces and Moments

Figures 5.17.10 and 5.17.11 show the number of finite elements in which the maximum internal efforts

are acting. For convenience, beams and columns are numbered in Figures 5.17.10 and 5.17.11
where B and C represent Beam and Column respectively.
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Fig. 5.17.10 Number of elements which are Fig. 5.17.11 Number of beams and columns

subjected to maximum internal efforts

For seismic design situations, the maximum forces and bending moments in columns are computed
as follows (clause 6.6.3(1) of [8]):

Negs =Ng G +11y,, ON Ed E
Mg =M Ed G +11y,, QM Ed E
Veg =Veae 117, QVig e
Nege, Mege and Vegqe are multiplied by (1/(1-8)) where second order effects have to be taken into

account. For seismic design situations, the maximum forces and bending moments in beams had
been computed in the pre design following:

Negg =Ngig +Nege
MEd :MEd,G+MEd,E
VEd :VEd,G +VEd,E

Nege, Mege and Vegqe are multiplied by (1/(1-8)) where second order effects have to be taken into
account. The tables hereunder summarize the maximum internal effects from the structural analysis:

Axial forces

Maximum axial forces (kN) for the critical fundamental combination

Case 1l Case 2 Case 3 Case 4

Element Element Element Element

Beams 120 244 B13 114 244 B13 127 244 B13 121 244 B13

columns 1979 36_C2 2001 36_C2 1975 36_C2 1998 36_C2
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Maximum axial forces (kN) for the seismic combination
Case 1 Case 2 Case 3 Case 4
Element Element Element Element
Beams 149 244 B13 142 244 B13 120 244 B13 115 244 B13
columns | 1666 36_C2 1687 36_C2 1655 36_C2 1674 36_C2
Shear forces
Maximum shear forces (kN) for the critical fundamental combination
Casel Case 2 Case 3 Case 4
Element Element Element Element
Beams 234 244 B13 237 244 B13 231 244 B13 234 244 B13
columns 120 35 _C17 114 35 C17 127 35 _C17 121 35 _C17
Maximum shear forces (kN) for the seismic combination
Case 1 Case 2 Case 3 Case 4
Element Element Element Element
Beams 196 148_B1 199 172_B4 178 244 B13 180 244 B13
columns 127 119_C8 124 119_C8 95 140_C20 93 140_C20

Bending moments

Maximum bending moments (kN.m) for the critical fundamental combination

Case 1l Case 2 Case 3 Case 4
Element Element Element Element
Beams 319 148_B1 326 148 B1 310 148 B1 317 244 B13
columns 238 140_C20 222 140_C20 258 140_C20 244 140_C20
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Maximum bending moments (kN.m) for the seismic combination

Casel Case 2

Case 3

Case 4

Element Element

Element Element

Beams 324

172_B4 330 172_B4 257 180_B5 262 148_B1

columns 272

106_C4 250 106_C4 218 140_C20 206 140_C20

Maximum Plastic Resistance of Sections

Tables show the plastic section resistance of beams and columns taken in the preliminary design.

High seismicity (cases 1 and 2):

Plastic axial | Plastic shear | Plastic bending moment
force force
MpI,Rd (kNm)
Npi.rd (KN) Vpira (KN) Eurocode4 Eurocode8
positive | negative | positive | negative
Composite
Beam IPE330 5767 631 515 342 495 393

Plastic axial force Plastic shear force Plastic bending
NpI,Rd (kN) Vpl,rd (kN) moment MpI,Rd
(kN.m)
Steel column HEA360 5069 1003 741
Composite column
HEA320 6542 843 660
Low seismicity (cases 3 and 4):
Plastic Plastic Plastic bending moment
axial force shear force Mpird (KN.m)
Eurocode4 Eurocode8
Npi,rda (KN) Vpira (KN) positive | negative | positive | negative
Composite
Beam IPE360 4708 477 428 317 415 337
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Plastic axial force, | Plastic shear force, | Plastic bending
NpI,Rd (kN) Vpl,rd (kN) moment MpI,Rd (kNm)
Steel column HEA450 4183 893 756
Composite  column
HEA400 5851 778 718

5.17.3 SECOND-ORDER EFFECTS

Based on the Eurocode 8-1, the value of interstorey drift sensitivity coefficient (8) is calculated

P *
according the following expression (clause 4.4.2.2(2) of [8]): 6 = ﬁ <0.1
tot

where Py is the total gravity load at and above the storey considered in the seismic design situation,
Vot is the total seismic storey shear and h is the interstorey height. The Eurocode 8-1 states that d, is
the real relative displacement, i.e. inelastic displacement, evaluated as the difference of average
lateral displacements (ds) at top and bottom of the storey under consideration and calculated by
multiplying the elastic displacement (de), induced by a linear analysis based on design seismic action,
by the displacement behavior factor (q) (clause 4.3.4 of [8]):

d = ds(i+l) _ds(i) = Q[de(nl) _de(i):l

If (0.1<@8<0.2), the second-order effects may approximately be taken into account by multiplying
the relevant seismic action effects by a factor equal to 1/ (1 - 8) (clause 4.4.2.2(3) of [8]), and the
structural design can be done by a linear elastic analysis.

If (0.2<6<0.3), the structure is designed according to a plastic non-linear analysis (Pushover
analysis).The value of the coefficient 8 shall not exceed 0.3 (clause 4.4.2.2(4) of [8]).

Eurocode 3-1 replaces the sensitivity coefficient, 8, by a the factor (1/ a.) where a., is the factor by
which gravity loads should be multiplied to check elastic instability of the structure (clause 5.2.1(3) of
[12]).

For elastic analysis: a, 210 and (1/ a,)<0.10 which corresponds to the criterion of the Eurocode 8-1
(clause 4.4.2.2(2) of [8]), 8 < 0.10.

For plastic analysis: a., 215 which corresponds to the criterion 6 < 0.065

But according to Eurocode3-1, ARIBERT [17] considers that d, is a displacement of elastic type, even
when a plastic analysis is used for calculating the stresses in structures. And the static equivalent
analysis of Eurocode 8-1 is finally being checked with the following expression (clause 6 of [14]):
* A€
0= P“’t—d' <0.065

V'[Ot * h

However, it is reasonable to know that the value of 8 could be a little more intricate than in Eurocode
3, taking into account the cyclic and the hysteric behaviour of the plastic dissipation. So ARIBERT
[17] proposed the following relationship to check P-A effects in seismic design situations:
*A€e
0= P“’t—dr <0.045
Vtot * h
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The tables, shown below, provide the numerically obtained values of 6 showing that the effects of the
2" order, P-A effects, may be neglected for cases 3 and 4. But for cases 2 and 4 where 6 exceeds
the value of 0.045 at second storey level, the second-order effects are taken into account by
multiplying the seismic action effects at second storey level by a factor equal to 1/(1 - 6).

where:
1
—————=1.050 (Casel
1 _]1-0.048 ( )
1=0 11 1060 (Case2)
1-0.054

Case 1: high seismicity — steel columns

Storey N°. de[m] | degmy | VKNI Viot [KN] | Prot [KN] | ©

1 0.007 0.007 15.70 235.48 3799.96 | 0.032
2 0.019 0.012 31.40 219.78 3046.62 | 0.048
3 0.030 0.011 47.10 188.38 2293.28 | 0.038
4 0.038 0.008 62.79 141.28 1539.94 | 0.025
5 0.044 0.006 78.49 78.49 786.60 0.017

Case 2: high seismicity — composite columns

Storey N°. de [M] d® [m] V [kN] Viot [KN] | Piot [KN] | ©

1 0.008 0.008 15.46 231.96 3925.22 | 0.039
2 0.021 0.013 30.93 216.50 2146.83 | 0.057
3 0.032 0.011 46.39 185.57 2368.44 | 0.040
4 0.041 0.009 61.86 139.18 1590.05 | 0.029
5 0.046 0.005 77.32 77.32 811.66 0.015

Case 3: low seismicity — composite columns

Storey N* —\de[m] | gemy | VIKNL v [kN] | Po[kN] | ®

1 0.002 0.002 7.69 115.39 3831.21 0.019
2 0.006 0.004 15.39 107.7 3071.62 0.033
3 0.010 0.004 23.08 92.31 2312.03 0.029
4 0.013 0.003 30.77 69.23 1552.44 0.019
5 0.015 0.002 38.46 38.46 792.85 0.012

Case 4: low seismicity — composite columns

Storey N° 1 de[m] | gepm) | VKNI v [kN] | Poc[kN] | @

1 0.002 0.002 7.67 114.99 3987.31 0.020
2 0.007 0.005 15.33 107.32 3196.5 0.043
3 0.010 0.003 23.00 91.99 2405.69 0.022
4 0.013 0.003 30.66 68.99 1614.88 0.020
5 0.016 0.003 38.33 38.33 824.07 0.018
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5.17.4 DAMAGE LIMITATION

We must verify at this stage whether the damage limitations of non-structural elements are satisfied
(clause 4.4.3.2(c) of [8]): d, *v<0.010h with dr=q*d;

Where v is the reduction factor, for taking into account the lower return period of the seismic action
associated with the damage limitation requirement, v = 0.5 for a building of an importance class Il.
And the other parameters are defined previously. The values, shown in table below, show that the
precedent inequality is well satisfied and the interstorey drifts are limited.

Storey d, *v(m) 0.010h
N° Casel Case2 | Case3 | Case4 (m)
1 0.014 0.016 0.004 0.004 0.035

2 0.024 0.026 0.008 0.010 0.035
3 0.022 0.022 0.008 0.006 0.035
4 0.016 0.018 0.006 0.006 0.035
5 0.012 0.010 0.004 0.006 0.035

5.17.5 SECTION AND STABILITY CHECKS OF COMPOSITE BEAMS

The composite beam is defined in Figure 5.17.12, and the steel profiles are IPE330 and IPE360 for
high seismic zones (cases 1,2) and low seismic zones (cases 3,4) respectively. Mechanical
characteristics are given as follows:

High seismicity Cases 1 and 2 : Profiles S355, Steel reinforcement BAS500, Concrete C30/37
Low seismicity Cases 3 and 4 : Profiles S235, Steel reinforcement BAS450, Concrete C25/35

beff
@12 mm ‘200 mm >
20mmz Y » s °
120 mm
20mmz | *® hd hd hd hd

IPE330_Case 1 and 2
IPE360_Case 3 and 4

*

Fig. 5.17.12 Composite beam definition

Effective Width

For performing calculations according to the Eurocode 4-1 in persistent and transient design
situations, the total effective width, as shown in figure below, may be determined as (clause 5.4.1.2(5)
of [10]):
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beff = bo + Zbei
_ {1225 mm (at mid-span)
1875 mm (at an end support)

eff

b, is the distance between the centres of the outstand shear connectors and it is assumed to be Zero
in our example.

be; is the value of the effective width of the concrete flange on each side of the web and taken as (L. /
8) but not greater than the geometric width b; , where the length of the equivalent span (L,) may be
assumed to be as shown in Figure 5.17.13 and in the table below.

. A AN
\“‘-.._____..--"' \.___‘________—_.__..-f
Ly - Ly Ly
O X7 W Y S Y N CYL3
14/2
B
E-"' _ \\..// . %Jl
Sy E | Sy
[ A
Fig. 5.17.13 EN 1994 definition of effective width.
Positive Moment Negative Moment
Det1 Defr3 Defr2 Defra
Effective Length (Le_Formula) 0.85LI 0.7L2 0.25(L1+L2) 2L3

The values of effective span lengths and effective width values adopted in design are shown in Figure
5.17.14

Effective span Length (Le _mm ) 0.7L2 =4900
Positive Moment
Effective Width (beff _mm) 2*Le/8 =1225
Effective span Length (Le _mm ) 0.25(L1+L2) =3500
Negative Moment
Effective Width (beff _mm) 2*Le/8 =875

L, and L, are the span lengths of beams and where L,=L,=7000 mm.
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For performing calculations according to the Eurocode 8-1 in seismic design situations, the total

b. =b,+b
effective width, as shown in figure below, may be determined as: °f ~ ¢ = €2

be1, and ber are calculated for elastic analysis (Clause 7.6.3 and table 7.5 of [8]) as well as for
evaluation of plastic moments (Clause 7.6.3 and table 7.5l1 of [8]) ), as shown in the table below:

Fig. 5.17.14 EN 1998 definition of effective width

Positive Moment Negative Moment
Elastic bei (MM) 0.0375L=262.5 0.05L=350
analysis besr (MmM) 2 be=525 2 be=700
Plastic bei (Mm) 0.075L=525 0.1L=700
Moments | " (mm) 2 be=1050 2 be=1400

Integrity of the concrete slab

To maintain the integrity of the concrete slab during the seismic event, while yielding takes place in
the bottom part of the steel section and/or in the rebars of the slab, the limit values of (x/d) ratio for
ductility of composite beams with slab should satisfy the values given in the table below (clause 7.6.2
(1.8) and table 7.4 of [8]) :

Ductility class a fy (N/mmz) x/d upper
limit
1.5<q<4 355 0.27
DCM
15<qg<4 235 0.36
g>4 355 0.20
DCH
235 0,27

152



Specific rules for the design...: (ii).Composite steel concrete moment resisting frames
H. Somja, H. Degee and A Plumier

d is the section's height of composite beam and (x) is the difference between the top of the slab and

the position of neutral axis (in case of positive moment and seismic situation).

The table below shows that the maximum values of ratio (x/d) are satisfied for all cases:

Casel Case?2 Case3 Case4
(x/d)limit values (ECS8) 0.27 0.27 0.36 0.36
(x/d)max (Design values) 0.268 0.268 0.239 0.239

Deflection Check

It is supposed that beams are fixed at both ends with a span of 7 m. Applied uniform load along the
beam span: W,= G, + Q, = 24.3 kN/m

Applied concentrated load at mid-span: W.= G, + Q. = 89.3 kN
Maximum deflection limit: f =L /300 =7/ 300

W, L
384El

WLl L
192E1 300

Composite beam deflection of mid-span: f =

Minimum moment of inertia required, for the composite section, about Y-axis: I, = 6670*10* mm*

Deflections due to loading applied to the composite beam should be calculated using elastic analysis
in accordance with section 5 of EN 1994-1-1 (clause 7.3.1(2) of [10]).

Effective width of the slab D beir = 1225 mm
Elastic coefficient of equivalence ‘Ng=E,/E.=6
Concrete slab thickness :he =120 mm

Area of effective section of concrete : Ac = he * bt = 147000 mm?

11770*10* mm* (IPE330)
Second moment of area of the steel section about Y-axis; |y = . .
16270*10" mm (IPE360)
6260 mm*>  (IPE330)
Section's area of steel profile: A, =
7270 mm? (1PE360)
330mm  (IPE330)
Section's height of steel profile; h, =
360 mm  (IPE360)
h [165mm  (IPE330)
Position of centre of gravity of the steel profile: Z, =—2
2 |180mm  (IPE360)
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h {390 mm  (IPE330)
2

Position of centre of gravity of the concrete slab: Z_ =h, +—= =
420 mm (IPE360)

450 mm (1PE330)

Total height of the composite section: h, =h, +h, =
480 mm  (IPE360)

Considering the following condition (table 4.57 of [11]):

1033.10° IPE330 :
A(h—-Z,-h)= ( L AR =1588.10°
1309.10°  (IPE360)  2n,
=> The neutral axis lies within the slab
b..(h—Z
Z,=h, —Q—e'. | -1+ JHZLA:)
n,.
Position of neutral axis of composite section, Zy: e ¢
3 348.05 mm (IPE330)
® " 1368.51 mm (IPE360)
Second moment of area of the composite section about the Y-axis, Iy:
h-2,)
=1, +A(Z,-Z,) +by (3—’3)
.n

el

_{40500.1O4mm4 (IPE330)

b= } >16270.10*mm*
52290.10*mm* (IPE360)

Minimum area of steel reinforcement

For cross-sections whose resistance moment is determined by (Clauses 6.2.1.2, 6.2.1.3 or 6.2.1.4 of
[10]), a minimum area of reinforcement (As) within the effective width of the concrete flange should be
provided to satisfy the following condition (Clause 5.5.1(5) of [10]):

Az p*A

f, f
with : =o—L —am Jk
=098, ke

k. is a coefficient which takes account of the stress distribution within the section immediately prior to

+0.3 <1.0

cracking and is given by (Clause 7.4.2(1) of [10]): K, = P
C

27,

1+

h is the thickness of the concrete flange, excluding any haunch or ribs: h, =120 mm

Z, is the vertical distance between the centroids of the un-cracked concrete flange and the un-cracked
composite section, calculated using the modular ratio (ne =6) for short-term loading: Z, =2, —Z,
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Z, =h, +h—2C
Z, is the centroid of the un-cracked concrete flange: 390 mm (IPE330)
7 =
! {420 mm (IPE360)
Zy is the centroid of the un-cracked composite section:
t t t h h
bt..—~+t (h. =2t )(-“+t, )+bt (h ——)+-—<b_(h +—°
Z ~ f 2 w(a f)(2 f) f(a 2) ne| eff(a 2ne|)
b=

bt, +t,(h, —2t,) +bit, +:°.beff

el

n, =6.0
Br =1400 mm (Plastic Seismic Design)
. {11.5 mm (IPE 330)
" 127 mm (1PE 360)
7.5mm (IPE 330)
v {8.0 mm (IPE 360)
330 mm (IPE 330)
2 {360 mm (IPE 360)
160 mm (IPE 330)
- {170 mm (IPE 360)
So:

~ [299.045mm  (IPE 330)
7 1319.532mm  (IPE 360)

With:
Zy=2,-1,
_{90.96 mm (IPE330)
0=
So: 100.5 mm (IPE360)
k. = 1h +0.3
1+ =
2Z,
~[0.903 (IPE330)
°10.926 (IPE360)
And finally:

A: :beff *h c
A is the effective area of the concrete flange: A, =1400*120
A,=168000 mm?
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f, is the nominal value of the yield strength of the structural steel in N/mm?; fs« is the characteristic
yield strength of the reinforcement;

o _ [355 N/mm’ (IPE330) _ [500 N/mm’ (IPE330)
235 N/mm? (IPE360)  °  |450 N/mm? (IPE360)

y

fum is the mean tensile strength of the concrete, (Table 3.1 or Table 11.3.1 of [13]);

(30 N/mm? = £, =2.0 N/mm®  (IPE330)
“ |25 NImm? = £, =2.6 N/mm®  (IPE360)

0 is equal to 1.0 for Class 2 cross-sections, and equal to 1.1 for Class 1 cross-sections at which
plastic hinge rotation is required; 6 =1.0 (as we have composite beam cross-sections of class 2)

f, f
=5—L —cm [k
=035, e
{8.324*103:0.8% (IPE330)
Py =

So: 5.560*10°=0.6% (IPE360)

And finally, the inequality of minimum reinforcement area of the composite section had been satisfied
as shown below:

A= prA

1398 (IPE330)
A =1583> p *A =

934 (IPE360)

Negative Bending Resistance

We calculate the negative bending resistance of the composite section at end support, and in case of
seismic design situations, as follows:

Effective width of the slab: be = 1400 mm.
Slab’s thickness: he =120mm

The longitudinal reinforcement steel consists of 14 bars of 12 mm diameter and is divided into two
layers (As = 1583 mm2).

6260 mm? (1PE330)

Section's area of steel profile: A, =
7270 mm? (IPE360)

330mm  (IPE330)

Section's height of steel profile: h, =
360mm  (IPE360)
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165mm  (IPE330)
180mm  (IPE360)

h
Position of centre of gravity of the steel profile: Z_ = 7""{

h {390mm (IPE330)
2

Position of centre of gravity of the concrete slab: Z, =h, + ==
420mm  (IPE360)

450 mm  (IPE330)

Total height of the composite section: h, =h, +h, =
480 mm  (IPE360)

Position of centre of gravity of the reinforcing steel: Z, = hb ——==

h {390mm (IPE330)

2 [420 mm (1PE360)
f, .7

n pls=y—
fsk '7M

The plastic coefficient of equivalence for the reinforcing steel:

pls —

0.82 (IPE330)
0.60 (IPE360)

Considering the following condition (table 4.60 of [11]):

A —2bt, = 2580 (IPE330) S A 1938  (IPE330)
‘12952 (IPE360)| n, |2635 (IPE360)
=> The neutral axis lies within the web
Position of neutral axis, Z,:
1 [ A b.t,
=—.|——-A |+—+h, -t
° 2t (npls Aa} t, =
_ [275.72 mm (IPE330)
® " 1327.50 mm (IPE360)

Plastic modulus of the composite beam, W :

Zs
n

t; 2 2
Wy, = A== AZ, +2bt;.| b~ +t,(h, —t, ) -t,.Z;
pls

_ [1207.10° mm* (IPE330)
" 11432.10° mm® (IPE360)
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Negative bending resistance of the composite section, M:
M-~ :me * fy
~ |393 kN.m (IPE330)
- {337 kN.m (IPE360)

In the same way, we calculate the negative bending resistance of composite section in persistent and
transient design situations.

Effective width of the slab: b, =875 mm (at end support)
M- :Wplb * fy
Negative bending moment of the composite section, M, at end support: (342 kN.m (IPE330)
" 317 kN.m (IPE360)

Positive Bending Resistance

We calculate the positive bending resistance of the composite section at end support, and in case of
seismic design situations, as follows:

Effective width of the slab: bes = 1050 mm

Reinforcement in compression in the concrete slab may be neglected (Clause 6.2.1.2(C) of [10]).

n = L
pl
0.85f, .7u
~ {20.90 (IPE330)
pl

The plastic coefficient of equivalence for the profile steel:

~ |16.60 (IPE360)

Considering the following conditions (table 4.60 of [11]):

A —2bt, =2580 < ni =6034 < A,=6260 (IPE330)

pl

The neutral axis lies within the upper flange of steel section IPE330.

A =7270 < 2 7506 (IPE360)

pl

The neutral axis lies within the slab of composite section IPE360.

N _ y A S L — =329.3mm  (IPE330)
Position of neutral axis, Zy: 2b

A .
Z, = Zb( Aa}th M =3652mm  (IPE360)

Plastic modulus of the composite beam, W :
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W, = AL Az, +b(h? -Z7)=1668.10° mm® (IPE330)

pl
n,*A
Wplb =A hb _Za_(pzl—

eff

J =1764.10° mm® (IPE330)

Positive bending resistance of the composite section, M:
M* =W, *f,
v ]495 kN.m (IPE330)
415 kKN.m (IPE360)

In the same way, we calculate the bending resistance of composite section in persistent and transient
design situations.

Effective width of the slab: b, =1225 mm (at mid-span)

M~ :Wp,b * fy
Positive bending moment of the composite section, M, at mid-span: M 515 kN.m (|PE330)
428 kN.m (IPE360)

Maximum Work-Rate of Beams

The design of the structure was made in accordance with the Eurocodes 3, 4 and 8. The maximum
work-rate (i.e. ratio of design moment to moment resistance) obtained for section checks of beams
are given in the table below:

Maximum work-rate
Static Actions | Seismic Actions
(EC4) (EC8)
Case 1 : high seismicity (with steel columns) 0.933 0.826
Case 2 : high seismicity (with composite columns) 0.953 0.840
Case 3 : low seismicity (with steel columns) 0.979 0.764
Case 4 : low seismicity (with composite columns) 1.000 0.779

Resistance to Lateral-Torsional Buckling

To ensure that the precedent check of flexural resistance is valid, it must be verified that beams are
not affected by the instability of lateral-torsional buckling before reaching their plastic strength.
According to the Annexe B of the ENV 1994-1-1 (clause B.1.2 (4) of 15]), the elastic critical moment
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for lateral-torsional-buckling of a doubly symmetric composite section is given by the following

formula:
) 05
MCr :kc—f“HGlat + kslg anIaﬁ}
T

L is the length between two lateral restraints of the lower flange: L=7 m

G is the shear modulus of steel profile: G = E/2(1+v)
v, is the Poisson coefficient of steel profile: v, = 0.3
E. is the modulus of elasticity of steel profile: E, = 210*10° N/mm?

G = 80769 N/mm?

281500 mm* (IPE330)

|t is the St. Venant torsion constant of the structural steel profile: |, = .
373200 mm* (IPE360)

I, is the second moment of area of the lower flange about Z-axis:

b, [4.0.10° mm* (IPE330)
Iafz = E -

5.2.10° mm* (IPE360)

160 mm (IPE330)

b is the width of the lower flange of steel profile about the Z-axis: b =
170 mm (IPE360)

11.5 mm (IPE330)

t; is the thickness of the lower flange of steel profile: t; = {12 7 (IPE360)
. mm

k k
ks is the transversal stiffness per unit length unit of the beam: k_ = ﬁ
+ 2
_ . . . 4E,1;
k4 is the flexural stiffness of the continuous slab over the steel profile: k1 =
a

ais the slab’s width: a =6 m

I, is the flexural rigidity of a section of unit width of the slab (with 5 reinforcing steel bars of 8 mm
diameter in Y direction): I, = 9.105.10* mm*

k, =1.214.10"
E.t,
4(1-vZ)h,

k, is a factor which is equal, for non-encased beam, to: k2 =

7.5 mm (IPE330)

t. is the web’s thickness of the steel profile: t, = {8 0 (IPE360)
U mm
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318.5 mm (IPE330)

hs is the distance between shear centres of steel flanges: h, = {347 3 (IPE360)
o Mm

o _|7:278.10° (IPE330)
? |8.1.10° (IPE360)

- 7.234.10* (IPE330)
*18.046.10" (IPE360)

1
C, is a factor which depends on the distribution of moment along the length L: C, = 72'2\/61_4-—

N

o =

2
(GI L ]LZ
a is a coefficient which is equal to: T
4.268.10°° (IPE330)
a =
5.978.10° (IPE360)

_ [15.952 (IPE330)
*7113.697 (IPE360)

k. is a coefficient which is equal to: Kk, =

l.y is the second moment of area of the steel profile about the Y-axis:

ay

1177.10° mm* (IPE330)
1627.10° mm* (IPE360)

ly is the second moment of area of the composite section about Y-axis:

y

| 1.577.10° mm* (IPE330)
2.090.10° mm* (IPE360)

(1,+1,)
A,

i is coefficient equal to: i, =
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788.1.10* mm* (IPE330)
1043.10* mm* (IPE360)

la, is the second moment of area of the steel profile about Z-axis: |,, = {

6260 mm* (IPE330)

A, is the area of the steel section: A, =
7270 mm® (IPE360)

. [141.64 (IPE330)
" |154.32 (IPE360)

Al

ay

. Aazac(A_Aa)

e is a coefficient equal to:

7164 mm? (IPE330)
8174 mm? (IPE360)

A is the area of the composite section: A= {

Z is the distance between the centre of gravity of the steel profile and the average level of the slab:

_ {225 mm (IPE330)
| 240 mm (IPE360)

ac

662.227 mm* (IPE330)
843.156 mm* (IPE360)

~ [1.102 (IPE330)
~ |1.085 (IPE360)

C

The elastic critical moment, for lateral-torsional buckling, of the composite section of the beam is:

_ [1374 kN.m (IPE330)
1416 kN.m (IPE360)

cr

The relative slenderness for lateral-torsional buckling g 7 is given by (clause4.6.3(3) of [15]) :

0.5
M 05 (%) = 0.535 (IPE330)
/_1 _ pl,Rd _

" ( M, 337 \*°

(mj = 0.488 (IPE360)

The value of the reduction factor could be taken form the EN 1993-1-1 (Clause 6.4.2(1) of [10]).
The reduction factor for lateral-torsional buckling is given by (Clause 6.3.2.3(1) of [12]):
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1

LT —
¢LT +\/¢L2T _ﬂ'LT
~ (0.868 (IPE330)

#1771 0.890 (IPE360)

b but ., <1

JLT is given as follows:

b = O.5*[1+aLT *(Z—o.z)ﬂuz}

;o = 0.700 (IPE330)
‘" 10.668 (IPE360)

The imperfection factor, aLT (Clause 6.3.2.3 and table 6.4 of [12]):

h {2.06 (IPE330)

For all cases: —
2.12 (IPE360)

» } >2.0= a=0.34 (curve b)

The design buckling resistance moment of a laterally unrestrained continuous composite beam and
with a uniform structural steel section should be taken as (clause4.6.3(1) of [15]):

M b,Rd = ZLT M PL,Rd A Wlth ]/a :10 et 7Rd :110

Rd

_ [310.3 kN.m (IPE330)
PRI 12725 kKN.m (IPE360)

, . - . M >M
The risk of lateral-torsional buckling is thus real, since for all cases:| Ed |ma>< b.Rd

Hence, it is necessary to brace the beams laterally. It is easy to verify that a spacing of 1 m between
the lateral restraints, i.e. a calculation similar to the above (but L = 1 m) would lead to:

_ [2821 kN.m (IPE330)
13981 kN.m (IPE360)

cr

0.373 (IPE330)

_ LT:{
And the relative slenderness for lateral-torsional buckling Avr is: 0.291 (IPE360)

Which is less than 0.4 (clause4.6.3 (5) of [15]).

Resistance of Composite Sections in Compression

The plastic resistance to compression Npl,Rd of the composite cross-section should be calculated by
adding the plastic resistances of its components:

NF,LRd =A fy +—]cSk A +0.85*—ka A
Vs Ve
5767 kN (IPE330)
PIRd —

4708 kN (IPE360)

163



Specific rules for the design...: (ii).Composite steel concrete moment resisting frames
H. Somja, H. Degee and A Plumier

For plastic hinges in the beams it should be verified that the full plastic moment of resistance and
rotation capacity are not decreased by compression. To this end, for sections belonging to cross
sectional classes 1 and 2, the following inequalities should be verified at the location where the
formation of hinges is expected (clause 6.6.2(2) and clause 7.7.3(3) of [8]):

hsO.lS

pl,Rd

In case of high seismic zones (cases 1 and 2), the check of compression resistance has been done
for the beams that are subjected to the maximum axial forces in seismic design situations, while in
case of low seismic zones (cases 3 and 4), the check has been done for beams that are subjected to
the maximum actions in persistent and transient design situations, where the maximum values are as
shown.

149 kN <0.15N,, ., =865 kN (Casel)
142 KN <0.15N; oy =865 kN (Case2)
127 kN <0.15Ng o, =706 kN (Case3)
121 kN <0.15Ng o, =706 kN (Cased)

|NEd|max =

Shear Resistance

The resistance to vertical shear V pl,Rd should be taken as the resistance of the structural steel
section Vpl,a,Rd unless the value for a contribution from the reinforced concrete part of the beam has
been established (clause 6.2.2.2(1) of [10]).The design plastic shear resistance Vpl,a,Rd of the
structural steel section should be determined in accordance with the EN 1993-1-1 (clause 6.2.6 of
[12]).

h, {307.0/7.5 (IPE330) {41<725:58.58 (IPE330)
Noting that . |334.6/8.0 (IPE330) |42<72£=72.00 (IPE360)

t
(clause 6.2.6(1),(2) and (6) of [12]):
A*f, (631 kN (IPE330)
VPI,a,Rd =T = =
3 477 kN (IPE360)

When the shear force is less than half the plastic shear resistance, the effect on the moment
resistance may be neglected (clause 6.2.8(2) of [12])

, and according to

For all cases, the check of shear resistance has been done for the beams that are subjected to the
maximum vertical shear forces in persistent and transient design situations, where the maximum
values are as shown;

234 kN <0.5V,, , ¢ =315.5 kN (Casel)
237 kN < 0.5V, , ¢, =315.5 kN (Case2)
231 kN < 0.5V, , ¢, =238.5 kN (Case3)
234 kN <0.5V,,, ,,=238.5 kN (Case4)

|VEd |max =

The shear force has thus no effect on the reduction in combination of moment and axial force (Clause
6.2.10(2) of [12]).
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5.17.6 SECTION AND STABILITY CHECKS OF STEEL COLUMNS

Let the composite column, partially encased in concrete, as defined in the following figure, whose
steel profile is HEA360 for case1 and HEA450 for case 3. Material properties for the two cases are
given as follows:

high seismicity Case1 : Profiles S355, Steel reinforcement S500, Concrete C30/37
low seismicity Case3 : Profiles S235, Steel reinforcement S450, Concrete C25/35

HEA360_Case1
HEA450_Case3

¥

D —
b

Fig. 5.17.15 Composite column partially encased in concrete

Resistance of Steel Columns in Combined Compression and Uniaxial Bending under Seismic
Combination

The columns shall be verified in compression considering the most unfavourable combination of the
axial force and bending moments. In the checks (clause 6.6.3(1) of [8]), Ngy, Mgq, Veq should be
computed as:

Neg =Nggo +1176,QNg ¢
Mgy =Mgy 6 +11y, QMg ¢
Ved =Vego +1176, Ve e
Where the indices G and E correspond to gravity and seismic loads respectively and where the

section overstrength factor Q is the minimum value, of all beams in which dissipative zones are
located, given by the following expression:

Q=min{ Q=M 04 /Mgy }

Q=B _1212 (Casel)
324.20

Q= 337 =1.311 (Case3)
257.00

Where the index "i" covers all beams, Mgq is the design value of the bending moment in beam in the
seismic design situation and Mprq is the corresponding plastic moment, and where the material
overstrength factor y,, is equal to 1.25 (clause 6.2(4) of [8]).
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Where there is a axial force, we have to take into account its effects on the plastic moment resistance.
For cross-sections of classes 1 and 2, the following expression must be satisfied (clause 6.2.9.1(1) of

[12]): Mgy <My gq but My sMplde

Where My rq, the plastic moment resistance reduced by the normal force Ngy, is given by the following
expression, (clause 6.2.9.1(5) of [12]):

1-n 1-n
Myy re =M ra m=wm,y *f, 105
74124 2" (Casel)
M ~ 1-0.5a
NY ,Rd — 1_ n
755.76 (Case3)
1-0.5a
— 0.265 (Casel
Where : a:—A 2t _ ( )
A 0.292 (Case3d)
N &
. . —— (Casel
o Nes _ New _ 5069.0 (2
N pl,Rd A *f y N—Ed (Caseg)
4183.0

The resistance check in combined compression and uniaxial bending has been done for the columns,
located at the base, which are subjected to the maximum axial forces and moments in seismic design
situation. The table below provides the values of forces and moments at upper and lower extremities

of columns. For all cases, the condition Mg, <M, ¢, is largely satisfied.

Case 1: high seismicity — steel columns

Ned,c Med,c Ned e Med e N'eq M eq My Rd

End kN kNm kN kNm kN kNm kNm
column lower -814 -41 119 140 -616 192 751
1 upper -810 79 119 -39 -612 14 751
column lower -1652 1 -9 158 -1666 264 574
2 upper -1648 -3 -9 -76 -1663 -130 574
column lower -1652 -1 8 158 -1638 262 578
3 upper -1648 3 8 -76 -1634 -124 579
column lower -814 41 -118 138 -1011 272 684
4 upper -810 -79 -118 -39 -1007 -143 685
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Case 3: low seismicity — steel columns

Neg,c Meg,c Neg,e Meq e Neq M g Mn,y.rd
End kN kNm kN kNm kN kNm kNm
column lower -829 -45 56 77 -728 93 731
1 upper -824 -85 56 -12 -723 64 732
column lower -1650 -1 -3 85 -1655 153 535
2 upper -1645 -1 -3 -29 -1650 -53 536
column lower -1650 1 2 85 -1646 154 537
3 upper -1645 1 2 -29 -1641 -52 538
column lower -829 45 -56 76 -930 181 688
4 upper -824 -85 -56 -11 -925 -105 689
column
20 upper -163 -185 -5 -18 172 217 849

Note: In case 3 (zone of low seismicity), we noted that column number 20 is subjected to the
maximum bending moment in seismic design situation as well as in static design situation, which
shows that seismic actions has not an important effect on the building with respect to the permanent
and transient actions.

Resistance of Steel Columns in Combined Compression and Uniaxial under critical
Fundamental Combination

The resistance check in combined compression and uniaxial bending has been done for the columns
number 2 and number 20 which are subjected to maximum axial forces and moments respectively in
static design situation. The tables shown below provide the values of normal forces and moments

where the condition M gy <M o, is largely satisfied

Case 1: high seismicity — composite columns

NEeg Meg M,y Rd

End kNm kKNm kKNm
Col.2 lower 1979 88 521
Col.20 upper 212 238 819
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Case 3: low seismicity — composite columns

Neg Meg M,y Rd
End kNm kNm kNm
Col.2 lower 1975 94 467
Col.20 upper 216 258 839

Shear Resistance of Steel Columns

The design plastic shear resistance Vp.rq Of the structural steel section should be determined in
accordance with the EN 1993-1-1 (clause 6.2.6 of [12]).

Noting thatt& =

W

31.50 <72¢=58.58 (Casel)
34.61 <72¢=72.00 (Cased)

Thus sections are classified into class 1 where there is no local buckling, and according to (clause
6.2.6(1),(2) and (6) of [12]) we have:

VPI a,Rd :T =

The check of shear resistance has been done for the columns, number 8 (for case 1_seismic
combination) and number 17 (for case 3_static combination), which are subjected to the maximum
shear forces in seismic and static design situations respectively, where the maximum values are as
shown:

A, *f, [1003.48 kN (Casel)
892.490 kN (Case3)

(For casel_Sismic design situation)
Veso|  =57.54 kN

Veae| ~ L «39096= — 1 *3906
Elmac 10 1-0.048

=1.05*39.96=41.80 kN

‘Véd nax ‘VEd,G +1,1y,,Q VEd,E‘

max

=127.47 kN

max

Vi,

(For case3_Static design situation)
Vel =126.64 kN

When the shear force is less than half the plastic shear resistance, the effect on the moment
resistance may be neglected (clause6.2.8(2) of [12]) :

127.47 kKN <05/, , oy =501.74 kN (Case2)
Bme 126,64 KN < 0.5/, , o =446.25 kN (Cased)
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The shear force has thus no effect on the reduction in combination of moment and axial force (Clause
6.2.10(2) of [12]).

Reduction Factors for Flexural Buckling
The reduction factor for flexural buckling x, is calculated as follows (Clause 6.3.1.3 of [12]);

Buckling length, L : L., = 3.5 m (= storey height)

_ . o 74.3 mm (Casel)
Radius of gyration about the Z-axis, i,: 1, =
72.9 mm (Case3)

L, {47.12 mm (Casel)
i

Slenderness ratio of the column A,;; A, = —- = 48.01 (Case3d)
.01 mm (Case

z

Euler's slenderness, Ae: A =7* |2 =

f

E, |74.57 (Casel)
91.65 (Case3d)

y

. - - A 0.632 (Casel)
Relative slenderness A, is givenby: A; =% =
0.524 (Case3)

e

The reduction factor for the buckling mode about Z-axis is given by (Clause 6.3.1.2 of [12]):

1
Y=
¢z + \A¢22 _ﬂ'z i
| 0.766 (Casel)
% =) 0.873 (Cased)

but y, <1

4, = 0.5*[1+a*(/1_z—0-2)+’_122}
Where @, is given as follows: [ 0.805 (Casel)
0.692 (Case3)

z
And where, for buckling about Z-axis, the imperfection factor is a :

For case 1: 2:1.17 <l.2and t; =17.5 mm < 100 mm = «=0.49 (courbe c)

For case 3: E=1.47 >1.2 and t, =21 mm < 40 mm = «=0.34 (courbe b)

The reduction factor for flexural buckling ¥, is calculated as follows (Clause 6.3.1.3 of [12]):

Buckling length, L :L., = 3.5 m (= storey height)

152.5 mm (Casel)

The radius of gyration about the Z-axis, i, : iy =
189.2 mm (Case3)

L 23.00 mm (Casel)
The slenderness ratio of the column A,,; A, = —* =
Yo 18.50 mm (Case3)

z
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The Euler's slenderness, Ag: A (=7* |2 =
91.65 (Case3d)

E 74.57 (Casel)
f)’

y

= - A 0.308 (Casel)
The relative slenderness A, is given by: Ay = ——==

Ae 0.202 (Cased)
The reduction factor for the buckling mode about Y-axis is given by (Clause 6.3.1.2 of [12]):
1
X but v, <1

y = —
¢y +\/¢y2 _ﬂy
| 0.961 (Casel)
%=1 1.000 (Case3)

4, =05%|1+a*(% -02)+ 2, |

y
Where @, is given as follows:

_ | 0.566 (Casel)
| 0.521 (Case3)

And where, for buckling about Y-axis, the imperfection factor, a is:

h
For case 1: b =1.17<1.2 and t; =17.5 mm < 100 mm = =0.34 (courbe b)
h
For case 3: b =1.47>1.2and t; =21 mm <40 mm = «=0.21 (courbe a)
The following table provides the values of slenderness and reduction factors:
}\-y Xy }_\‘Z Xz
Casel 0.308 0.961 0.632 0.766
Case 3 0.202 1.000 0.524 0.873

For the elements subjected to axial compression, it is appropriate that the value of axial force meets
the following condition (Clause 6.3.1.1(3) of [12]): Ng4 < ;(ZNF,LRd

This check, which has been done for the column number 2 which is subjected to the maximum axial
force in persistent and transient design situation, is largely satisfied.

1978.6 KN<y, N, ., =3882.85 kN (Casel)
] 1975.3 kN<y, N, o, =3651.76 kN (Case3)

Interaction Factors

The interaction factors for steel columns kyy and kzz are calculated as follows.

Choosing to use Annex B of the EN 1993-1-1 [12], the table B-1 of this Annex proposes:
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*

K,y =Chy 1+(Xy—o,2)‘N—

Xprle

The interaction factor, k: k,y = 0,6 kyy
The equivalent uniform moment factor, Cy,,: C,y = 0.6+0.4yp 2 0.4

Y is the relationship between algebraic values of the two end moments, where -1< w<1, (Annex B and
table B.3 of [12]). The following tables bring together the values obtained of g, C., and the
associated factors of interaction.

Case 1: high seismicity — steel columns

M g w Cry
Extremity kNm
column lower 192
1 upper 14 0.0729 0.6292
column lower 264
2 upper -130 -0.4924 0.4030
column lower 262
3 upper -124 -0.4733 0.4107
lower 272
column
4 -
upper 143 1 o257 | 0.4000
N” -
‘ Ed | max Ay Xy NpIRd Ky
kyy
kN kN
Column 1 616 0.308 0.961 5069 0.638 0.383
Column 2 1666 0.308 0.961 5069 0.418 0.251
Column 3 1638 0.308 0.961 5069 0.426 0.255
Column 4 1011 0.308 0.961 5069 0.409 0.245
Case 3: low seismicity — steel columns
I\/likEd ] Cmy
Extremity kNm
column lower 93
1 upper 64 0.6882 0.8753
column lower 153 -0.3464 0.4614
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2 upper -53
column lower 154
3 upper -52 -0.3377 0.4649
column lower 181
4 upper -105 -0.5801 0.4000
‘NEd max ﬂy Zy NpIRd kyy sz
kN kN
Column 1 728 0.202 1.0 4183 0.876 | 0.525
Column 2 | 1655 0.202 1.0 4183 0.462 | 0.277
Column 3 | 1646 0.202 1.0 4183 0.465 | 0.279
Column 4 930 0.202 1.0 4183 0.400 | 0.240

Reduction Factor for Lateral Torsional-Buckling

In accordance with the Annex F of the ENV 1993-1-1 (clause F.1.3 (1) of [16]), the elastic critical
moment for lateral-torsional —buckling of a doubly symmetric section is given by the following formula:

0.5

2EL ||k Y1, (k)G
RN [k_J T+(7z2)th+(CZZG)Z " (Cate)

W z

Where: Zg =2Z, - Zs Z, = coordinate of the point of application of the load
Zs = coordinate of the shear centre

In the case of loading by end moments (C, = 0) or by applying transverse loads at the shear centre
(Zg = 0), the previous formula becomes (clause F.1.3 (2) of 16]):

2 2 05
_~ TEL|[ k I_W+(kL) Gl,
kL) |\ k, ) 1, #%El

w

Where: L is the length of column, L = 3.5 m; v is the Poisson coefficient of steel profile, v = 0.3; E is
the modulus of elasticity of steel profile, E = 210*10° N/mm? ; G is the shear modulus of steel profile,
G =E/2(1+v) =80769 N/mmz; I, is the second moment of area of the steel profile about Z-axis; I; is the
St. Venant torsion constant of the structural steel section; |, is the warping moment of the steel
section; C, is a factor which depends on the load and support conditions; k and k,, are the effective
length factors.

According to the rigidity of joints between beams and columns, we can consider that the beam is fixed
at both ends preventing the lateral translation and the torsional rotation, the factors of the effective
length are given (clause F.1.2(2) of [16]) as: k = k,, =0.5

According to the indications of table F.1.1 of [16], we can adopt by interpolation, and for k = 0.5, the
values of coefficient C; as shown in the table below.
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The relative slenderness for lateral- torsional buckling g 7 is given by (clause 5.5.2(5) of [16]);

05
- M
/ILT :[ PI,Rd ]
M cr
The reduction factor for lateral-torsional buckling is given by (Clause 6.3.2.3(1) of [12]).

B 1
LT — —
¢LT + \/¢ET _/ILT

X but y,; <1

-— - 2
Where @1 is given as follows; @ = 0.5*[1+ . *(/L_T —0.2)+2,LT }
And where the imperfection factor, a, 1 (Clause 6.3.2.3 and table 6.4 of [12]) is:

For case 1: E =1.17<2.0= «=0.21 (courbe a)

h =1.47 < 2.0 = «=0.21 (courbe a)

For case 3: P

The following tables bring together the values of elastic critical moment, the relative slenderness and

the associated reduction factors. As the reduction factor ALT < 0-4, it is not necessary to take the
lateral-torsional buckling into account (clause5.5.2 (7) of [16]).

Case 1: high seismicity — steel columns

cotumn v C, (::;;) At Pir Xut
1 0.0729 2.044 18850 0.198 0.519 1.0
2 -0.4924 3.078 28390 0.162 0.509 1.0
3 -0.4733 3.041 28050 0.163 0.509 1.0
4 -0.5257 3.119 28770 0.161 0.509 1.0

Case 3: low seismicity — steel columns

cotumn 4 C, (:ﬂ.:) At Pir Xt
1 0.6882 1.357 18820 0.200 0.520 1.0
2 -0.3464 2.796 38790 0.140 0.503 1.0
3 -0.3377 2.779 38550 0.140 0.504 1.0
4 -0.5801 3.175 44040 0.131 0.501 1.0

Stability Checks

Columns not susceptible to torsional deformations, and which are loaded by combined and axial
compression, should satisfy the following expressions (clause 6.3.3(4) of [12]):
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[N M) e
& —i—kyy Y lmax 9
2N pIRd XM pIRd
‘NEd ‘My,Ed max <1

N pIRd i XM pIRd

Xy and x. are the reduction factors due to flexural buckling.
XLt is the reduction factor due to lateral torsional buckling.

kyy and k, are the reduction factors.

‘M y Ed‘ is the maximum end moment of column in absolute value
! max

The following tables bring together the design values of the compression forces and the end moments
about the y-y axis.

Case 1: high seismicity — steel columns

‘N ;D |IVI ED |ma><
Column " KN m Xy X, K,y K,y
1 616 192 0.961 0.766 0.638 0.383
2 1666 264 0.961 0.766 0.418 0.251
3 1638 262 0.961 0.766 0.426 0.255
4 1011 272 0.961 0.766 0.409 0.245
Case 3: low seismicity — steel columns
‘N ED |IVI ED |ma><
Column " KN.m Xy 1, K,y k,,
1 728 93 1.0 0.873 0.876 0.525
2 1655 153 1.0 0.873 0.462 0.277
3 1646 154 1.0 0.873 0.465 0.279
4 930 181 1.0 0.873 0.400 0.240

Consequently, lateral torsional buckling has no effect on the ultimate load of the column. Considering
the columns, from 1 to 4, located at the base of the MR frame, the values (given in the following table)
are clearly less than 1.

Case 1: high seismicity — steel columns

Column ‘NEd +k ‘My'Ed‘max ‘NEd ‘My,Ed‘max
yy zy
2, Aty ZWy Ty X AT 2Wy o fy
1 0.292 0.258
2 0.491 0518
3 0.487 0512
4 0.358 0.350

174



Specific rules for the design...: (ii).Composite steel concrete moment resisting frames
H. Somja, H. Degee and A Plumier

Case 3: low seismicity — steel columns

N* M " N* M *
Column ‘ Ed _|_kyy ‘ y'Ed‘max ‘ Ed K, ‘ y,Ed‘maX
ZyAfy ZLTWy,pI fy e Afy ZLTWy,pI fy
1 0.282 0.264
2 0.489 0,509
3 0.488 0508
4 0.318 0312

Consequently, the stability of columns subject to axial compression and bending in the plane of
buckling is largely satisfied.

5.17.7 SECTION AND STABILITY CHECKS OF COMPOSITE COLUMNS

Let the composite column, partially encased in concrete, as defined in the following figure, whose
steel profile is HEA320 for case2 and HEA400 for case 4. Material properties for the two cases are
given as follows:

¢ High seismicity Case 2 : Profiles S355, Steel reinforcement S500, Concrete C30/37

¢ Low seismicity Case 4 : Profiles S235, Steel reinforcement S450, Concrete C25/35

4324

HEA320_Case2
HEA400_Case4

b=b.

Fig. 5.17.16 Composite column partially encased in concrete

General Checks
Spacing of reinforcing steel bars

We have to choose a free distance between reinforcing steel bars greater than or equal to the
greatest of the following values: k1 times the diameter of the bar, (dg + k2) mm or 20 mm, where dg is
the size of the greatest aggregate and where the recommended values of k1 and k2 are 1 and 5
respectively (clause 8.2(2) of [13]).1t is allowed to choose a distance, between longitudinal bars and
the steel profiles, less than the values indicated in [13], and even equal to zero (clause 4.8.2.5(6) of
[15]).
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Local buckling resistance

The effects of local buckling may be neglected (Clause 6.7.1(9) of [10]) or (clause 4.8.2.4 of [15]) for
a steel section partially encased, provided that maximum values of (Table 6.3 [10]) are not exceeded.

=19.36 < 445 =35.80 (Case2)

=15.80< 44¢ =44 (Cased)

We thus ignore such effects.

Longitudinal reinforcing steel bars

The longitudinal reinforcement area (As) in concrete-encased columns which is allowed for in the
resistance of the cross-section should be not less than 0.3% (clause 4.8.2.5(3) of [15]) or greater than
4% (clause 4.8.3.1 (3, e) of [15]) of the cross-section of the concrete (Ac).
0.3%A, <A, <4%A,
100A,
A

C

100A, {2.300 (Case2)

A, |1.822 (Case4)

0.3< <4

Resistance of Composite Columns in Uniaxial Bending

The value of plastic modulus of the steel reinforcement is obtained by (clause C.6.1 (2) of [15]):

Wps = §|Asi *ei |

~ /1.945.10° mm”® (Case2)
2.606.10° mm? (Case4)

ps

Where ei is the distance between the steel bars of area Asi and the appropriate central axis (Y-axis).

Value of plastic modulus of the profile steel and concrete respectively (clause C.6.2 (1) of [15]) are:

W, = (h, -2, )2.%+b.tf (h,-t,)

pa

_ /1.545.10° mm”® (Case2)
2.471.10° mm?® (Case4)
and
2
W, :b'Za W, W
_ |5.468.10° mm® (Case2)
8.676.10° mm® (Case4)

ps

pc

Half-height of the region of 2hn height (clause C.6.2 (2) of [15]).
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2f f
N g —Aq X —0.85 %
h _ pm,Rd Sn(115 15)
0.85 2o + 2t (2f —o.sstk)
15 y 15

n

59.04 mm (Case2)
74.10 mm (Case4)

Where Npm,Rd is the applied normal force on the column when the plastic moment resistance of the
section is reached (clause C.6.1(1) of [15]).

0.85A_f

— "% % ck

PRI 15
_ 1.339.10° N(Case2)
PRI 11.407.10° N(Cased)

And where Asn is the sum of areas of steel reinforcing steel bars located in the region of 2hn height.

A = 0 mm? (Case2)
" |0 mm? (Cased)

Plastic modulus of the steel reinforcement located in the region of 2hn height (clause C.6.2(3) of [15]):

n

Wpsn = Z|A¥ni *ei|

i=1

psn

_|omm® (Case2)
0 mm?® (Case4)

Plastic modulus of the steel profile located in the region of 2hn height (clause C.6.2(2) of [15]):
2
W pan = tw hn
_ /3.138.10° mm® (Case2)
6.313.10* mm® (Case4)

pan

Plastic modulus of the concrete located in the region of 2hn height (clause C.6.2(2) of [15]):
2
W pen bhn -W pan -W psn
~ /1.014.10° mm® (Case2)
1.584.10° mm® (Case4)

pen

Maximum flexural resistance of the composite section when the axial force 0.5 Npm,Rd is applied on
the column (clause C.4(2) of [15]):
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W, f W
=W f, +—= 40858 xu
2 15

M

max,Rd

_ (679.380 kN.m (Case2)
maxRd 744,087 kN.m (Cased)

Plastic moment resistance of the section when an axial force of 0 kN or 0.5 Npm,Rd kN is applied on
the column (clause C.4(3) of [15]):
M pl,Rd — M
M

maxrd ~ M 1 rd
o ra = 936.94 KN.m

659.62 KN.m (Case2)
LR {718.03 kN.m (Case4)

M,,Rd is the flexural resistance of the region of 2hn height

M _W f Wpsnfsk Wpcn *fck
wrg =W f, +—E5 40,85 20 *—dc
1.15 2 15

_|19.76 kN.m (Case2)
1 26.06 kN.m (Case4)

n,Rd

Resistance of Composite Sections in Compression

Moment of inertia of the steel reinforcement about Y-axis:

4 2
.= 67 +m g_(zoJrﬁ)_tf]
64 4 2 2
_{2.098.107 mm* (Case2)

~13.759.10" mm* (Case4)

S

Moment of inertia of the concrete about Y-axis:
_bhy
¢ 12
4.945.10° mm* (Case2)
9.947.10° mm* (Case4)

_Ia_ls

c

Characteristic plastic resistance of the composite section in compression (clause 6.7.3.3(2) of [10]):
N ol Rk = A f y +0.85A f, +Af,
| 7.329.10° kN (Case2)
PR ] 6.661.10° kN (Cased)

Plastic resistance of the composite section in compression (clause 6.7.3.2(1) of [10]):
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fq f
N pl Rd :Aafy +O.85AC ﬁ-q-AS ﬁ

_ 6.542.10° kN (Case2)
PIRY | 5.851.10° kN (Cased)

Elastic critical normal force for the buckling mode:
_ 7’El
o T2
4.275.10* kN (Case2)
B {8.380.104 KN (Cased)

N

cr

The effective flexural stiffness El is determined in accordance with (clause 7.7.2(4) of [8]):
El =0.9(E_I,+0.5E_ I _+E,I,)
- {5.306.1013 N.mm? (Case2)
1.040.10" N.mm? (Case4)

Steel distribution ratio is defined as (clause 6.7.3.3(1) of [10]):

I\IpI,Rd

{ 0.675 (Case2)

o

0.639 (Case4)
Where 0.2<6<0.9  (clause 6.7.1(4) of [10])

Resistance of Composite Columns in Combined Compression and Uniaxial Bending under the

Seismic Combination

The columns shall be verified in compression considering the most unfavourable combination of the
axial force and bending moments. In the checks (clause 6.6.3(1) of [8]), Ngg, Mgy, Veq should be

computed as:
Ng, = Nego 7117, Q2 Ngg e
M, =M e T1L17, QMg ¢
Vea =Veas 1170 2Veq ¢

The indices G and E correspond to gravity and seismic loads respectively. Q is the minimum value, of

all beams in which dissipative zones are located, given by the following expression;
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Q=miin{Qi =M i rai /Mg |max’i}

Q= 339 _ 1.191 (Case2)
330

Q= 337 =1.286 (Case4)
362

The index "i" covers all beams, MEd is the design value of the bending moment in beam in the
seismic design situation and MPI,Rd is the corresponding plastic moment, and where the material
overstrength factor yov is equal to 1.25 (clause 6.2(4) of [8]).

Where there is a normal force, we have to take into account its effects on the plastic moment
resistance. For cross-sections of classes 1 and 2, the following expression must be satisfied (clause

< <
4.8.3.13(8) of [15]): Meg Sy Mg DUt oy My g <M g

The coefficient aM should be taken as 0.9 for steel grades between S235 and S355 inclusive, and as
0.8 for steel grades S420 and S460 (clause 6.7.3.6(1) of [10]).

The plastic moment resistance MN,Rd, reduced by the force normal NEd, is given by the following
expression, (Clause 6.5.3 of [11]):

*

N PILRd — N Ed
N PI,Rd N pm ,Rd
6542—N .,
65421339
5851—N
5851-1407

MN,Y,Rd :MPI,Rd

659.62 (Case2)

MN,Y,Rd =

718.03 (Cased)

The resistance check in combined compression and uniaxial bending has been done for the columns,
located at the base, which are subjected to the maximum axial forces and moments in seismic design
situation. The tables, shown below, provide the values of forces and moments at upper and lower

MEd = O'gMN,Rd

extremities of columns. For all cases, the condition is largely satisfied.
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Case 2: high seismicity — composite columns

Ned,c Mea,c Ned e Meq e N kg M gq Mny,rd Oy
MN,y,Rd
End kN kNm kN kNm kNm kNm kNm kNm
lower -811 -39 119 130 -615 174 751 676
Col.1
upper | -805 76 119 -46 -610 0.5 752 677
lower | -1668 2 -12 148 -1687 245 616 554
Col.2
upper | -1663 -4 -12 -83 -1682 -139 617 555
Col.3 lower | -1668 -2 11 148 -1650 241 620 558
ol.
upper | -1663 4 11 -82 -1645 -131 621 559
Col.4 lower -811 39 -119 129 -1005 250 702 632
ol.
upper -805 -76 -119 -45 -1000 -150 702 632
Case 4: low seismicity — composite columns
Neac | Med Nga e Med e N M g Mn.y.Rd Oy
G MN,y,Rd
End kN kNm kN kNm kNm kNm kNm kNm
lower -829 -43 57 72 -728 84 828 745
Col.l
upper -822 82 57 -16 -721 54 829 746
lower -1667 0.3 -4 81 -1674 143 674 607
Col.2
upper -1661 -2 -4 -34 -1667 -61 676 608
lower -1667 | -0.3 3 80 -1661 142 677 609
Col.3
upper -1661 2 3 -33 -1654 -57 678 610
lower -829 43 -57 71 -929 169 796 716
Col.4
upper -822 -82 -57 -15 -923 -109 797 717
Col.20 upper -161 -175 -5 -17 -170 -206 918 826

Note: In case 4 (zone of low seismicity), we noted that column number 20 is subjected to the maximum bending
moment in seismic design situation as well as in static design situation, which shows that seismic actions has not
an important effect on the building with respect to the permanent and transient actions.
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Resistance of Composite Columns in Combined Compression and Uniaxial Bending under the
Critical Fundamental Combination

The resistance check in combined compression and uniaxial bending has been done for the columns
number 2 and number 20 which are subjected to maximum axial forces and moments respectively in
static design situation. The tables, shown below, provide the values of normal forces and moments

where the condition Mgy <0.9M, o, is largely satisfied

Case 2: high seismicity — composite columns

Ned Meq Mnyrd | Om Myyrd

End kNm kNm kNm kNm

Col.2 lower 2001 86 576 518

Col.20 upper 208 222 803 723

Case 4: low seismicity — composite columns

Ned Meq M,y Rd Oy My Rd

End kNm kNm kNm kNm

Col.2 lower 1998 91 623 560

Col.20 upper 213 244 911 820

Reduction Factor for Flexural Buckling about Y-Axis

For the elements subjected to axial compression, it is appropriate that the value of axial force meets
the following condition (clause 6.7.3.5(2) of [10]) : Ngy < ¥Ny g

The relative slenderness for the plane of bending being considered is given by (Clause 6.7.3.3(2) of

N

pl,Rk

N

cr

7 0.414<2.0 (Case2)
0.282<2.0 (Case4)

[10]) or (clause 5.5.1.2(1) of [15]):

(clause 6.7.3.1(1) of [10])

The reduction factor for the buckling mode is given by clause 6.3.1.2. in the EN 1993-1-1 (clause
6.7.3.5(2) of [10]):

1
rA=—
b -7

| 0.920 (Case2)
] 0.982 (Cased)

but y <1

182



Specific rules for the design...: (ii).Composite steel concrete moment resisting frames
H. Somja, H. Degee and A Plumier

¢=0.5*[1+a*(/_1—0.2)+12}

_{ 0.622 (Case2)

@ is given as follows: 0.548 (Case4)

For buckling about Y-axis, the imperfection factor, a :
h

—=1.03<1.2 and t; =15.5 mm <100 mm = «¢=0.34  (courbe b)
For case 2: b
h

=1.3>1.2 and t, =19 mm < 40 mm = «=0.21 (courbe a)
For case 4:

This check, which has been done for the column number 2 which is subjected to the maximum
axial force in persistent and transient design situation, is largely satisfied.

2001.4 KN<yN , ., =6018.60 kN (Case2)
] 1998.4 kN<yN o rg —0745.70 KN (Case4)

It is necessary that the following condition is satisfied for all composite columns(clause 7.7.3(7) of [8]);

Nes <0.3

PI,Rd

This check has been done for the column number 2 which is subjected to the maximum axial forces in
seismic design situation.

1687 =0.26<0.3 (Case2)
Ne, _ ) 6542
N | 1674 4 99003 (Cases)
5851

Shear Resistance of Composite Sections

It is allowed to assume that the shear force V4 is applied only on the steel profile (clause 4.8.3.12 of
[15]). The design plastic shear resistance V4 rq Of the structural steel section should be determined
in accordance with clause 6.2.6 of EN 1993-1-1 (clause 6.2.2.2(2) of [8]).

Noting thatt& =

W

31.00 <72¢=58.58 (Case2)
30.61 <72¢=72.00 (Cased)

Thus sections are classified into class 1 where there is no local buckling, and according to (clause
6.2.6(1),(2) and (6) of [12]) we have:

A *f, _|843.00 kN (Case2)
777.84 kN (Cased)

VPI a,Rd :T =
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The check of shear resistance has been done for the columns, number 8 (for case 2_seismic
combination) and number 17 (for case 4 static combination), which are subjected to the maximum
shear forces in seismic and static design situations respectively, where the maximum values are as
shown:

(For case2_Sismic design situation)
Veso|  =5554 kN

Vepe|  =—2-*39.43= — %3943
Elnax ~1_¢ 1-0.057

=1.06*39.43=41.80 kN
Ve t1:17,,Q2 VEd,E‘

*

Ve

max ‘ max

*

[Veg|  =123.99 kN

max

(For case4_Static design situation)
}\/Ed |max =121.42 kN

When the shear force is less than half the plastic shear resistance, the effect on the moment
resistance may be neglected (clause6.2.8(2) of [12]) :

123.99 kN < 0.5/, , ., =421.50 kN (Case2)
BmX 121,42 KN < 0.5/, , oy =388.92 kN (Cased)

The shear force has thus no effect on the reduction in combination of moment and axial force (Clause
6.2.10(2) of [12]).

Second order effects of composite columns (static combination)

Within the composite column length and in case of fundamental (static) combinations, second-order
effects may be allowed for by multiplying the greatest first-order design bending moment MEd by a
factor k given by (Clause 6.7.3.4(5) of [10]):

keeP 5190
1-Ng, /N

cr eff
Ncr,eff is the critical normal force for the relevant axis and corresponding to the effective flexural
stiffness of composite column, with the effective length taken as the column length.

B is an equivalent moment factor given in (Table 6.4 of [10]).

M )
Where [ =0.66+0.44r but 5 >0.44 r=_—~omn -1<r<1

Ed,max

MEd,max and MEd,min are the end moments from first order or second-order global analysis.

The check has been done for the columns, located at the base, which are subjected to the maximum
axial forces in persistent or transient design situation. The tables below provide values of the k factor
which are clearly shown smaller than (1.0).
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Case 2: high seismicity — composite columns

MEd r B NEd Ncr;eff k
Extremit kN.m kN kN
y

lower 36 0.529 0.893 917 42750 0.913
column 1

upper 68

lower 86 -0.674 0.440 2001 42750 0.462
column 2

upper -58

lower 81 -0.593 0.440 1991 42750 0.461
column 3

upper -48

lower 120 -0.960 0.440 1018 42750 0.451
column 4

upper -125

Case 4: low seismicity — composite columns

Meqg r B NEeg Ner;eft k
Extremity kN.m kN kN

column lower 39 0.476 0.870 943 83800 0.880
1 upper 82

column lower 91 -0.538 0.440 1998 83800 0.451
2 upper -49

column lower 89 -0.483 0.447 1992 83800 0.458
3 upper -43

column lower 132 -0.947 0.440 1040 83800 0.446
4 upper -125

5.17.8 GLOBAL AND LOCAL DUCTILITY CONDITION

The plastic resistance of columns subjected to combined bending and axial compression are known,
and in accordance with the value of behavior factor, it is important to ensure that the actual ruin of the
structure will be based on the occurrence of a global plastic mechanism (and not on a local
mechanism in one or two levels). This is clearly indicated, for steel and composite structures, by
Eurocode 8. At each node of the structure, the strong-column, weak-beam condition shall be satisfied
by applying the following inequality (Clause 4.4.2.3 of [8]);

z M N,pl,Rd,c 21’32 MpI,Rd,b
c b

Z corresponds to the sum of design values of the moments of resistance of the columns and
C

Z to that of beams at the considered node.
b

The nodes where columns have the weakest resistance are nodes 2 and 3, as confirmed in the first
table below, and the total resistance of columns (at each of these nodes) is greater than 1.3 times of
that of beams as shown in table the second table.
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Case 1: high seismicity — steel columns

Ned,c Med g Nede Med e N gq M g Mn,y.Rd
Extremity kN kNm kN kNm kN kNm kNm
Column2 | upper | 4548 -3 -8 76 | -1663 | -130 | 574
Column3 | upper | _1e48 | -3 8 76 | 1634 | -120 | 579
Column6 | lower | a9 4 6 132 | -1400 | 224 | 618
Column7 | Lower | 1389 | 4 6 132 | -1380 | 216 | 622
MO | Mo | MG | MUISRE | My + Mo
(kNm) (kNm) (kNm) (kNm) M S +M g s
Node2 | 393 495 574 618 1.34
Node 3 | 393 495 579 622 1.35
Case 2: high seismicity — composite columns
Ned,c Med.c Neg,e Meq e Nes | Meg | ay Mn.y.Rrd
Extremity kN kNm kN kKNm kN kNm kNm
Column 2 | upper -1663 -4 12 -83 | -1682 | -139 555
Column3 | wupper | _1663 4 11 82 | -1645 | 139 559
Column6 | lower -1417 6 -8 130 | -1431 | 219 583
Column7 | Lower -1417 -5 8 130 | -1404 | 207 586
Mikes | Miamis | oMyt | e MRS | on [ MU + MR |
(kNm) | (kNm) (kNm) (kNm) M Sa's + M Sid’,
Node2 | 393 495 555 583 1.30
Node 3 | 393 495 559 586 1.30
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Case 3: low seismicity — steel columns

Ned,c Med g Nede Med e N M e My rd
Extremity kN kNm kN kNm kN kNm kNm
Column
upper
2 -1645 -1 -3 -29 -1650 -53 536
Column
upper
3 -1645 1 2 -29 -1641 -52 538
Column
lower
6 -1321 3 -2 63 -1325 -117 605
Column
Lower
7 -1321 -3 2 63 -1319 111 606
_ o . ot -
M | Mg | M| M | MR - MRS
(kNm) (kNm) (kNm) (kNm) M Sl +M i,
Node 2 337 414 536 605 1.52
Node 3 337 414 538 606 1.52

Case 4: low seismicity — composite columns

Ned,c Medc | Nede | Mede N g Mes | ay Mn,y.Rd
Extremit kN kNm kN kNm kN kNm kNm
y
Column 2 | upper -1661 2 4 | 34 | 1667 | -61 608
Column3 | upper | 4664 2 3 | 33 | -1654 | -57 610
Column 6 |  lower 1335 4 3 | 62 | 1340 | 114 656
Column 7 | Lower | 445 4 2 | 62 | -1331 | 105 657

. PP A inf érieur supérieur
gauche droite inf érieur supérieur | oy [M In +M :'
Mikio | Moran | @uM oy M M N, pIRd ¢ N, pIRd ¢

N, pIRd,c N, pIRd,c -
(KNm) | (kNm) (KNm) (kNm) M S +M e,
Node?2 | 337 414 608 656 1.68
Node3 | 337 414 610 657 1.69
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5.18 Definition of the structure

5.18.1 DIMENSIONS, MATERIAL PROPERTIES AND EARTHQUAKE ACTION

Dimensions
Fig. 5.18.1 3D view of the 5 storey building
s h L' th m m ui] = m h
View of the building — X-direction — Eccentric View of the building — Y-direction — Concentric
bracings bracings

Fig. 5.18.2 The office building and its bracings
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Dimensions Symbol | Value | Units
Storey height h 3.5 m
Total height of the building H 17.5 m
Beam length in X-direction (Eccentric bracings) Ix 7 m
Beam length in Y-d.irection (Concentric Iy 6 m
bracings)
Building width in X-direction Lx 21
Building width in Y-direction Ly 24
Material properties
Concrete: C30/35
Steel profile: S355
Steel rebars: S500
Details of values
Dimensions Symbol | Value Units
Characteristic yield strength of reinforcement steel fs 500 N/mm?
Partial factor for steel rebars Ys 1.15
Design yield strength of reinforcement steel fsd 434.78 | N/mm?
Characteristic compressive strength of concrete fc 30 N/mm?
Partial factor for concrete Ve 1.5

Coefficient taking account of long term effects on the
compressive strength and of unfavourable effects Ol 1
resulting from the way the load is applied

Design compressive strength of concrete feq 20 N/mm?

Secant modulus of elasticity of concrete for the

2
design under gravity loads combinations E. 33000 | N/mm

Secant modulus of elasticity of concrete for the

2
design under seismic loads combination Eose 16500 | N/mm

Characteristic yield strength of steel profile fy 355 N/mm?
Partial factor for steel profile Ty 1
Modulus of elasticity of steel profile E. 21800 N/mm?
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The yield strength of the steel profile is reduced when the thickness is greater than 16 mm:

if max(tflange; tweb) < 16 mm > fy = 355 N/mm?

if 16 mm < max(tflange; tweb) = 40 mm > fy = 345 N/mm?

Earthquake action

The earthquake action is specified according to Eurocode 8 and characterised as follows:

design ground acceleration of 0.25¢g
soil type B
type 1 response spectrum

DCM design with a behaviour factor q = 4

Parameters describing the recommended Type 2 elastic response spectra (ground
type C)
Dimensions Symbol | Value U;nt
Soil factor S 1.2
Lower limit of period of constant spectral acceleration branch Ts 0.15 s
Upper limit of period of constant spectral acceleration branch Te 0.5 s
Beginning of the constant displacement response range Tp 2 s

Combinations of actions

Loads considered:

Permanent actions + self-weight of the slab G =5.858 kN/m?
Variable actions Q = 3kN/m?
Snow S =1.11 kN/m?
Wind W = 1.4 kN/m?

Gravity loads combinations:

1. 1.35G +1.5W + 1.5 (0.7Q + 0.5S)
1.35G +1.5Q + 1.5 (0.7W + 0.5S)
1.35G +1.5Q + 1.5 (0.7S + 0.5W)
1.35G +1.5S + 1.5 (0.7Q + 0.5W)
1.35G +1.5S + 1.5 (0.7W + 0.5Q)
1.35G +1.5W +0.7*1.5(Q + S)
1.35G +1.5(Q+S) +0.7*1.5 (W)

N o o bk D

193



Specific rules for the design...: (iii).Composite steel concrete frame with eccentric and concentric bracings
H. Degee and A Plumier

Seismic combination.
1G+ vy, Q+E with ,; = 0.3 given in Eurocode 1990

E = action effects from the analysis under seismic action applied to a structure of seismic mass m

The inertial effects of the design seismic action shall be evaluated by taking into account the presence
of the masses associated with all gravity loads appearing in the following combination of actions:

m = Zij +Z‘I’Ei Qy

The coefficient yg; is used to estimate a likely value of service loads and to take into account that
some masses do not follow perfectly the moves of the structure, because they are not rigidly
connected to the structure.

ve, is computed as: Ve = QWi

Values of y,; and ¢ are given in Eurocodes 0 and 8. For this office building with correlated
occupancies, ¢ = 0.8 and Yy =¢-y,, =0,8x0,3=0,24

5.18.2 STEPS OF THE DESIGN DETAILED IN THIS REPORT

Design of slab under gravity loads (without EBF bracings) considering columns as fixed supports
Design of columns under gravity loads (without EBF bracings)
Design of beams under gravity loads (without EBF bracings)

Accidental torsional effects

Second order effects (P-A ) [P loads are those taken in the definition of the seismic mass m]

Design of eccentric bracings under seismic combination of loads, with the accidental torsional effects
and P- A effects taken into account

Check of beams and of eccentric bracings under gravity loads combination (EBF create an additional
support to the beam)

Design of one link connection

Design of concentric bracings under seismic combination of loads and with the accidental torsional
effects and P- A effects taken into account

Check of beams and columns under seismic combination of loads with bracings overstrength factors
(2 and with second order effects taken into account

Design of one diagonal connection
Check of diaphragm

Check of secondary elements

5.18.3 FINITE ELEMENT MODEL IN 3 DIMENSIONS

The software SAP 2000 is used to analyse the building in 3 dimensions. It takes into account:
o distribution of mass (G + 0.24 Q) and stiffness;

eventual 3D effect;
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The second moment of area of the composite beams is considered in the analysis.

5.18.4 TYPE OF FRAME

This building has 2 types of bracings:
- Eccentric in the direction X, along the 21m side length

- Concentric in the direction Y, along the 24m side length

5.18.5 FINAL CHARACTERISTICS OF THE BUILDING

After several iterations, the final design of the composite building provides the following sections:
Reinforced concrete slab thickness = 18 cm

Composite beam steel profiles: IPE 270

Columns steel profiles: HE 260 B + HE 280 B

Concentric bracings steel profiles: UPE

Eccentric bracings steel profiles: HE

The 2 fundamental periods of the structure according to the direction are computed by a modal
analysis realised by the software SAP2000:

In direction X (21m): Tx = 0.827 s
In direction Y (24m): Ty =1.454 s
The total mass of the building is 1744 tons.

Results in this report are obtained with beams considered composite in main span, but not connected
to columns; in this way, the primary resisting system for earthquake action are the bracings; the
moment frames remain secondary; this simplify the project. This option is allowed and a disconnection
rule is provided at clause 7.7.5 of Eurocode EN 1998.

Slab design under gravity loads

The slab is not a composite one but a reinforced concrete slab. The slab thickness h , IS taken equal

slal
to 180 mm, with a cover of steel rebars equal to 20 mm. Steel rebars of the slab are chosen to provide
the required resistant bending moments on support and in span in the 2 directions X and Y. These
internal values are given with fixed supports of the slab (the slab is only discontinuous at beam-
column connections but is continuous between these supports). A welded mesh with bars of diameter
10 mm is placed in upper and lower layers of the slab. Some additional rebars are placed in direction
X where bending moments are greater.
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Characteristics of slabs
X-direction
Applied Resistant ) Free
bending bending Rebars Stegl Spacing spacing
moment moment for 1m Section of between
of slab A x rebars b
MEed siabx,GC MR slab,x rebars
Unit [kNm/m] [kNm/m] [mm] [mm?/m] [mm] [mm]
10 T10 -
SPAN (lower 66.53 73.18 11875 | 190 90 - 37
layer of rebars) +2T16 50
SUPPORT 10 T10 100 —
(upper layer of 92.40 94.85 1585.65 50 90 - 37
rebars) +4T16
Y-direction
Applied Resistant ) Free
bending bending Rebars Stgel Spacing spacing
moment moment for Im of | Section of between
slab Asy rebars b
Meqd slab,v,GC MRad,siab,y rebars
[KNm/m] [KNm/m] [mm] [mm2/m] [mm] [mm]
SPAN (lower 35.39 49.93 10 T10 785.4 100 90
layer of rebars)
SUPPORT
(upper layer of 41.67 49.93 10 T10 785.4 100 90
rebars)

5.19 Design of the slabs under gravity loads

5.19.1 BENDING RESISTANCE OF SLABS

The bending resistance is calculated by an iterative process, according to the following assumptions:
A parabola-rectangle constitutive law is considered for concrete [EN 1992-1-1 Fig.3-3];

An elastic-perfectly-plastic law is considered for rebars; concrete has no resistance in tension; ULS is
obtained when the compressive strain in concrete is equal to €., = 0.0035.
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5.19.2 SHEAR RESISTANCE OF SLABS

VRd,c is the design shear resistance of the member without shear reinforcement. The minimum value
of VRd,c is given in EN 1992, clause 6.2.2 (1), by:

VRd,c,min = (Vmin + klﬁcp )bwd

where v, = 0.035 k3/2 fck1/2

k=1+ ’% < 2.0 withd in mm

O¢p = Ned/Ac < 0,2 ey [MPa], with Neg =0 — 0, =0

b, is the smallest width of the cross-section in the tensile area [mm] = 1m

d is the effective depth of a cross-section: d =155 mm
VRd,C,min,X =92.8 kN > VEgsiabx = 58.6 kN = 0K
VRd,C,min,Y =92.8 kN > VEd,sIab,Y = 36.8 kN = 0K

5.19.3 DEFLECTION OF THE SLAB

[EN 1992-1-1: 2004 cl. 7.4.1 (4)]

The deflexion of the slab has to be limited, according to directions X and Y: deflection < L,,/250

According to X-direction: deflexion = 0.018 m < [x/250 = 0.028 m = OK
According to Y-direction: deflexion = 0.018 m < 1/250 = 0.024 m = OK

5.19.4 EUROCODE 2 CHECKS

Minimum longitudinal reinforcement

The area of longitudinal reinforcement should not be less than A . . The value of A, .  for use in

a Country may be found in its National Annex. The recommended value is given by:

f
A, in=max| 0.26-2m b d, 0.0013 b,d
fyk
Where fu, is the characteristic value of concrete tensile strength: fy, = 2.9 N/mm?
f,« is the characteristic yield strength of reinforcement steel: f,;, = 500 N/mm?
b, is the mean width of the tension zone and is assessed equal to 1m

d is the effective depth of a cross-section: d =155 mm
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A =233.7 mm2/m <A;x —=>OK

s,min, X

A =233.7mm? /m <As;y = O0OK

s,min,Y

[EN 1992-1-1: 2004 cl. 9.3.1.1 (1) - 9.2.1.1 (1)]

Maximum longitudinal reinforcement

The area of longitudinal reinforcement should not exceed A The value of A, ., for usein a

S, max *

Country may be found in its National Annex. The recommended value is:

A
SmeX = 0.04x A,

h

Where AC is the concrete cross section area of the slab: AC =1mx skb

A, nax = 7200 mm? /m > As x = 0K

A, nax = 7200 mm? /m > Asy = 0K

[EN 1992-1-1: 2004 cl. 9.3.1.1 (1) — 9.2.1.1 (3)]

Maximum spacing

The spacing of bars should not exceed Spaxsiab- The value of Spaxsian fOr use in a Country may be

found in its National Annex. The recommended value is: Smaxsiap = Min(3 h 400 mm)

slab *

In areas with concentred loads or areas of maximum moment: Spmayx siabmax = MiN(2 h 250 mm)

slab ’

Where hg, is the total depth of the slab.

Smaxslabmax = 250 mm > spacing of rebars according X and Y = OK [EN 1992-1-1: 2004 cl. 9.3.1.1
)

Minimum spacing

The clear distance (horizontal and vertical) between individual parallel bars or horizontal layers of
parallel bars should be not less than: Sminstab = Max(T1p, Tap, 20 mm)

Where T, and T, are the diameter of the bars into consideration.

Sminsiabmax = 20 mm < spacing of rebars according X and Y = OK [EN 1992-1-1: 2004 cl. 8.2 (2)]
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5.20 Design of the columns under gravity loads

5.20.1 STEEL PROFILES

After several iterations with formula and checks detailed further, the steel profile that resist to all
gravity loads combinations is an HE 260 B, whose dimensions and resistances are detailed hereafter.

Dimensions Symbol Value Units
Column section height Npe 260 mm
Column section width bpe 260 mm
Column flange thikness tic 17.5 mm
Column web thikness twe 10 mm
Column area Agc 11840 mm?
Column shear area Az 3759 mm?
Column second moment of area — strong axis loc 14920 10* mm*
Column second moment of area — weak axis locz 5135 10* mm*
Column plastic section modulus — strong axis Wiy 1283 10° mm?
Column plastic section modulus — weak axis Wiz 602 200 mm?3
Column warping constant Iy 753.7 10° mm?®
Column torsion constant I 123.8 10" mm*
Resistances Symbol - Formula | Value | Units
CompressmnS ;ecfifr:ance of steel NRdmI _ Apc fy 4203 KN
Moment reissttzigﬁg (:;issteel section MRdy,coI _ Wply fy 4555 KNm
Moment resls\tlj::s::izteel section MRdz,cm _ Wplz fy 9138 | KNm
Shear resistance of steel section f A
_ Vadycol = = 770 kN
— strong axis \/§
Shear resistance of steel section ob t. f
Vagr.col = % 1865 | kN
— weak axis
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5.20.2 ACTION EFFECTS UNDER GRAVITY LOADS COMBINATIONS

Maximum values from gravity combinations of actions

Internal actions in the column Symbol Value | Units
Compression force NEed.col.GC 2984 kN
Strong axis

Med1,col.GC -0.009 | kNm
MEed2,col,cC 0.002 | kNm
kN

Bending moments

. VEdy,col,GC 0.009
Maximum shear load

Weak axis

MEd1z,coI,GC -0.004 kNm
MEg2z,co1,6c 0.007 | kNm

Bending moments

Maximum shear load VEdz,c0l,GC 0.004 kN

5.20.3 BENDING AND SHEAR INTERACTION CHECK [EN 1993-1-1: 2005 CL. 6.2.8]

Strong axis

- . . VEdy.coI.GC
Coefficient of interaction Int wWeE

VRdy.col

Reduced design value of
the resistance to
bending moments

making allowance for the

presence of shear forces

VEdy.coI.GC+
VRdy.coI
M Rdycol if 0<Int Vy <0.5

2
M Rdy.redv:= |M Rdy.cor| 1 - (2' —1j if Ity >0.5

Weak axis

VEdzcol.GC

Coefficient of interaction Inty/,:=
VRdz.col

Reduced design value of
the resistance to
bending moments

making allowance for the

presence of shear forces

VEdzcol.GC
—_—+

VRdz.col
M Rdz.col if 0<Int VZS 0.5

2
M Rdzredv:= |M Rdzcol| 1~ (2' _1] if Inty/,>0.5
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5.20.4 BENDING AND AXIAL FORCE INTERACTION CHECK [EN 1993-1-1: 2005

CL. 6.2.9]
A .—2b .t
c c'fc
Factor a:=mi P P ,0.5
A e
Strong axis

Coefficient of Nt e N Ed.col.GC
. . | R e—
interaction 1 0.25N Rd.col
Coefficient of e Ed.c0l.GC
- i p=—
interaction 2 0.5h pc'twc'fy

Coefficient of
interaction M-N

Int MN = ma>(|nt 1,Int 2)

Reduced design value N Ed. col GC
of the resistance to 1- N—
bending moments Rd.col .

M =M - if Int >1
making allowance for Rdy.redN Rdy.col 1-0.% MN
the presence of axial :

M if 0<Int <1
forces Rdy.col MN
Weak axis
Coefficient of | ~ NEd.col.Ge
interaction M-N tMN = h .t .f
in pctwefy
Reduced design value N 2
of the resistance to Ed.olGC_
bending moments N Rd.col _
making allowance for | MRdzredN™= [M Rdz.cor| 1 - 1_a if Intpy > 1
the presence of axial ]
forces MRdzcol if 0<Intp =1

5.20.5 BUCKLING CHECK [EN 1993-1-1: 2005 CL. 6.3]

The most unfavourable situation is in a ground column whose nodes are fixed (non mobile nodes).
The buckling length is assessed being equal to 0.7 time the storey heigth.

Buckling length (ground column) Lpuck :=0.7h
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Strong axis

Elastic critical force for the relevant
buckling mode based on the gross cross
sectional properties

Nery.col =7 Egy >

2 Ioc

L buck

Non dimensional slenderness

N Rd.col
xy:: e
Ncry.col

Imperfection factor

h
0.206 if —° >1.2
b e
h
0.339 if b—pc <1.2

pc

by :=o.5[1+ ay-(xy —0.2) + xyz}

1
Reduction factor for the relevant buckling Xy =
curve (d) + 4)2_7» 2)
Py {0y "y )
Design buckling resistance of a 6
) N =y N N =4.075x 10°N
compression member uy.col = Xy "'Rd.col uy.col x
Weak axis
Elastic critical force for the relevant buckling 2 | pcz
mode based on the gross cross sectional Nerz.col =m Eg 5
properties L buck
N
. . Rd.col
Non dimensional slenderness Ay= | —————
N erz.col
h
. c
a,=lo3aif L5102
b
. pc
Imperfection factor h
. c
0.49 if —S <1.2
b pc

value to determine the reduction factor x

¢Z:=o.5[1+ o (r,—02+ xzz]

Reduction factor for the relevant buckling
curve

Xz=

1

(¢z+- 4’22_7”22)

Design buckling resistance of a compression
member

Nuz.col =%z NRd.col  Nuzcol =

3.730x 10°KkN
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5.20.6 LATERAL TORSIONAL BUCKLING CHECK

Elastic critical moment for lateral-torsional buckling

2.2
| GJkyh |
2 pcz 2 ) w
McrLTZ:C]_'TE Ea—2 (Czy+C3B) + 1+ 5 . | +(Czy+C3B)
K kgh 7 E.l pcz
uto a'w
Non dimensional slenderness for lateral torsional N M Rdy.col
i LT~ |~ g
buckling M gL T
Imperfection factor o 1:=0.21
. . 2
Value to determine the reduction factor x, 1 b= 0.5[1 + o ,_T(x LT— 0.2) + A LTJ
. 1
Reduction factor for lateral-torsional buckling LT > %)
\oLT+ oL ~ LT )
) N
Shear modulus G:= 81000_2
mm
Column torsion constant =1y
Factor ky=1
Factor Ky:=
Symmetric factor B :=0m
Distance between the gravity centre and the
. y :=0m
loads applied
Factor Cp:=1
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5.20.7 INTERACTION CHECKS

CHECK 1: weak axis bending combined with buckling

N M
Checklzz NEd.coI.GC+ 1 Z.sz MEdzmax.co! ,
uz.col . N Ed.coI.GC(X 2'7‘2) Rdz.redV
N yuz.col
With:
The factor Kygz= (0.9 if &,<1
[0.9+0.5(c ;- 0.9:(n,—1]] if 1<2,<3
o, if 7‘2 >3
The factor M Ed1z.c0l.GC . M Ed1z.col.GC
yyim [ — i 1 — e
M Ed2z.c01.GC M Ed2z.c0l.GC
M Ed2z.c0l.GC M Ed2z.col.GC
_ jf -1 — <1
M Ed1z.c0l.GC M Ed17.00l.GC
And the equivalent uniform moment factor Cmz=0.6+0.4y,

CHECK 2: strong axis bending combined with buckling

N M
Check = l\lfd.coI.GC+ 1 2 'Cmy' IVIEdymax.c;oI_KNIy
uy.col . NEd.coI.GC(X y‘ky) Rdy.redV
Nuy.col
With:
Ky = [09 if 2y <1
The factor :
[0.9+ 0.5(a y- o.9)-(xy - 1)] if 1<y <3
a, if %y >3
M M
he factor Wy Edly.col.GC i 1< Edly.coI.GCS 1
M Ed2y.col.GC M Ed2y.col.GC
M M
Ed2y.col.GC 1< Ed2y.coI.GCS 1
M Ed1y.col.GC M Ed1y.col.GC
And the equivalent uniform moment factor Cmy=0.6+0.4y
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CHECK 3: strong axis bending combined with lateral torsional buckling

N M
Check 5= NEd.coI.GC+ 1 2 Cony E'\(jlymax.col K
X .
uz.col . N Ed.coI.GC(X y’ky) LT™ Rdy.redV
N
uz.col With:
K =109 if A, <1
The factor My y
[0.9+ 0.5(a y- o.9)-(xy - 1)] if 1<y <3
a, if 7‘y >3
M M
Edly.col.GC . Edly.col.GC
The factor vy = _=4ycol if —1s¢sl
M Ed2y.col.GC M Ed2y.col.GC
M M
Ed2y.col.GC i 1< Ed2y.coI.GCS 1
M Ed1y.col.GC M Ed1y.col.GC
Cy:=0.6+0.4
And the equivalent uniform moment factor my Vy

CHECK 4: Biaxial bending

M M
Check ;= Edymax.col_Cm . Edzmax.col.Cm
M LY z
Rdy.redN Rdz.redN With:
M M
Edly.col. Edly.col.
The factor Yy = M if —1§Msl
M Ed2y.col.GC M Ed2y.col.GC
M M
Ed2y.col.GC i 1< Ed2y.coI.GCS 1
M Edly.col.GC M Edly.col.GC
C :=0.6+ 0.4
And the equivalent uniform moment factor my Yy
M M
Ed1z.col.GC . Ed1z.col.GC
The factor Vo= _=020r ™ if —1sisl
M Ed2z.c0l.GC M Ed2z.c0l.GC
M Ed2z.c01.GC . M Ed2z.c01.GC
_— jf 1< — <1
M Ed1z.col.GC M Ed1z.col.GC

C,,,:=0.6+ 0.4
And the equivalent uniform moment factor mz Yz

205



Specific rules for the design...: (iii).Composite steel concrete frame with eccentric and concentric bracings
H. Degee and A Plumier

Results of these 4 checks for an HE 260 B section:

A successfull result correspond to value below 1,0.

Check 1: 0,835 Check 2: 0,732 Check 3: 0,835 Check 4: 5,0 x 10°
=> 0K

5.21 Beams under gravity loads

5.21.1 ACTION EFFECTS UNDER GRAVITY LOADS COMBINATIONS

Steel profiles IPE 270 in the two directions X and Y are necessary to resist to gravity loads
combinations and to limit the deflection of beams.

Beams are checked at mid-span where the applied bending moment is the greatest, and at supports
where the bending moment is null and the applied shear is the greatest.

Effective widths and modular ratio [EN 1994-1-1: 2004 cl. 5.4.1.2]

(1] I
Direction X: effective width at span: b , =2min (EY ,0.7 EX) =1.225m
. . . . + - Ix IY
Direction Y: effective width at span: bg; , =2min o 0.7§ =1.05m

These values are divided by 2 at extremities of the building.
Nominal modular ratio: n=2 E,/E;, =12.7 [EN 1994-1-1: 2004 cl. 5.4.2.2 (11)]

Evaluation of the inertia of the composite beam

The inertia at mid-span is computed according to the gravity center position, with the assumption that
the slab concrete is not cracked. The cracked stiffness is not used as the bending moment is positive
everywhere under gravity loads.

Actions values

Maximum values from gravity actions combinations — X-direction

Bending moment at mid-span ME e peamx.ac = 252.5 kNm

Shear load at support Vede beamx.cc = 193.5 kN

Maximum values from gravity actions combinations — Y-direction

Bending moment at mid-span M e peamy ac = 217.1 kNm

Shear load at support Vede beamv.cc = 183.6 kN
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5.21.2 BENDING RESISTANCE

The bending resistance is computed by equilibrium, in function of the position of the neutral axis.

Class of cross section (composite beam)
The class of the composite section is according to Eurocode EN 1994 clause 5.5.
Bottom flange in tension: class 1. Top flange is composite and connected to slab: class 1.

Whole web in tension: class 1

Classsection := |"Class 1" if Classflange = "Class 1" v Classweb = "Class 1"

"Class 2" if Classflange = "Class 2" v Classweb = "Class 2"

"Class 3" if Classflange = "Class 3" v Classweb = "Class 3"

"Class 4" if Classflange = "Class 4" v Classweb = "Class 4"

Position of the neutral axis

The neutral axis can be in the bottom flange of the steel profile, the web, the upper flange or in the
concrete slab.

PNApl := |"in bottom flange” if Nps > N, + Nig + Ng

“in web" if Npg+ Ny, = Nig + No A Npp < Ny, + Nig + Ng

"in top flange” if Ny > No A Npg + Ny, < Neg + N

"in slab under lower reinbreements™ if Ny > N + Ngjgr A Ny < Ng

"in slab between reinforcements” if Na + Nsl > NCur A Na + Nsl < NCur + Nclur

"in slab below upper reinfocements” otherwise

PNApI = "in slab between reinforcements"

Ng + Ng
Zy:= | =——— if PNApl="in bottom flange"
P 2b-fy g
2.ttt fo g+ N+ Nee + NL— N
Pwyd” wZ 7 e b it pnApl = "in web”
z'tw'fyd
2-h-b-f,q+ N.— N
yd ¢ a if PNApI = "in top flange"
2-b-fyd
Ny
h+e—-——— if PNApl="in slab under lower reinforcements"
befite fod
Na + NS|
h+e—- ——— if PNApl="in slab between reinforcements"
befite fod
Ny + Ngj + Ngy
h+e—-————— if PNAplI="in slab below upper reinfocements"
befite fod
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Plastic Bending Resistances

t
f h . "
M pIRdte = Ntf.(h -5 + sz + Nw'(zpl - E) ... if PNApl = "in bottom flange
2 2
z z -t
pl ( pl f)
+T'b'fyd + —'b'fyd
e
+Nc-(h + > —sz
t h-te-2
f ( f I) . N
Ntf(h - ? - Zplj + fptwfyd .. if PNAp| = "in web
2
(zp1-t4) t
+Ttwfyd + Nbf Zpl— ?
e
+NC-(h + > —zp|j
(n-zp)° [(h—zp) 4] . :
> -b-fyd + f'b'fyd ... if PNApl = "in top flange
h L
+ NW(Zpl = E) + N bf(zpl - —j
e
+Ng | h+ > Zpl
2
h (h + e—zp|) ) ] .
N g Zp|~ > + fb efte ‘Tog 1T PNApI = "in slab under lower reinforcements
N, Zp - g + Ngp |zp| - (h +C Ir)| ... if PNApl = "in slab between reinforcements"
(h +e— zp|) A .
5 effte *
h
Ny ‘Zpl - E‘ + N |21~ (h+c Ir)| ... if PNApI = "in slab below upper reinbcements”
+Nsu-|zp|—(h + e—cur)|
(h +e-— zp|) A .
5 effte -
Resistant bending moment at mid-span in X direction l\/l;dc,beam’x =483.3 KNm
Resistant bending moment at mid-span in Y direction M;dc’beamyy =457 KNm
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5.21.3 SHEAR RESISTANCE

The shear resistance of the concrete is neglected and the shear resistance of the composite beam is
equal to the steel profile shear resistance:

V,

Rd,beam

=V,

Rd,steel profile beam

=454 kN [EN 1994-1-1: 2004 cl. 6.2.2.2]

5.21.4 OTHER CHECKS

M >M:
CHECK 1: Bending resistance (mid-span): Rdc,beam, X/¥ Edc,beam, X /'Y, GC

V.
CHECK 2: Shear resistance (support): VRdpeam = 0¢:DeamX/Y,GC

CHECK 3: Deflection (SLS). Deflections due to loading applied to the steel member alone should be
calculated in accordance with EN 1993-1-1. The deflection of the composite beam has to be limited,
according in directions X and Y: deflection < Ly,/300

In X-direction: deflection = 0.023 m =14/300 =0.023 m = OK
In Y-direction: deflection = 0.019 m <1/300 = 0.02 m = 0K

5.22 Effects of torsion

Only accidental torsional effects are taken into account because of the symmetry of the structure:
e = £0.05 L in each direction of the structure [EN 1998-1: 2004 cl. 4.3.2 (1)]

Eurocode 8 clause 4.3.3.2.4 stipulates: “the accidental torsional effects may be accounted for by
multiplying the action effects in the individual load resisting elements resulting from the application of
4.3.3.2.3(4) by a factor & given by:”

§=1+0.6-
Le =13

5.23 P-Delta effects [EN 1998-1: 2004 cl. 4.4.2.2 (2) and (3)]

Note that deformations of the building taken into account to compute second order effects are given
for the building with bracings, whose the design is detailed in the next chapter.

Second-order effects (P-A effects) need not be taken into account if the following condition is fulfilled
in all storeys:

ezptm—'dr;so.lo

tot ~

0 is the interstorey drift sensitivity coefficient;
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Pt is the total gravity load at and above the storey considered in the seismic design situation
P1= Ptot P2= 4Ptot/5 P3= 3Ptot/5 P4= 2Ptot/5 P5= Ptot/5

d, is the design interstorey drift, evaluated as the difference of the average lateral displacements d; at
the top and bottom of the storey under consideration and calculated in accordance with ds = q de

de is the displacement of a point of the structural system, as determined by a linear analysis based on
the design response spectrum in accordance with 3.2.2.5 and with Fi the horizontal force acting on
storey i (cl. 4.3.3.2.3). Vtot is the total seismic storey shear. h is the interstorey height.

Vii=F1+Fy+F3+Fp+Fg
Voi=Fy+ F3+ Fg+ Fg
V3:=F3+ Fg+ Fg
Vy:=Fy+ Fg

V5::F5

If 0,1 <8 < 0,2, the second-order effects may approximately be taken into account by multiplying the
relevant seismic action effects by a factor equal to 1/(1 - 8)

In X InY
) ) delx=39mm delY=81mm
Horizontal displacement q _9.7 q _17.9
as determined by a linear e2x = ¥-/mm g2y = L/-3mm
analysis based on the degx = 15.8mm degy = 27.9mm
design response
d =21.8mm d =38.3mm
spectrum e4X ey
degx = 27.2mm degy = 47.7mm
91X: 0.046 Coeflxz 1 GlY: 0.169 COEleZ 1.203
Interstorey drift sensitivity 09y =0.059 coefoy =1 0oy =0.175 coefyy =1.212
coefficient and
corresponding coefficient 03y =0.054 coefgy =1 03y =0.156 coefgy =1.185
1/(1 - ©) at each storey 04 =0.047 coefgn =1 04y =0.145 coef 4y = 1.169
95X= 0.038 Coefsx: 1 95Y= 0.118 COEfSYZ 1.133
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5.24 Eccentric bracings

5.24.1 DESIGN OF VERTICAL SEISMIC LINKS

Bracings are designed according to the Eurocode 8 clause 6.8 under the seismic combination of
loads: 1G+0.3Q+E

A vertical seismic link hinged at its connection with the beam is chosen, see Figure 5.24.1.

SIS s

Fig. 5.24.1 Hinged link

Seismic links, which are dissipative elements, are designed before beams, columns and diagonals.

In a design where only one plastic hinge form at one end of the link as in Fig. 5.24.1, the following
values of the link length e define the category of the links:

short links: e < eghort = 0,8 My ink/Vp iink, Which dissipate energy by yielding essentially in shear;
long links: e > ejong = 1,5 M in/Vp jink, Which dissipate energy by yielding essentially in bending;
intermediate links: esnort < € < €1ong, Which dissipate energy by yielding in shear and bending;

For composite steel-concrete building with composite links (which is not the case studied here), those
links should be of short or intermediate length with a maximum length e = M, jin/Vp jink-

Vertical seismic links properties

Length of the link: e = 300 mm; all links are short. Steel sections: as defined in the Table below.

Steel profile Link type
1%t storey (ground level) HE 450 B short
2" storey HE 450 B short
3" storey HE 400 B short
4" storey HE 340 B short
5™ storey HE 280 B short
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Expression to use to compute the plastic resistance of links

Bending resistance M piink:=fy D plinkt fiink (N plink = t flink)

Shear resistance fy
Vi, = ——t 0 (D i, —t A
plink 3 W|Ink( plink ﬂlnk)

Axial resistance N plink::A plink’fy

Details of plastic resistances for each storey

Moiink,i = fy Dpiinki teink i (Nptink,i = ink i)
Voiinki =( fy/N3) twjink i (Npiinki = tejink i)
€int = Myiink,i / Vplink,i
€short = 0,8 Myiinki / Vpiink,

Storey 1: HE 450 B Mplink,1 = 1141 kNm \ plink,1 = 1182 kN eim=o,96 m eshon=0,77 m
Storey 2: HE 450 B Mpiink2 = 1141 KNm Vogink2 = 1182 kN €i,=0,96 m  €gnon=0,77 m

Storey 3: HE 400 B Mpiink,s = 933 KNm V ginks = 1011 kN €i,=0,92 m €short=0,74 m
Storey 4: HE 340 B Mplink,4 =708 kNm \ plink,4 = 761 kN eim=o,93 m eshon=0,75 m
Storey 5: HE 280 B Mplink,5 =455 kNm \Y plink,5 = 547 kN eim=0,83 m eshort=0,67 m

Actions effects in each seismic link under seismic combination

Action effects are computed using SAP2000 and multiplied by the coefficient 8 =1.3 to take the
accidental torsional effect into account. P-Delta effects do not need to be taken into account in this
direction X.

Axial loads Bending moments Shear loads

Neg link1= 75-4kN MEg.jinki= 285-0KNM | Vig jinki= 950-1KN
Neg linko= 746N | Mgg finko=296-1&Nm | Vig jinko= 987-2%N
NEd.link3= 731KN | Mgq jink3=247-26kNm | Vg jjng3= 824.3%N
NEd.linka= 7L7&N | Mgq jinkg= 195.5KNmM | Vg jinkg= 651.6%N
Neg finks= 699N | Mgg finks= 12L55Nm | Vig jinks= 405.2kN
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Interaction of shear and bending in links with axial force

N_, .
If —=2% - 0.15 the resistant bending moment and the shear resistance have to be reduced, using

plink
Eurocode 8 clause 6.8.2 (5):

105
NEd.Iinkj

Nolink

N .
Ed.link

Mplinkred = Mplink| 1+ 7
plink

Results:
NEeg, Iink1/Np,Iink1= 0,010 NEeg, Iink2/Np,Iink2= 0,009 NEeg, Iink3/Np,Iink3= 0,011
NEeg, Iink4/Np,Iink4= 0,012 NEeg, Iink5/Np,Iink5= 0,015

Vplinkred = Vplink| 1 + —[

—> No V-N or M-N interaction

Shear - Bending interaction

\VA

|f —E2dink 0.5, the resistant bending moment has to be reduced. [EN 1993-1-1: 2005 cl. 6.2.8]
plink

Check of interaction all conclude in existence of interaction:

Ve, iink1/Vp,ink1= 0,804 Ve, linke/Vp,iink2= 0,835 Ve, iinka/Vp,iinks= 0,815

Vg, Iink4/Vp,Iink4: 0,856 Vg, Iink5/Vp,Iink5: 0,739

Computation of the resistant bending moments reduced by M-V interaction:

2
VEd.link1
—
Vlink1
Mpllnkl if 0< IntMVlS 0.5

Mplink1= |Mplinkz| 1 - [2'

And similarly at storey 2 to 5. The results obtained are:
Mpiinks= 720 kNm Mpiink= 628 kNm Mpink= 562 kNm
Mplink4= 349 kNm Mplink= 351 kNm

CHECK 1: Resistance
N_. .
Ed,link 30.15

If = plink , the design resistance of the link should satisfy both of the following relationships at
both ends of the link (Eurocode 8 clause 6.8.2 (4)):
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V.,
BN Ed,link Sl

VEd,Iink < Vplink V
plink
M_. .
Ed,link
Megink < Mpie = M <1
plink

Ved, link1/Vp,jink1= 0,804
VEq, Iink4/Vp,Iink4: 0,856

Meq, Iink1/Mp,Iink1: 0,396
Meq, linka/Mp,jinka= 0,560

VEed, link2/ Vp,jink2= 0,835
Vg, Iink5/Vp,Iink5: 0,739

Meq, Iink2/Mp,Iink2: 0,471
Meg, link/Mp jinks= 0,346

VEed, iinks/Vp,jinks= 0,815
= 0K

Meq, Iink3/Mp,Iink: 0,440
= 0K

CHECK 2: Homogeneity of section overstrength Q; over the heigth of the structure

(), characterise the section overstrength, ratio of the provided plastic resistance of dissipative
element to design action effect. To develop a global plastic mechanism in the structure, the values of
(2 should not be too different over the height of the earthquake resisting structure. For EBF, Q; are
computed considering a strain hardening factor equal to 1,5:

\V/m M .
plink plink
Qshort = 15 Qintermediate = 15 M
Ed,link Ed,link
(Eurocode 8 — clause 6.8.3)
2,=1,867 Q,=1,797 23=1,840 Q,=1,752 25=2,028

To achieve a global dissipative behaviour of the structure, it should be checked that the individual
values of the ratios Q; do not exceed the minimum value Q;, by more than 25% of this minimum

value: Q max S 1725 Q min

Qini=Mif(Q21,2,23,Q4,Q5)

Q =1.752

min

Qmaxi=Ma{Q21,2,23,Q4.Qg) Q ax= 2.028

Qmax25%= 1252 min O axo506= 219

Q max < 1125 Q min == OK
(Eurocode 8 — clause 6.8.2 (7) or 7.9.3)

5.24.2 DESIGN OF DIAGONALS

Minimum resistance requirement

Members not containing seismic links have to be verified in compression considering the most
requiring combination of the axial force and bending moments [clause 6.8.3 of Eurocode 8]:

Neg = Ngg g +1.1y0,QNg
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Where Ngqg is the force due to the non-seismic actions included in the combination of actions for the
seismic design situation

Neq e is the force from the analysis due to the design seismic action alone

Q) is the minimum value of multiplicative factors corresponding to seismic links:

Q, =1.752
Yo, i the overstrength factor given in Eurocode 8 [EN 1998-1: 2004 cl. 6.2]:y,, = 1.25

Maxima axial loads, with the torsional effect taken into account by the coefficient  =1.3:

NEd,G,diagEB,x =47 4 kN

NEd,E,diagEB,X =495.2 kN

NEd,diagEB,X :(NEd,G,diagEB,X +1-1'Y0v 'Qx : NEd,E,diagEB,X)'S = 1612 kN

Resistance of the diagonals to buckling

Diagonals with steel profiles HEB 240 should check the condition:
N

Ed diageB X = X X NRd,diagEB,X

% is the reduction factor for the relevant buckling curve.

f

Tensile resistance: NRd’diagEB’>< = Apdiag -f,

The length of buckling is equal to 1 time the length of the diagonal (4,74 m).
Strong axis - Buckling
Lhuck.diageB = 1L diageB

| .
2 pdiag
Nery =7 By Lbuck.diageB = 4-74m

L 2
buck.diagB
Nepy = 1.039x lO7 N

o . | NRd.diegEB i
Y Nery 2y = 0.593

h .
.. 'pdiag
oy = [0.206 if ——= >1.2
y bodiag o = 0.339
hpdiag
0.339 if ——= <1.2
bpdiag
2
¢y.:o.5[1+ ay~(ky—0.2)+ ny dy =0.743
1
ty=7 =0.841
2 2) Xy =Y.
by + by —2y )
Nuy.diages =Xy NRd.diagEB Nuy.diageg = 3-075¢ 10°kN
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Weak axis- Buckling:

Lhuck.diageB = L LdiageB

I .
2 pdiagz
Nez =7 Es—2
L .
buck.diagEB N, = 3.619x 10°KkN
- NRd.diagEB
= [—————
Nory Ay = 1.005
h .
. d
a,:= |0.34 if Pdiag >1.2 o, =0.49
bpdiag 2
h .
0.49 it P49 _ 4,
bpdiag
2
¢, ::0.5[1 +ay(h-0.9+ xz} ¢, =1.203
1
Xz=

(¢z+m) %= 0.537

Nuz.diagEB =%z NRd.diagEB 3
Nyz diagEB= 1.963x 10°kN

Ny N, .
—EAdR0B8 <1 and —2T8 <1 then steel profiles HE 240 B are acceptable:

uz.diagEB uy.diagB
N .
Ed.diagEB 081
Nuz.diagEB
N .
Ed.diageB _0.504
Nuy.diagEB — 0K
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Connection of the seismic link

IPE 270

B M 30 bolts

195

1
o

4

HEE 240

%0

340

0 33

I PN
/ —HEB 4508
Section BB

Fig. 5.24.2 View of link in elevation. Section BB: plan view of link base plate

217



Specific rules for the design...: (iii).Composite steel concrete frame with eccentric and concentric bracings
H. Degee and A Plumier

2x3 W 20 balts

L

HEE 430

Jam

-

L Diagonals @ REB 240
umns - HEB 780
Beams @ IPE 270, composite with slab

HEE 240

3

{ fa)
il
|

Fig. 5.24.3 Section AA. Elevation view of connection. General view of EBF.

Action effects and plastic resistance of link.

Action effects Plastic resistance Section overstrength

From analysis With f,=355 MPa Q*

Veq=950 kN Vpira = 1182 kN 1182/952 = 1,24

Meq=285 kNm My re= 1141 kNm Meo/Myigg = 0,25
Neg=75 kN Npirda = 7739 kN Ned/Npirg = 0,01

*Section overstrength Q refers to shear because the link is dissipative in shear.

Connection IPE270 beam — HEB450 link

VEd, connection= 1,1 YovVpira = 1,1 X 1,25 x 1182 = 1625 kN

Bolts. 6 M30 bolts, 2 shear planes: Vgq=2 x 6 x280,5/1,25 = 2688 kN > 1625
HEB450 web. Thickness t,=14 mm
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Bearing resistance with e; = 60 mm, e, = 50 mm, p; = p> = 85 mm Vrq = 2028 kN > 1625 kN
And 2688 kN > 1,2 x 2028 kN = 2433 kN as requested by Eurocode 8 clause 6.5.5 (5).

Gussets welded on IPE270 lower flange.
2 plates t=16 mm 1=1625. 103/(2 x 16 x 320)=180 < 355//3=204 MPa

Total thickness provided = 32 mm > t, yegaso =14 mm => all checks.

IPE270 web stiffeners. t,=6,6 mm is not enough => 2 plates t=6mm welded on IPE270 flanges

Provide total thickness 6,6 + 6 + 6 = 18,6 mm > t,, yeg4s50 =14 mm => all checks.

Connection HEB240 diagonals — HEB450 link

Bolted connection of HEB450 link end plate to welded built up triangle
VEd, connection™ 171 Yoval,Rd = 1,1 X 1,25 x 1182 = 1625 kN
Meg, connection= 1,1 Yov Q Mgg = 1,1 x 1,25 x 1,24 x 285 = 485 kN

Med, connection taken by bolts with lever arm = 450 + 100 = 550 mm

= Fpoits total =485/0,55 = 881 kN => 2 M30 in tension, each side: 2 x504,9 /1,25 = 808 kNm
Satisfactory for 881 kNm taking into account excess of resistance of web bolts.

VEed, connection taken by M30 bolts, single shear plane.
8 M30 bolts provide shear resistance 8 x 280,5/ 1,25 =1795 kN > 1625 kN
Bearing resistance: 8 x 289,8 x 1,4 = 3245 kN > 1625 kN

Welded connection between HEB450 and end plate

As above: VEd. connection= 1625 kN Megd, connection= 485 kKN

Ve, connection taken by the web. Weld length = 2 x 400 = 800 mm

An a=8mm fillet weld provides a resistance: (8 x 261,7)/1,25=1674 kN > 1625 kN
MEed, connection= 485 KN taken by the flanges. Weld length = 2 x 300 = 600 mm/flange
Tension force in flange = 485/ (2 x 0,2m)=1214 kN => 202 kN/100 mm

An a=8 mm fillet weld provides a resistance: 6 x261,7 /1,25= 1256 kN > 1214 kN

Connection of HEB240 diagonals to welded built up triangle
NEd, 1 diagonal = NEd, gravity +1 ,1 YOVNEd,E 1612 kN NpI,Rd = 10600 x 355 = 3763 kN
NEd/ NpI,Rd = 0,43

Meq, 1 diagonal = 0,5 X link moment due to equilibrium of node => Mgg, 1 diagonal = 285/2 = 143 KNm
Mpirg = 1053. 10° x 355 = 373 kN
MEd/ Mpl,Rd = 0,38

The stresses in tension and bending are relatively high. The connection is realized with full
penetration butt welds.
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5.25 Check of eccentric bracings under gravity load combination

5.25.1 VERTICAL SEISMIC LINKS

Internal actions values in each seismic link under gravity loads combination

P-Delta effects do not need to be taken into account in direction X and the torsional effect is not taken

into account for this case.

Compression loads

Bending moments

Shear loads

Mg, fink1= 104 7KN-m
MEd.link2= 94kN-m

MEg.linka= 65-5KNm
MEg_linka= 39-1kNm
MEg_links= 14-3KNm

VEd.link1= 349kN
VEd.link2= 313.6kN
VEd.link3= 218N
VEd.link4= 130-4kN
VEd.links= 47-7kN

NE. link1= 106-%KN
NE. link2= 105-%N
NE. link3= 103. kN
NEd.links= 101.%N
NE. links= 110-3kN

Interaction with axial force

N_, .
If —=40% 5 0.15 the resistant bending moment and the shear resistance have to be reduced using
plink

Eurocode 8 clause 6.8.2 (5):

5 05
. NEd. link
Vplinkred = Vplink| 1 7| |

plink
N .

Ed.link
Mplinkred = Mplink| 1+ 7

plink

Results:
N, Iink1/Np,Iink1: 0,014
NEeg, |ink4/Np,|ink4= 0,017

NEeq, Iink2/Np,Iink2: 0,014
NEeg, |ink5/Np,|ink5= 0,024

NEeq, Iink3/Np,Iink3: 0,015

—> No M — N interaction

Shear - Bending interaction

VA
If —2I > 0.5, the resistant bending moment has to be reduced. [EN1993-1-1: 2005 cl. 6.2.8]
plink

Check of interaction:
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Ved nkt/ Vo in = 0,295 VEd, iink2/Vp,iink2= 0,265 Ved, tinka/Vp,iinks= 0,216
VEd, |ink4/vp,link4= 0,1 71 VEd, Iink5/Vp,Iink5= 0,87
Only Veq, iinks/Vp,inks= 0,87 > 0,5

Reduced resistant bending moment Mpjin 5:

VEd.link5
—+

2
Mplinks:= [Mplinks 1—(2' Volinks —1j It Intygy5> 0.5 M plinks = 455.56&Nm

MpllnkS if IntMV5S 0.5

Resistance of seismic links

NEd link . . . . . . .
If —%1 < 0.15, the design resistance of the link should satisfy both of the following relationships at
plink
both ends of the link (Eurocode 8 clause 6.8.2 (4)):

\VA
Ve ine < V. _y _Edlink <9

plink

plink
Vg, tinkt/Vp,iink1= 0,295 VEd, iinke/ Vp jink2= 0,265 Vg, i/ Vo ina= 0,216
Veq, tinka!Vp,jinka= 0,171 Ved, iinks/Vp iinks= 0,087 oK

M, .

plink

Meg, tink1/Mp jink1= 0,092 Meg, linke/Mp,jink2= 0,082 Vs Mo 0,07
Meg, iinka/Mp,jinka= 0,055 Med, ink/Mp jinks= 0,031 = OK

5.25.2 CHECK OF RESISTANCES OF DIAGONALS

N .
Ed.diageEB _0.16

Nuz.diaLgEB

N .
Ed.dlagEBzo.102

Nuy.dizzlgEB — 0K
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5.26 Check of the beam in the direction X under gravity
combination of loads

The beam is checked under negative bending moment at mid-span due to the additional support
created by the eccentric bracing. Cracked flexural stiffness of the composite beam is considered on
15% of the span on each side of the support; that length correspond to the negative bending moment
zone.

| | /2+|X/2j
————1=0.219m

Effective width at the additional support: b , = min (%,0.25 2

The section is class 3, then an elastic check of the bending resistance is applied:

MEde.Cbeam.GC= 49-05kNm
MRdel.e.beam = 119-456Nm

M
Ede.Cbeam.GC: 0.411

MRdel.e.beam — 0K

5.27 Concentric bracings

Concentric bracings are designed according to Eurocode 8, clause 6.7, as being diagonal bracings.
Clause 6.7.2 says that, in frames with diagonal bracings, only the tension diagonals shall be taken
into account in an elastic analysis of the structure for the seismic action. One assumption is made for
buckling checks: the two diagonals are linked together at the middle of their length.

5.27.1 PROPERTIES OF DIAGONAL ELEMENTS

UPE steel profiles are used for diagonals of the bracings.

Steel A Neacei | Nrace1 | Qi
profile mm?2 kN KN

Ny

Storey

1% (ground level) | UPE 160 2170 | 492 770 1,56 | 1,80

2M UPE 160 2170 | 531 770 1,45 | 1,80
3" UPE 180 2510 | 657 891 1,35 | 1,70
4" UPE 160 2170 | 531 770 1,45 | 1,80
5" UPE 120 1540 | 373 546 146 | 2,15
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Actions effects at each storey

Actions are established using SAP2000; they are multiplied by the torsion factor 4 =1.3 and by
coefficients established previously to take into account P-Delta effects. The values are given in the
Table above.

5.27.2 EUROCODE 8 CHECKS

Eurocode 8 imposes to check 4 conditions about the resistance, the characteristics of deflection, the
homogeneity of multiplicative factors and the slenderness.

CHECK 1: Similar load deflection characteristics

The diagonal elements of bracings shall be placed in such a way that the structure exhibits similar
load deflection characteristics at each storey in opposite senses of the same braced direction under
load reversals.

To this end, the following rule should be met at every storey:

A A
L 1<005
A +A

where A" and A" are the areas of the horizontal projections of the cross-sections of the tension

diagonals (see Fig. 5.27.1), when the horizontal seismic actions have a positive or negative direction
respectively(clauses 6.7.1 (2) and (3) of Eurocode 8) = OK because of the 2 same diagonals.

A A, 7

i 4 / b <N i
A =4, cosq SN : - A" =A.cos 0.
1 : 1
o, [F

Ve A\

Fig. 5.27.1 Imposed symetry of bracing system

CHECK 2: Resistance of dissipative elements: the diagonals.

NEdS Npl

Ngq is the force due to the combination of actions for the seismic design situation.

N is the design value of axial resistance of diagonal as from Eurocode 3 [EN 1993-1-1: 2004].

The Table above indicates that it checks.
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CHECK 3: Homogeneity of overstrength factor Q

It should be checked that Qnax < 1,25 Qmin (clause 6.7.3 (8) of Eurocode 8)) .
From the Table above: Q.= 1,56 Qnin= 1,35 Qnmax= 1,56 < 1,25 Qin= 1,69
OK

CHECK 4: Limitations of Slenderness

In frames with X diagonal bracings, the non-dimensional slenderness A as defined in EN 1993-1-
1:2004 should be limited to:
13<a=2 (clause 6.7.3 (1) of Eurocode 8)

The slenderness is computed according to the weak axis of the steel profile and with a buckling length
Louckingce = 0,9 x 0,5 Lcg, with the assumption that the two diagonals are linked together at their
middle.

N I
A, = ’M with N, = n°E, —==— according to the weak axis of steel profiles.
Ncrz Lbuck.CB

Ncg1=1,80 N =1,80 Axces =170 Apea=1,80 Ayces =2,15

The value 2,15 is kept following the interpretation that it is acceptable because clause 6.7.3 (4) of
Eurocode 8 stipulates "In structures of up to two storeys, no limitation applies to lambda" and we
consider that this rule applies to the upper 2 storeys, Check 4 is satisfied.

The four conditions are verified by the defined U steel profiles.

5.28 Check of columns under seismic actions

The columns that have to be checked are the ones directly connected to bracings. Three columns are
checked:

one is connected to the eccentric bracing at the ground floor (HE 280 B) — X-direction
one is connected to the eccentric bracing at second floor (HE 260 B) — X-direction
one is connected to the concentric bracing (HE 260 B) — Y-direction

Clauses 6.7.4 and 6.8.3 of Eurocode 8 impose that beams and columns with axial forces should meet
the following requirement:

Neg(Mggs Veg) 2 Ny +1.1y0, ONg,

Nry (Mg, Vi) is the axial design resistance of the column in accordance with EN 1993, taking into

account the interaction with the bending moment Mgy and the shear Vg4 taken at their design value in
the seismic situation

Neq g is the force due to the non-seismic actions included in the combination of actions for the seismic
design situation

Neq e is the force from the analysis due to the design seismic action alone
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Yoy =1.25 is the overstrength factor [EN 1998-1: 2004 cl. 6.2]

Qx = 1,75 is the minimum section overstrength factor of eccentric bracings — direction X
Qv = 1,35 is the minimum section overstrength factor of concentric bracings — direction Y

P-Delta effects are taken into account in the direction Y, by multiplying internal loads by the following
coefficients, according to the related storey:

Coefw =1,20 Coefzy =1,21 Coefsy =1,18 Coef4y =1,17 Coef5y =1,13

Checks of column resistance in X-direction — Ground floor — HE 280 B
NEde.col.G= 702.8N

3
NEde.col £= 1.079% 10°kN

VEdey.coI.SC: 12kN
VEdez.col.SC™ 11.2kN

MEdely,coLsc: 39.4kN-m

MEde2y.col.SC= 3.8kN'm

MEde1z.col.5c= 33-3kN'm
: MEde27.col.sC= 6-6kN'-m

Checks of Ngy/ Ngg:
Check 1: 0,929 Check 2: 0,79 Check 3: 0,884 Check 4: 0,312
=> all results < 1,0 => OK

In the X-direction (eccentric bracings), the steel profile HEB 280 used for columns can resist the
seismic design action.Checks of column resistance in X-direction — Second floor — HE 260 B

Action effects:

NEde.col.G= 956kN
NEde. col. E= 725-1KN

VEdey.col.sc= 1kN
VEdez.col.sc= 2-5kN

MEdety.col.5c= 4-2KN'm
MEde2y.col.5C= 3-4KN'm
MEde1z.col.5c= 5-7kN'm
MEdez.col.sC= 2-8KN-m

Checks of Ngg/ Ngg:
Check 1: 0,682 Check 2: 0,589 Check 3: 0,669 Check 4: 0,045
=> all results < 1,0 => OK

In X-direction (eccentric bracings): the steel profile HEB 260 used for columns can resist the seismic
design action at upper floors.
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Checks of column resistance Y-direction — HE 260 B

Action effects:

NEge. col.g= 666.8N
NEde. col. = 898. KN

VEdey.col.SC= 9.865kN
VEdez.col.sc= 10.34&N

MEde1y.col.sc= 33.684&N-m
MEde2y.col.5c= 3-368KNm

MEget1z col.sc= 30.26 KN-m
MEde2z.col.5C= 5-654KN-m

Checks of Ngy/ Ngrg:
Check 1: 0,824 Check 2: 0,682 Check 3: 0,774 Check 4: 0,244
=> all results < 1,0 => OK

Y-direction (concentric bracings): the steel profile HEB 260 used for columns can resist the seismic
design action.

Connection of a CBF diagonal

IPE 270 |

Connection plate t=4mm

HES 280

Fig. 5.28.1 View of CBF connection in elevation.
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We consider the diagonal at level 1.
From the analysis: Ngggc1=492 kN
From the design, a section UPE160 is selected: Ny rs=A X f, 4= 2170 x 355 = 770kN

The resistance of the connection is conditioned by a capacity design to the plastic resistance of the
UPE160 section. The connection should be such that:

NRd,connect 2 1,1 Yov Npira = 1,1 x 1,25 x 770 = 1058 kN
The connection will make use of:

- Aplate placed flat and welded onto the web of the U;
- Agusset welded to the column and the beam
- Bolts M30 grade 10.9 passing through holes in the web+plate and in the gusset.

There is not much space for the bolts, as the inner flat part is only 117 mm wide; for M30 bolt, free
space around the bolt for nut and is minimum 55,4 mm. Bolts are placed staggered.

6 bolts, resistance in shear, one shear plane, for M30 bolts:

Fvre= 6 x280,5/ 1,25 = 1344 kN > 1058 kN

UPE web thickness = 5,5 mm; additional plate thickness = 4 mm; total: 9,5 mm.

Bearing resistance: Fprq = kqapf dt/yme

Here: ap<1 or a,= a4 as fy, (1000) >f, (510 for S355)

Values of parameters: e; =70 mm €,=65 mm p2 = 50mm

04=70/(3 x 33)=0,71 end bolt a4=70/(3 x 33)-0,25=0,71-0,25=0,45 inner bolt
ki=(2,8 x 65)/33 — 1,7=3,8 => 2,5 edge bolt k4: no inner bolts

Bearing resistance:

4x25%x0,71x30x510x9,5/1,25+2x2,5x0,45x 510 x 30 x 9,5 =1087 kN > 1058 kN
Additionally, 1344 kN >1,2 x 1087=1304kN as requested by Eurocode 8 clause 6.5.5 (5).

Welds of plate placed flat on UPE web: weld throat cannot be more than tgae X \2/2=4 x 0,707=3mm
Resistance of a 3 mm weld: (98,1kN:1,25)/100mm=78,5kN/100mm

Force to transmit: proportional to plate thickness: (4 x1058) /(4+5,5)=445 kN

Plate perimeter as from bolted connection: 2 x (7x70+160) = 1300mm

=> resistance = 13 x 78,5 = 1020 kN > 445 kN

Gusset: 10 mm thick plate (as UPE web thickness + 4 mm plate = 9,5 mm).

Welds: length=2 x (7 x 70 + 160 x 0,707) = 1206 mm x 2 (2 sides) = 2412 mm = 24 x 100 mm
With a = 4mm fillet welds:(24 x 130,9)/1,25= 2513 kN > 1058 kN
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5.29 Check of beams under seismic actions

5.29.1 RESISTANCE REQUIREMENT

Clauses 6.7.4 and 6.8.3 of Eurocode 8 impose that beams and columns with axial forces should meet
the same requirement:

Neg(Meggs Vig) 2 Ngg g +1.1y, ON, ¢

Nry (Mg, Vi) is the axial design resistance of the beam in accordance with EN 1993, taking into

account the interaction with the bending moment Mg4 and the shear Vg4 taken at their design value in
the seismic situation

Neq,g is the force due to the non-seismic actions included in the combination of actions for the seismic
design situation

Neq e is the force from the analysis due to the design seismic action alone

Yoy =1.25 is the overstrength factor [EN 1998-1: 2004 cl. 6.2]
Q, =1.752 is the minimum multiplicative factor of eccentric bracings — direction X

), =1.158 is the minimum multiplicative factor of concentric bracings — direction Y

P-Delta effects are taken into account in the direction Y.

Modular ratio for the seismic design: n=7 [EN 1998-1: 2004 cl. 7.4.2]

5.29.2 BEAM CHECKS

At mid-span, the bending resistance is computed taken into account compression loads into the slab
and the steel profile:

Compression load into the slab: the software SAP 2000 gives evolution of forces in function of the
shell element length. The maximum load is multiplied by the effective width with the assumption that it
is not exactly at the support and local effects are neglected. Compression load into the slab is
assessed applied at the gravity centre of the slab section.

The compression load into the steel profile is assessed applied at the gravity centre of the section.

Beams are checked under a positive axial force and then under a negative one. Only worst case
results are presented hereafter.

The shear load and the bending moment applied to the composite beam are taken equal to the sum
of the shear load or the bending moment in the slab and the shear load or the bending moment in the
steel beam for the seismic combination of loads.

At supports, where the bending moment is equal to zero, a check of the steel profile alone is done at
supports as there is not element of slab, under the compression load and the shear load.

X-direction at mid-span (Negative bending moment at the additional support)

| | /2+|X/2j

Effective width at the additional support: D, , = min (%,0.25 2 =0.219m
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Action effects in the slab:
NEde.sIab. E= 147.43kN

NEde.slab.G= 3.022kN

NEde.slab = NEde.slab.G+ 1170y 2 x NEde.slab.E

Action effects in the steel profile of the composite beam:
NEde.Sbeam.£= 201.14&N
NEde.Sbeam.G= 4-3kN
NEge. Sbeam *= NEde.Sheam. G+ 1-170v 2 x NEde. Sheam. E

Shear and bending:

VEde.Cbeam.sC= 109-80%N
MEde.Cbeam.sc= 60-72KN-m

Checks — X-direction — Mid-span
VRd.beam = 453. 7&N

VEde.Cbeam.SC
VRd.beam
MRdel.e.beam = 119-456&Nm

=0.242

M
Ede.Cbeam.SC: 0.508

MRdel.e.beam

At supports, action effects in the steel profile:

NEde Sheam.E= 230-6kN
NEde Sheam.G= 18-97%N
NEde.Sbeam *= NEde.Sbeam.G+ 1170y 2 NEde Sheam. E

VEde. Sheam.sc=4- &N

Checks — X-direction — Support

NEge.Sheam.SC
NRd.proﬁle

=0.352

VEde.Sheam.SC
VRd.proﬁIe

=0.07

Y-direction, at mid-span
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Action effects in the slab:
NEde slab.g = 108.5%N
NEde.slab.G= 0-63kN
NEge.slab = Nede.slab.G+ 1- 170y 2y NEde.slab.E
Action effects in the steel profile of the composite beam:
NEde.Sheam. E= 63-3kN
NEde. Sheam.G= 0-3kN

NEge. Sbeam = NEde. Sheam. G+ 1- 170y y  NEde. Sheam. E

Bending moment:

M Ede.Cbeam.sC= 21.3XKNm

Checks — Y-direction — Mid-span
MRde.beam = 370.46KKNm

MEde.Cbeam.SC
MRde.beam

=0.139

At supports, action effects in into the steel profile:

NEde Sheam . E= 252-KN
NEde.Sbeam.G= 1.04kN
NEde. Sbeam ‘= NEde.Sbeam.G* 1-170v' - NEde Sbeam. E

VEde.Sbeam.sC=4 KN

Checks - Y-direction — Support

NEde.Sheam.SC

=0.297
NRd.proﬁle
V
Ede.Sbeam.SC: 0.066
VRd.proﬁIe

5.30 Diaphragm

Two Eurocode 8 clauses check that floors are working as diaphragms and that these diaphragms are
rigid. The first clause is 5.10 (1): “A solid reinforced concrete slab may be considered to serve as a
diaphragm, if it has a thickness of not less than 70 mm and is reinforced in both horizontal directions
with at least the minimum reinforcement specified in EN 1992-1-1:2004”.
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Check1: heap = 180 mm > 70 mm = OK

The second clause is 4.3.1 (4): “The diaphragm is taken as being rigid, if, when it is modelled with its
actual in-plane flexibility, its horizontal displacements nowhere exceed those resulting from the rigid
diaphragm assumption by more than 10% of the corresponding absolute horizontal displacements in
the seismic design situation.”

Following values are obtained with only the wind applied to the structure in each direction.

Check2: X-direction: 8, j, =0.0058 mand &, =0.0058 m = OK

Y-direction: 8, j, =0.0163mand &, =0.0163m = OK

5.31 Secondary elements

According to the Eurocode 8 clause 4.2.2, the total contribution to lateral stiffness of all secondary
seismic members should not exceed 15% of that of all primary seismic members.

Frames are considered as secondary elements if the following condition is respected:
Og _ Swr

= <15%
Sur  Sg +Sur

Where SMR is the top displacement of the MR structure (without bracings) submitted to a unit

horizontal force

5,3 is the top displacement of the building with bracings submitted to a unit horizontal force

Swr is the stiffness of the MR structure (without bracings)
Sg is the stiffness of the building with bracings

OKin X in and Y direction.

5.32 Summary of data and elements dimensions

GENERAL
Building number 11
Partner ULg
Structure type Office
Number of storeys 5
Material Composite beam / Steel columns
Structural steel S355
Concrete strength class C30/35
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LOADING
Live load 3 kN/m?
Snow load 1.11 KN/m?
Wind load 1.4 kKN/m?
Seismic action (PGA) 0.25¢g
Earthquake specification Soil B — Elastic response spectrum type 1

GLOBAL GEOMETRY

X-direction Y-direction
Resisting system Eccentric bracings Resisting system Concentric
(vertical seismic link) bracings
Span 3x7m Span 4x6m
Secondary beams No Secondary beam No
Storey-height 3.5m Storey-height 3.5m
distribution distribution
DETAILS
X-direction Y-direction
Mass 1745 tons
Behaviour factor q 4
Periods 0.827 s 1.454 s
Slab Type Reinforced concrete slab
Ny 180 mm
Concrete cover 20 mm
Welded fabric 10 T10
Lower layer of rebars Welded fabric 10 T10
+2T16
Upper layer of rebars Welded fabric 10710 Welded fabric 10 T10
+4T16
Beams Type Discontinuous Composite | Discontinuous Composite
Steel profiles IPE 270 IPE 270
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DETAILS
X-direction Y-direction
Columns HEB 260 — Strong axis
Steel profiles Except 4 columns HEB 280 at HEB 260 — Weak axis
ground storey (external frames /
linked to eccentric bracings)
Bracings Type of Eccentric — Vertical seismic link Concentric — Diagonal
bracings of 300 mm bracings
Elements of Dissipative Undissipative Dissipative elements
bracings elements elements (diagonals)
9 (seismic links) (diagonals) 9
1% storey HE 450 B UPE 180
2" storey HE 450 B UPE 200
3" storey HE 400 B HE 240 B UPE 180
4" storey HE 340 B UPE 140
5™ storey HE 280 B UPE 100
Bracings overstrength O =1752 Q =1158
factors X y
Assumptions made X-bracings:

- There are linked
together at their middle

- The Eurocode 8 cl.
6.7.3 (4) rule is applied
to the 2 upper storeys
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6.1 Introduction

This chapter deals with isolated buildings designed according to part 1 of Eurocode 8 (section 10).

Firstly, the main features of base isolation are established in order to explain the design principles
adopted in Eurocode 8.

Then, the main types of isolating devices used in base isolation are shown and the principles for their
design are given.

The main rules for a good arrangement of structures related to the isolation system and the design
criteria for the whole building are given in the third section.

In section 4, the methods for the analysis of an isolated building are shown, in particular the simplified
methods and their conditions of validity.

To end this chapter, an example is given, with the main features of the design of an isolated building.

6.2 The main principles of base isolation

6.2.1 OBJECTIVES OF BASE ISOLATION AND SCOPE

6.2.1.1 Objectives

The main type of isolation systems used up to now are based on flexibility with respect to the
horizontal forces acting on the structure, such as:

o to increase the period of the fundamental mode to obtain a reduced spectral acceleration
response,

o to force the fundamental modal shape to a pure translation, so much as possible,

o to make the higher modes response insignificant by concentrating the mass of the structure into
the fundamental mode, thereby drastically decreasing the input energy.

6.2.1.2 Isolation systems covered by Eurocode 8

Rules concerning base isolation of buildings are given in section 10 of part 1. It provides general rules
for base isolation and specific rules for buildings.

It covers the design of seismically isolated structures in which the isolation system is located below
the main mass of the structure, in an interface which is usually — but not necessarily - a horizontal
plane, which separates a substructure (the part of the structure located under the isolation system)
and a superstructure above. Substructure and superstructure are designed on different bases.

The isolation system covered by this section may consist of linear or non-linear springs and/or
dampers. The typical isolating devices used consist in laminated elastomeric pads, made of an
alternation of natural or manufactured rubber and steel plates. These types of pads are used in
situations other than seismic for bearing bridge decks, but can also be employed for aseismic design
purposes. Other types of pads derived from the classical ones and addition of dampers to the
isolation system are also examined. However, the section does not cover passive energy dissipation
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systems that are not arranged on a single interface, but are distributed over several storeys or levels
of the structure.

Nonetheless, the requirements of section 10 are fully developed for full isolation, i. e. with devices
remaining in the elastic domain. Other types of aseismic devices are dealt with in part 2 of Eurocode 8
for bridges.

6.2.2 THE CONCEPT OF BASE ISOLATION

6.2.2.1 An introductory example

To illustrate the principles of base isolation in the linear domain, we take for example a simple model
of a building consisting of two identical springs and masses in series, in order to get two modes
(Figure 6.2.1).

ey
o I

Fig. 6.2.1 Simple model of a building

The modes of such a simple system are easy to obtain analytically and we get the two modes X; and
X> with the corresponding pulsations as follows:

1 1

X, = D G
1 %m,ms 2 %z—O,G'IB

(6.1)

g0 ) oo )

Modal characteristics (periods, participation factors, modal effective masses) are then deducted from
these values.

We now interpose a very flexible spring representing the isolation system (Figure 6.2.2), with a
stiffness k << K. The two springs linking the first mass to the foundation may be merged in a single
spring with stiffness:

kK
k +K

= 2k =(1-2)K (6.2)

Due to the relatively small value of k, A is close to 1. Introducing 2a =1 - 4, « is small, which allows
for simplifications.
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OO O

Fig. 6.2.2 Simple model of a building with isolation
The modes of this modified building become:

X, =

1 1
X/ =
1 L{+\/1+azz1+a} ’ {a—x/1+a2z—1+a}
0 = ﬁ(zK + 2k —J4K? +;sz2) o = (2K + 2k +J4K? +42k2) (6.3)

> "M

[l el

To visualise the effect of the isolation, let us consider reasonable values of the properties: the
stiffness of the springs is taken as K=1650 MN and the masses as M=1000T each and the
stiffness of the isolation system is taken as 35 MN, then 1 =0,979 and « = 0,01.

Elastic spectrum

2,2 \
SN

Acceleration

0,5

NG 1 15 2 2,5

01 025 Period

Fig. 6.2.3 Elastic spectrum used for the example
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To allow for a complete comparison, an elastic spectrum is given in Figure 6.2.3. Variation of damping
is not considered.

In Table 6.2.1, a comparison of main modal characteristics and responses is given. The different
modal responses are shown on Figure 6.2.3. Combined values are calculated according to the SRSS
method.

Table 6.2.1 Comparison without /with base isolation

Modal Non isolated building Isolated building
characteristics First mode Second mode First mode Second mode
Ee”"d 0,25 0,096 1,522 0,109
| N PP S PR

X, = X. = 17 w2 _ 27 yr2 _
Mode 1 |:1,61 8:| 2 |:—0,61 8:| X1 1,01 X2 0, 99
Spectral
acceleration 2,5 1,96 1,5 2,09
m/s?
Percentage of
mass p, =947 P, =53 p,~100 p,~0
%
th;{iV?'e”t 1810 541 500 (0
o orees 2929 334 500 “lo
Displacement 2,87 0,13 29,2 [0
mm 4,64 -0,08 29,2 0
Force in first
spring (base) 4744 1000
kN
Force in
second spring 2948 500
(top) kN

The following observations can be made from this example:

o The fundamental period has drastically increased from 0,25 s to 1,52 s, thereby decreasing the
spectral acceleration of mode 1 from 2,5 m/s? to 0,5 m/s°. This is the first objective.

o In a plane, the behaviour of the building is that of a quasi-rigid body in translation above the
isolation system. This is the second objective.

o The effects of the second mode (accelerations and displacements) are negligible. This is the third
objective.

o In return of the decrease of response in terms of accelerations and forces, the displacements are
widely increased.

6.2.2.2 Effectiveness of base isolation in the elastic domain

Using the above example, we try now to highlight the main parameters which control the isolation
phenomenon. First, we introduce the two reference periods:

o The period of the superstructure is considered as rigid and lying on the isolation system:
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T —2r /ZTM (6.4)

o A period T; represents or is representative of a building without isolation, usually that of the first
mode with a fixed base. In the above example, it can be taken as 2nVM/K or to the first period
given by eqn. (6.1).

Then the ratio g= T,/ T is formed from these two definitions and, in the frame of the example, we
have the following relations that we assume would be appropriate in a more general case:

1 2 1
—=—+1 o=
2+p

T (6.5)

Usually, g is large, but this point will be discussed below. The following results can be easily
demonstrated:

T ’ 2 2 2 4

(T_j D L

(::—_—f,J = 2+1,32 (3+ﬁ’2 +«/5+4,B2 +p )T’Z

X2 = 2+1ﬂ2 (1+«f5+4ﬁ2 +,34)W> (6.6)
’2 1 2 4

X, :2+ﬂ2 (1—,/5+4/3 +p )T)—1

p1' B—oo 1 ; pé B—oo ’O

Where Xi'2 is the second component of mode X;.

It can be concluded from these limits that when g is significantly greater than 1, then the period of the
first mode is slightly greater than T, and this mode concentrates all the mass of the superstructure.
The displacement according to the first mode is determined by the deformation of the isolation system
and the structure itself remains quasi-rigid.

The stiffness of the isolation system is chosen so as to obtain a fairly large value of T,, then of T4, say
1 or 2 s or more, to favour a reduced acceleration response. In this case, the value of T4 is found in
the range of periods where the pseudo-velocity S, is constant on a normalised spectrum (in the
example considered, the value of S, is 0,12 m/s). Then the displacement is approximately determined
by:

u_~—ST (6.7)
The relative displacement between both masses in the first mode is given by:

5 = 2lsvT;(x;2 ~1) (6.8)

r
T

In order to judge the effectiveness of the isolation system, values of the main characteristics of the
response according to S are given in Table 6.2.2, S, being equal to 0,12 m/s (this choice influences
the values, but has no effect on the tendencies and conclusions that can be drawn).
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Table 6.2.2 Variation of response characteristics vs.

B T_a, T_f, X1,2 Py 27 2
T T; ST,
1 0,528 | 1,545 1,387 0,816 0,733
1,5 | 0,684 | 1,504 1,263 0,872 0,384
2 0,782 | 1,477 1,180 0,911 0,231
25 | 0,844 | 1,459 1,129 0,936 0,152
3 0,884 | 1,447 1,095 0,953 0,108
4 0,930 | 1,434 1,057 0,971 0,061
0,953 | 1,427 1,038 0,981 0,040
7 0,975 | 1,421 1,020 0,990 0,020
10 | 0,988 | 1,418 1,010 0,995 0,010
o0 1 1,414 1 1 0

In the example, the value of g is about 10, but it can be seen from Table 6.2.2 that for a value of g
which is sufficiently greater than 1, say 3, parameters have values close to their asymptotic values. In
this case, the objectives stated at the beginning are met, i. e.:

o a value of the fundamental period, directly linked to the isolation system flexibility, located in the
range of periods where the spectral acceleration is low;

o a very preponderant fundamental mode response, where the deformation is concentrated in the
pads;

o the second period rapidly reaches the order of T; / V2.

On the contrary, it can be seen that for low values of 5, & increases rapidly and the efficiency of the
system deteriorates. It is obvious that if the period T; of the structure is large enough without isolation,
there is little interest in isolating it. These findings can be summarised as follows:

o pis the controlling parameter of the isolation system;

o the objectives of the isolation system are met for sufficiently large values of g;
o base isolation is more effective for rather rigid structures;

o on the contrary, there is little interest in isolating flexible structures.

These conclusions remain valid for more complex structures and a rather stiff soil. When this is not
the case, there is a coupling at the base between the translational movement and the rotational one.
In this case, a complete modal analysis should be performed.

The findings of the analysis above are widely used in the development of analytical methods in
Eurocode 8.

6.2.2.3 Behaviour in the post elastic domain

As in Eurocode 8 design concept is based on energy dissipation, it is necessary to investigate what
amount of ductility may be demanded in isolated structures. More precisely, which value can be given
to the behaviour factor and is it related to that of the superstructure if it were not isolated? It should be
first highlighted that the dynamic response of the superstructure fully depends on the constitutive law
of the isolators, so a general answer to the question is doubtful.
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However, the post elastic behaviour of an isolated structure may be simply illustrated in the case of
linear isolators (springs) with the two masses model shown on Figure 6.2.4, with notations similar to
those of Figure 6.2.2.

Fig. 6.2.4 Simple two masses model for post elastic assessment

The procedure used is comparable to a push-over: a force is applied to the second mass and the total
displacement u is plotted vs. F. It is assumed that the same demand (in terms of u) applies when the
structure yields. Two different behaviours are shown on Figure 6.2.5:

o alinear behaviour of both springs (in dashed lines). The total displacement appears as the sum of
the displacements due to both springs in the linear domain and the structure reaches point );

o a linear behaviour of the isolator, which is generally required, and an elastic-plastic behaviour of
the structure, which reaches point (. The force being limited to F/q, where q is the behaviour factor
of the structure, up, is the plastic demand in the structure.

/
|

7 gy
|
|

u

[
»

Fig. 6.2.5 Comparison of linear and non linear behaviours

From equality of displacements

F F
=—+—+U

F F
J— + J— p|
k K kg Kg

yields the value of ductility demand in the structure:
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f

ﬂ:%: K qu qu(q1){1+(%f](q1)[1+ﬂz] (6.10)

Even for rather low values of g, f. i. 3, the ductility demand is high: #=10 for g =2 and x = 20 for
g = 3. But values of g between 5 and 10 are more usual, and it can be seen that the ductility demand
may be very high. Therefore, a behaviour factor similar to that of the structure when it is not isolated
cannot be applied. This is why the choice of a very limited behaviour factor in Eurocode 8 has been
made. Of course, where the substructure is concerned, the situation is different.

The result would be different if the isolators were to yield: in that case, the energy dissipation would
take place at this level and the behaviour factor applicable to the structure would depend only on the
plastic behaviour of the isolators. A non linear analysis is necessary to assess reasonable values of q
in that case.

6.3 The isolating devices and their design

6.3.1 TYPES OF ISOLATION SYSTEMS CONSIDERED

The devices considered in section 10 of part 1 consist of laminated elastomeric bearings, elastic-
plastic devices, viscous or friction dampers, pendulums, and other devices whose behaviour achieves
the objectives. Each unit provides a single or a combination of the following functions:

o vertical-load carrying capability combined with increased lateral flexibility and high vertical rigidity;
o energy dissipation, either hysteretic or viscous;

o recentering capability; however, as only linear devices are fully addressed in section 10, no
requirement is associated to this function which is fulfilled for this type of isolators; indications are
given in part 2 in a more general situation;

o lateral restraint (sufficient elastic rigidity) under non-seismic service lateral loads.

The more widely used type of devices employed for isolation consist in laminated elastomeric pads.
They are rather flexible in the horizontal directions and stiff perpendicularly to the metal sheets. The
rubber sheets may be made of natural rubber or artificial elastomer.

Due to the presence of steel plates, they have a high bearing capacity, of about 10 MPa in service
conditions. Their ultimate shear strain is roughly 500%.

The shear modulus is variable with strain; it is about 1 MPa with a damping ratio of 7% in seismic
conditions. The mechanical properties of the elastomer may be adjusted with its chemical
composition. Also, fillers may be added in natural rubber in order to increase the damping ratio to
20%. Lead cores may also be used to increase the damping by 30%.

Ageing and temperature may affect the properties of rubber. In particular, the shear modulus may
increase up to 30% over a period of a 100 years The design of the pads aims in particular at obtaining
low degradability with time and reliability of properties.

The height of elastomeric pads, which governs the fundamental period, is usually limited by its
buckling.

Other types of spring-like devices exist, such as f. i.:
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o helical steel springs, which have similar axial and transverse stiffness, which induce rotational
movements of the superstructure due to the axial flexibility;

o air springs,
o devices using the pendulum effect.

Dampers may be added in parallel to the spring-like devices, to increase the damping ratio of the
isolation system such as:

o oleo dynamic devices using oil or high molecular weight polymers,
o steel dampers using the yielding of steel bars,

o devices using dry friction; they are usually in the form of friction plates in series with an
elastomeric pad or a pendulum.

It should be mentioned that for high values of damping (> 15%), linear analyses are not convenient
and non linear analyses should be performed.

6.3.2 RELIABILITY

Increased reliability is required for the isolating devices, as the behaviour of the superstructure as a
whole relies on the isolation system.

This is carried out by applying a magnification factor % on seismic displacements for the design of
each unit. For buildings, the recommended value of y is 1,2.

6.3.3 EN 15129

Eurocode 8 deals with the design of the complete isolated building. The design of the devices (and
their connection to the structure) used for isolation is covered by the European norm EN 15129. This
standard (Anti-seismic devices) specifies functional requirements and general design rules for the
seismic situation, material characteristics, manufacturing and testing requirements, as well as
evaluation of conformity, installation and maintenance requirements. The titles of the sections are:

o 1. Scope

o 2. Normative references

o 3. Terms, definitions, symbols and abbreviations
o 4. General design rules

o 5. Rigid connection devices

o 6. Displacement Dependent Devices

o 7. Velocity Dependent Devices

o 8. Isolators

o 9. Combinations of Devices

o 10. Evaluation of conformity
o 11. Installation

o 12. In-service inspection
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For the sake of designing an isolated building to EN1998-1, sections 4, 8 and partly 9 of EN15129 are
useful. It should be mentioned that for the design of laminated pads in situations other than seismic,
the European standard EN1337-3 is applicable.

6.3.4 SOME ASPECTS OF THE DESIGN OF DEVICES

An isolator is a device possessing the characteristics needed for seismic isolation:
o ability to support the gravity load of the superstructure,

o ability to accommodate lateral displacements,

o ability to provide energy dissipation; this may be achieved in adding dampers;

o ability to contribute to the isolation system’s recentering capability. The purpose of the re-centring
capability requirement is not so much that of limiting residual displacement at the end of a seismic
event, but instead that of preventing cumulative displacements during the event. A re-centring
assumes particular relevance in structures located in close proximity to a fault, where
earthquakes characterised by highly asymmetric time histories are expected.

Devices should function according to the design requirements and tolerances throughout their
projected service life, given the mechanical, physical, chemical, biological and environmental
conditions expected. They should be constructed and installed in such a way that their routine
inspection and replacement are possible during the service life of the construction.

Isolators and their connections to the structure should be designed to the limit states defined in
Eurocode 8:

a) to withstand the seismic action effects defined at ULS without local or global failure, thus

retaining a residual mechanical resistance, including a residual load bearing capacity after the
seismic event: they must accommodate the translation and rotation movements imposed by
seismic and other actions whilst supporting the vertical load imposed by gravity and other live
loads;

b) to withstand the seismic action defined at Limit State of Limitation of Damage without the
occurrence of damage and the associated limitations of use, the costs of which would be
disproportionately high in comparison with the costs of the structure itself.

Design action effects on anti-seismic devices and their connections are assessed on the basis of the
design seismic action deduced from the structural seismic analysis. Then the reliability factor
(section 6.3.2) is applied on the action effect considered for the design of the devices.

Capacity design is applied to the connections: an over-strength factor %, equal to 1,1 is applied to the
actions transmitted by the device to the connections.

Materials used in the design and construction of the devices and their connections to the structure
must be in conformity with European Standards.

Material and device properties:

o are assessed so as to represent their behaviour adequately under the conditions of strain and
strain rate which can be attained during the design seismic situation;

o take into account the environmental (physical, biological, chemical and nuclear) conditions with
which devices can be faced over their service life; in particular, the effects of temperature
variation are taken into account;

o take into account the ageing phenomena that can occur during the service life of the device ;

o are represented by representative values, as defined below.
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Three sets of design properties of the system of devices are defined:
a) Design (mean) properties (DP).

b) Upper bound design properties (UBDP); they correspond to the maximum representative value
in the conditions where upper values of properties are obtained.

c) Lower bound design properties (LBDP); they correspond to the minimum representative value
in the conditions where lower values of properties are obtained.

Properties are obtained by considering the quasi permanent values of the variable actions, except for
temperature for which the frequent value is taken into account. They are obtained from testing
procedures defined in EN15129.

6.4 General arrangement and design criteria

6.41 GENERAL ARRANGEMENT

Some design measures are necessary to ensure a good behaviour of the isolation system and of the
structure as a whole.

6.4.1.1 Control of displacements relative to surrounding ground and constructions

It has been demonstrated in section 6.2.2 that the decrease of acceleration in the structure is at the
price of increased displacements. As they are a consequence of the required flexibility of the isolation
system, these displacements should not be prevented; therefore no restraint due to networks,
footpath or any other link can be accepted.

Consequently, sufficient space between the superstructure and the surrounding ground and
structures should be provided to allow free displacements of the superstructure. This space has also
the function of allowing inspection, maintenance and replacement of the devices during the lifetime of
the structure, as a possible unacceptable ageing level of the devices could occur.

6.4.1.2 Control of undesirable movements

Control of the torsional movements is provided by the following provisions:

o The effective stiffness centre and the centre of damping of the isolation system should be as
close as possible to the projection of the centre of mass on the isolation interface.

o To minimise different behaviour of isolating devices, the compressive stress induced in them by
the permanent actions should be as uniform as possible.

o Devices are fixed to the superstructure and the substructure (the case of sliding plates is
excluded from this requirement).

o The isolation system is designed so that shocks and potential torsional movements are controlled
by appropriate measures. To achieve that goal, appropriate devices (e.g. dampers, shock-
absorbers, etc.) may be provided.
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6.4.1.3 Control of differential seismic ground motions

For a good efficiency of the isolation system, differential seismic displacements between devices
should be avoided. Therefore, structural elements located above and below the isolation interface
should be sufficiently rigid in both horizontal and vertical directions,

To attain that goal, a rigid diaphragm is provided above and under the isolation system, consisting of
a reinforced concrete slab or a grid of tie-beams, designed taking into account all relevant local and
global modes of buckling. This rigid diaphragm is not necessary if the structures consist of rigid boxed
structures.

The devices which make up the isolation system are fixed at both ends to the rigid diaphragms
defined above, either directly or, if not practicable, by means of vertical elements, the relative
horizontal displacement which in the seismic design situation should be lower than 1/20 of the relative
displacement of the isolation system.

6.4.2 DESIGN CRITERIA

6.4.2.1 General

The fundamental requirements stated in other sections of Eurocode 8 part 1 for the type of structure
considered should be complied with. Additional requirements should also be considered, as given
below.

The substructure is verified under the inertia forces directly applied to it and the forces and moments
transmitted to it by the isolation system, the superstructure and the isolation system being in the linear
elastic domain (g = 1).

6.4.2.2 Ultimate limit state

At the Ultimate limit state, gas lines and other hazardous lifelines crossing the joints separating the
superstructure from the surrounding ground or constructions are designed to safely accommodate the
relative displacement between the isolated superstructure and the surrounding ground or
constructions.

In buildings, the structural elements of the substructure and the superstructure may be designed as
non-dissipative. Consequently, capacity design and global or local ductility conditions do not need to
be satisfied. Nevertheless, it is acceptable to satisfy the resistance condition of the structural elements
of the superstructure taking into account seismic action effects divided by a behaviour factor not
greater than 1,5.

6.4.2.3 Damage limitation state

At the damage limitation state, all lifelines crossing the joints around the isolated structure should
remain within the elastic range.
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6.5 Analysis

6.5.1 MODELLING

Modelling of the isolation system should reflect the spatial distribution of the isolator units, so that the
translation in horizontal directions, the overturning effects and the rotation about the vertical axis are
adequately represented. It should reflect adequately the properties of the different types of devices
used in the isolation system.

Values of physical and mechanical properties of the isolation system to be used in the analysis should
be the most unfavourable ones to be attained during the lifetime of the structure:

a) accelerations and inertia forces are evaluated taking into account the maximum value of
the stiffness and the minimum value of the damping and friction coefficients;

b) displacements are evaluated taking into account the minimum value of stiffness and
damping and friction coefficients.

They shall reflect the influence of:

o rate of loading;

o magnitude of the simultaneous vertical load;

o magnitude of simultaneous horizontal load in the transverse direction;
o temperature;

o change of properties over projected service life.

6.5.2 SEISMIC ACTION

The two horizontal and the vertical components of the seismic action are assumed to act
simultaneously. Therefore, the complete combination of seismic components should be used.

In buildings of importance class 1V, site-specific spectra including near source effects should also be
taken into account, if the building is located at a distance less than 15 km from the nearest potentially
active fault with a magnitude M; > 6,5.

6.5.3 EQUIVALENT LINEAR ANALYSIS

An equivalent linear model of the isolation system for analysis is defined by the effective stiffness Ky
and the effective damping &g. The effective stiffness is obtained as the sum of the effective stiffness
of the devices (i.e. the secant value of the stiffness at the total design displacement of the device dgp).
The effective damping represents the energy dissipation of the isolation system.

In most cases, the isolation system may be modelled with equivalent linear viscous-elastic behaviour,
with the conditions below:

o the effective stiffness of the isolation system is at least 50% of the effective stiffness at a
displacement of 0,2d4., where dy. is the design displacement of the effective stiffness centre in
the direction considered;

o the effective damping of the isolation system does not exceed 30%; however, it is recommended
to limit this ratio to 15%;
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o the force-displacement characteristics of the isolation system does not vary by more than 10%
due to the rate of loading or due to the vertical loads;

o the increase of the restoring force in the isolation system for displacements between 0,5d,4. and
dqc is at least 2,5% of the total gravity load above the isolation system.

For this type of analysis, the value of the behaviour factor is taken as being equal to g = 1, the elastic
spectrum is used, with a damping correction.

6.54 TYPES OF ANALYSIS

6.5.4.1 General

For the equivalent linear analysis, the types of analysis below are considered:

o time-history analysis; this may be applied in all cases, but it is required when an equivalent linear
analysis cannot be used;

o full modal analysis;
o simplified modal analysis;

o simplified analysis.

6.5.4.2 Simplified modal analysis

This type of analysis may be used when the superstructure and the substructure including
foundations may be assumed as rigid when compared to the isolation system. Also, the vertical
stiffness of the isolation system is high compared to the horizontal one. In that case, the flexibility of
the structure is concentrated at the isolation interface and the movement is fully described by three
degrees of freedom: two horizontal translations and the torsional movement about the vertical axis.
The latter is due to the eccentricity of the centre of mass to the centre of stiffness of the devices and
also to the accidental eccentricity.

Consistently with eqn. (6.4), the effective period of translation is defined as:

M
Tefr =2z K (6.11)
eff

To be consistent with the assumption of the analysis, the conditions below should be fulfilled:

a) the distance from the site to the nearest potentially active fault with a magnitude M > 6,5
is greater than 15 km;
b) the largest dimension of the superstructure in plan is no greater than 50 m;
c) the substructure is sufficiently rigid to minimise the effects of differential displacements of
the ground;
d) all devices are located above elements of the substructure which support the vertical
loads;
e) the effective period T satisfies the following condition:
3T, <T, <3s (6.12)

where T; is the fundamental period of the superstructure with a fixed base;
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f) the lateral-load resisting system of the superstructure is regularly and symmetrically
arranged along the two main axes of the structure in plan;
g) the rocking rotation at the base of the substructure is negligible;
h) the ratio between the vertical and the horizontal stiffness of the isolation system should

satisfy the following expression:

K, >150 (6.13)
Keff
i) the fundamental period in the vertical direction, Ty, should be not longer than 0,1 s,
where:
M

\%

6.5.4.3 Simplified analysis

The simplified analysis is a further simplification of the previous one, which applies to buildings where
the natural eccentricity is limited. The conditions of applicability are the same as in section 6.5.4.2,
with the additional condition that, in both directions, the total eccentricity (including the accidental
eccentricity) between the stiffness centre of the isolation system and the vertical projection of the
centre of mass of the superstructure does not exceed 7,5% of the length of the superstructure
transverse to the horizontal direction considered.

In that case, the movement consists of pure translational in two orthogonal planes, with the same
period, same displacement and same inertial forces.

o Displacement of the superstructure (S, is the elastic spectrum):

d,, = M Se(Tar:Cer) (6.15)
K

eff,min
o Lateral force applied at each level of the superstructure (m; is the mass of the level j):
£ =m S, (Teg:err) (6.16)

Torsion should nevertheless be taken into account. This may be done in each individual isolator by
amplifying in each direction the action effects above with a factor & given (for the action in the x
direction) by:

eO
5, =1+ ;;V Y, (6.17)

y

where

o y isthe horizontal direction transverse to the direction x under consideration;

o (x,Y;) are the co-ordinates of the isolator unit i relative to the effective stiffness centre;
O €y is the total eccentricity in the y direction;

o I, isthe torsional radius of the isolation system, as given by the following expression:

251



Base isolation. Overview of key concepts.
P. Bisch

ry2 = Z(XizKyi +yi2Kxi)/ZKxi (6'18)

o Ky and K, are the effective stiffness of a given unit i in the x and y directions, respectively, and
are equal in most cases.

6.6 Example

The interest of base isolation can be assessed from two points of view:
o the point of view of dynamic efficiency, as has been discussed in section 6.2.2.2;

o the economical point of view: a design including base isolation has to be compared with the basic
solution without base isolation. The latter benefits from the use of a behaviour factor the value of
which is generally higher than that of the isolated building. On the contrary, the isolated building is
submitted to an acceleration which does not increase much with height and neither does it need
any detailing specific to ductile structures. As a consequence, an economical balance has to be
met and a decision taken on a case by case basis. However, it should be noted that in cases
where specific equipment has to be protected, as in hospitals or computer centres, f. i., base
isolation is an excellent solution.

The economical point of view is no longer discussed in the example below and attention is focused on
the base isolation concept.

The design example is recalled on Figure 6.6.1. The building is composed of a substructure
separated from the ground by a peripheral retaining wall. This substructure therefore is rather rigid.
The superstructure above level 0 is more flexible, with a composite bracing structure composed of
walls and columns.

If base isolation is envisaged, the first question arising is: where should the isolation interface be
placed? Two basic solutions may be envisaged:

a) The isolation interface may be installed at level 0. It requires arranging the interface at the
first level, so as to cut the walls and columns for the installation of the pads. On a structural point
of view, this may be done quite simply, but the stiffness of the vertical elements should be checked
to comply with the requirement concerning the control of differential movements. Also, a horizontal
joint should be placed in non structural elements and fagades, in stair and lift cases, which may
prove more complicated to arrange.

b) The isolation interface may be installed at the lower level of the substructure. In this
specific case, the question of the retaining wall arises, as it cannot be included in the isolation as it
does not allow for the required displacement capacity. So a vertical joint should separate
somewhere the isolated structure from the retaining walls; this would probably necessitate adding
vertical elements along the joint. Another solution is to build the structure within a pit.

It is clear from this discussion that it is not simple to arrange the isolation interface in most cases and
that it is necessary to draw an adapted architectural design.
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Fig. 6.6.1 Design example

Nevertheless, it can be examined whether base isolation may be envisaged at level 0. The
fundamental periods of the upper part are 0,92 s and 0,68 s. So the superstructure is rather flexible,
at least in one direction.

To obtain an efficient base isolation, a minimal value of g should be, say 3 f. i., which is lower than
usual values. Period T, should then be at least 3 s, which is high. This illustrates the fact that for that
particular building base isolation is not very efficient.

We assume here that usual elastomeric pads are used, with mean properties recalled in section 6.3.1.

The mass of the superstructure being 2 362 T, the effective stiffness should be such that the effective
period is 3 s, i. €.: Kgr = 2 362 x (27[/3,0)2 =10 361 kN/m.

The total area of pads is determined by their vertical strength, which is determined either in the
seismic situation or in a ULS fundamental combination of actions. In the latter case, if the ultimate
strength if 10 MPa, the required area of pads is approximately A = 2,362 x 9,81 x 1,4 /10 = 3,25 m?,
where 1,4 is an approximate value of the partial factor mixing 1,35 for permanent action and 1,5 for
live loads.

This allows for determining the thickness of elastomer to fit with the total effective stiffness:
e =GA/Kg =1 x3,25/10,361 = 0,314 m. In practical terms, the thickness is chosen according to the
real production of pads. In this case, it is possible to utilise layers of 8 mm, which gives a thickness of
32 cm of elastomer, to which the thickness of steel plates has to be added.

The pads should be distributed under the main vertical elements, as shown on Figure 6.6.2.
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Fig. 6.6.2 Arrangement of isolating devices

With this assumption, 26 pads would be set under columns and walls, which leads to a mean area of
0,125 m?, f. 1. square pads 35 cm x 35 cm.

The seismic action to be taken into account is represented by a Type 1 spectrum, on soil B, with
ag = 0,25g. At 3 s, which is beyond Tp, the spectral acceleration is:

T,<T<4s: S (T)=4, -s-n-z,s{TCTD}

T2
(6.19)
=2,5x12x /EXZ,S 0.5x201_ 4 761 m/s?
12 3,0

This value may be compared to those obtained when the base is fixed, i. e. 4,08 m/s? (T=0,92s)and
5,51 m/s® (T = 0,68 s) on the elastic spectrum (q = 1), without damping correction. It can be seen that,
even with a rather low efficiency of the isolation, the acceleration is low compared to that obtained
when using a behaviour factor, 5 for instance. However, the cost is probably higher due to the
arrangement of foundations and to devices.

With these assumed values, the displacement of the superstructure would be
0,761 /(211/3,0)2 =0,1774 m. As a consequence, the distortion of the elastomer would be
17,4 /1 32 = 0,55 which is very low. For the verification of the devices, this value must be multiplied by
o and x. The total shear force at the level of the interface is 2 362 T x 0,761 m/s® = 1800 kN. This
leads to another calculation of the displacement: 1,8 MN / 10,361 MN/m = 0,174 m.

Of course, this is a very preliminary design and the devices should be verified according to their
specific design and manufacturing, and a detailed analysis performed according to section 6.5.
However, in the case of elastomeric pads, it is foreseeable that they would be hardly justified because
of their thickness relative to their horizontal dimensions, which would induce stability problems.
Solutions would be to choose completely different types of devices or to decrease the thickness, but
in that case the efficiency and therefore the interest of base isolation would decrease rapidly. This
confirms that base isolation is not suitable for this building, unless the architectural design is changed.
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7.1 Introduction

In most cities of Europe, the existing relatively small historical centers (often having a history of
destructions due to earthquakes of their own) have been surrounded in the last few decades by large
new urban areas of both residential and industrial destination.

In the same decades, while engineering seismology and earthquake engineering were making fast
and decisive scientific progresses, transfer of the newly acquired knowledge into practical provisions
for seismic design took place at a much slower pace, and a larger further gap occurred between the
appearance of modern proposals of normative documents and their official enforcement. In some
European countries, this enforcement is not more than a few years old.

It doesn’t come as a surprise, then, that the building inventory, including constructions of quite recent
completion, is generally seismically deficient, in terms of both safety and economic protection, as
systematically and dramatically demonstrated by all recently occurred seismic events.

Though it is obvious that a generalized seismic upgrading of the built environment would pose a
tremendous economic burden, for both private and public owners, and would require a very long term
planning, a task not all European governments are so much accustomed to, knowledge of the degree
of risk actually affecting individual buildings represents in any case a precious element of information
in view of future action.

Seismic assessment of an existing, non conforming structure, however, is a difficult art, one for which
the normal engineer is ill-prepared and was, until recently, without much assistance in the form of
normative or pre-normative documents.

Part 3 of Eurocode8 (EN1998-3, 2005) is a modern document, fully aligned with the recent trends
regarding performance requirements and check of compliance in terms of displacements, providing
also a degree of flexibility to cover the large variety of situations arising in practice.

In spite of the efforts made to make it rational and to introduce into it results from purposely made
original research, the fact remains that EN 1998-3 cannot enjoy the support coming from a sufficiently
long experience of use. Hence, it can be easily anticipated that its extended use will provide
suggestions for improvements.

Due to the recognized inadequate knowledge on the post-elastic behaviour of generally poorly
detailed structural members, the normative part of EN 1998-3 covers only material-independent
concepts and rules, while verification formulas are given in Informative Annexes, whose use is not
mandatory, and can be replaced by National documents.

The presentation to follow concentrates essentially in the general part, and includes some ideas
deriving from a certain experience gained by the authors in assessing a number of structures. When
not otherwise stated, reference is made to the assessment of RC structures.

7.2 Performance requirements and compliance criteria

7.21 PERFORMANCE REQUIREMENTS

The performance requirements are formulated in terms of the three Limit States (LS), as reported

259



Eurocode 8 Part3. Assessment and retrofitting of buildings
P.E. Pinto and P. Franchin

below.

o LS of Near Collapse (NC). The structure is heavily damaged, with low residual lateral strength
and stiffness although vertical elements are still capable of sustaining vertical loads. Most non-
structural components have collapsed. Large permanent drifts are present. The structure is near
collapse and would probably not survive another earthquake, even of moderate intensity.

o LS of Significant Damage (SD). The structure is significantly damaged, with some residual
strength and stiffness, and vertical elements are capable of sustaining vertical loads. Non-
structural components are damaged, although partitions and infills have not failed out-of-plane.
Moderate permanent drifts are present. The structure can sustain after-shocks of moderate
intensity. The structure is likely to be uneconomic to repair.

o LS of Damage Limitation (DL). The structure is only lightly damaged, with structural elements
prevented from significant yielding and retaining their strength and stiffness properties. Non
structural components, such as partitions and infills, may show distributed cracking but the
damage could be economically repaired. Permanent drifts are negligible. The structure does not
need any repair measure.

The appropriate level of protection against the exceedence of the three Limit States is achieved by
associating to each of them a value of the return period (T,) for the design seismic action.

The specific values to be adopted for the T,’s are left for the National Authorities to decide, the
suggestions being 2475, 475 and 225, respectively.

The same Authorities are free to ask for explicit check of a reduced number of LS’s, down to just one.
This flexibility is motivated essentially by economic considerations: for example, one owner may be
content of ensuring protection against the state of Significant Damage (this SL is roughly equivalent
to the “no collapse” requirement in Part 1 of EN 1998, whose main aim is to safeguard the life of the
occupants), and it is possible that satisfaction of this LS is less demanding, in terms of cost of the
intervention than the cost involved for satisfying the DL limit state.

Comment

As anticipated in the introduction, EN 1998-3 is a displacement based document, a formula implying
that the direct analysis/verification quantities are the displacements and corresponding distortions
induced by the seismic action having the selected average return period.

With the exception discussed later, use of the traditional g-factor, intended to cater globally for the
dissipative behaviour of the structure, is abandoned, and the appropriate seismic action is introduced
in the analysis without any modification.

This is a fundamental departure from the standard approach to be found in the present design
provisions for new buildings, notably EN 1998-1. It is indeed a fortunate circumstance that this
relatively new approach has reached a maturity and a general consensus at the time and for the
purpose for which it is the most appropriate tool.

Existing buildings actually represent a very inhomogeneous population, in terms of age and criteria
used for their design, and with unknown weaknesses, such that their overall inelastic behaviour can
hardly be represented by a single parameter established a priori, such as the g-factor, even if
differentiated for necessarily broad categories.

Besides, there is no more question among earthquake engineers that displacements/distortions are
the quantities best suited for identifying the attainment of any of the above-defined limit states .

The difficult part, however, comes with the obvious necessity of calculating the buildings’ response in
stages well beyond the elastic one and close to their actual inelastic deformation capacity, on one
hand, and of possessing enough information on this latter quantity, on the other. Both aspects are
crucial for a reliable applicability of the document, and the development of better response and
capacity models represent the challenge for its future improvement.
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7.2.2 COMPLIANCE CRITERIA

The compliance criteria consist essentially in checking, for each LS, that the demands, calculated by
using the allowed methods of analysis, do not exceed their corresponding capacities.

In the verification procedure, a distinction is made between “ductile” and “brittle” structural elements.
The difference between the two applies both to the type of actions for which they are verified, and for
the way the respective demands are evaluated. Ductile elements are checked in terms of deformation,
brittle ones in terms of forces.

For what concerns the demands their evaluation is the same for both types if a non-linear method of
analysis is used, while if the analysis is linear the procedure for determining action effects on the
brittle elements is of the “capacity design” type. Details are given subsequently.

Comment

Before leaving this paragraph, a mention should be made to a problem of interpretation of the
performance requirements that experience has shown to be at the origin of large discrepancies in the
quantitative evaluations made by different experts on the same building.

It is noted that the description of the requirements for all of the LS’s is formulated in qualitative terms
and refers to more or less severe states of damage involving the structural system as a whole. When
turning to the verification phase, however, the letter of the code appears to ask that in order for the
requirements be satisfied all individual elements should satisfy the verification inequalities, which
would lead to consider a building as seismically deficient even in the extreme case where a single
element would be found as nonconforming.

In other words, there appears to be little if any freedom left to the evaluator to judge whether, even in
presence of some nonconforming elements variously distributed across the structural system, the
requirements in their general formulation are satisfied. As stated at the beginning, it would be quite
beneficial to provide some general guidance on this issue, in order to reduce the large observed
variability in the results obtained by different users of the code.

7.3 Information for structural assessment

7.3.1 KNOWLEDGE LEVELS

Amount and quality of the information usable for the assessment is discretized in EN 1998-3 into
three “levels”, called “Knowledge Levels” (KL), ordered by increasing completeness. The information
refers to three aspects: Geometry, Details and Materials. The term Geometry includes structural
geometry and member sizes, Details refer to the amount and layout of reinforcement (for RC
structures), Materials to the mechanical properties of the constituent materials. The following Table
7.3.1 reproduced from the code summarizes the definition of the levels. The quantitative definition of
the terms used in Table 7.3.1: visual, limited, extended, extensive and full, as applicable to the
knowledge of Geometry, Details and Material is given in the Code (as a recommended minimum, if
not otherwise specified in National Annexes). In particular, for what concerns the levels of inspection
and testing, the recommended requirements are reported in Table 7.3.2.
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Table 7.3.1 Knowledge levels.

Knowledge Geometry Details Materials
Level
Simulated design in accordance|Default values in accordance
with relevant practice with standards of the time of
KL1 and construction
from limited in-situ inspection and
from limited in-situ testing
o ] From incomplete original From original design
From original outline | detailed construction drawings |specifications with limited in-
KL2 construction drawings with limited in-situ inspection situ testing
with sample visual survey or or
or from extended in-situ inspection|from extended in-situ testing
from full survey
From original detailed From original test reports
construction drawings with with limited in-situ testing
KL3 limited in-situ inspection or
or from comprehensive in-situ
from comprehensive in-situ testing
inspection

Table 7.3.2 Recommended minimum requirements for different levels of inspection and

testing.

Inspection (of details) ‘

Testing (of materials)

For each type of primary element (beam, column, wall)

Level of inspection and testing

Percentage of elements that are

checked for details

Material samples per floor

Limited 20 1
Extended 50 2
Comprehensive 80 3

7.3.2 CONFIDENCE FACTORS

Allowing a structural assessment to be carried out for different levels of knowledge requires that a
proper account is taken of the corresponding different amounts of uncertainties, these latter clearly
applying to all of the three quantities: Geometry, Details and Materials.

The choice made by EN 1998-3 is to condense all types of uncertainties into a single factor, to be
applied only to the mechanical properties of the materials. This factor, called Confidence Factor

(CF), has a double use.

It is used in the calculation of the capacities, where the mean values of the material properties, as
obtained from available information and from in-situ tests, are divided by the value of the CF

appropriate for the KL.

It is also used as a multiplier of the mechanical properties of the ductile components when the
strength of these latter is used to determine the actions affecting brittle components or mechanisms.

The suggested values of the CF are 1.35, 1.20 and 1.0 for KL1, KL2 and KL3, respectively.
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Comment

The reliability format adopted by EN 1998-3, as briefly summarized above, to account for the different
nature of the uncertainties characterizing the assessment process, as contrasted with those
characterizing the design process, has the advantage of simplicity, but is subject to a number of
practical and also theoretical limitations that will have to be addressed and hopefully improved in
future editions of the Code. A brief discussion of some of these issues is presented in the following.

o The present close relation between the number of in-situ material tests and the Knowledge Level
conveys naturally the idea that the more this number is increased the higher is the KL achieved.
Actually, however, the increase of the number of tests has the only effect of reducing the standard
error in the estimate of the mean (assuming that the materials tested belong to a single
population, which in many cases is questionable). Also, while it often occurs that a larger number
of tests leads to a greater dispersion of the mechanical properties, this information gets lost, since
mean values only (not the characteristic ones) are used both in the analysis and in the
verifications (the latter are carried out by applying the standard gamma values and the CF directly
to the mean values).

o In the majority of cases, seismic assessments are being carried out not because of planned
renovation or extension works, or because of a visibly precarious structural state of a building.
They are mostly required by Public Authorities who want to be aware of the state of risk of their
building stock consisting, for example, of schools, hospitals, administration offices, state banks,
etc.

o A good knowledge would require availability of the original design drawings, as well as of the as-
built ones, and full documentation on material tests, all of this complemented by some insitu test
intended to confirm the design specifications and the present state of the materials.

o Availability of original drawings can be ruled out for masonry buildings dating one or more
centuries (there is plenty of this category all over Europe), but the same situation applies at least
in some countries for pre-WWII RC buildings, and continues until well into the late Sixties of the
last century.

o For RC buildings, complete or partial lack of the original drawings, i.e. of the structural geometry
and of the details, could in theory be remedied by a more or less extensive survey and in-situ
inspections.

o All mentioned public buildings, however, are in continuous use, which makes it completely
impractical to collect the needed information by exposing sufficient portions of the concrete
structure, examining reinforcement layout and taking steel and concrete samples. Quite often,
also, the structural elements are not directly visible, being incorporated into non-structural
elements such as partition walls, masonry infills, suspended ceilings, etc.

o For masonry buildings, missing information can often be collected with relatively minor effort and
more confidence: since they are not engineered structures, they normally follow rather uniform
construction rules regarding, for ex., regularity in plan and in elevation, distance of the main walls,
vertical alignment of the openings, etc., so that at least their basic structural geometry can be
reconstructed with minor uncertainty.

The preceding considerations are intended to emphasize that, in all those cases where assessment is
conducted with the structure still in use, the major sources of uncertainty inevitably refer to geometry
and details, more than to materials. The former are not only more relevant than the latter, they are
different in nature. They are in principle removable, if surveys and investigations were possible to the
point of allowing the setting up of a fully realistic structural model, but this is seldom if ever the case. It
is equally quite rare in many countries to be able to start the assessment process on the basis of a
complete and credible design documentation. This being the situation, two consequences follow.
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o In the first place, one recognizes that the Confidence Factor covers only one part of the overall
uncertainty, i.e., that related to the material properties, whose role is in the majority of cases
secondary.

o The uncertainty on geometry and details cannot be covered with factors, since a certain element
is there or it is not, with a particular arrangement of the reinforcement or with another, and so on,
and one is not in the position of ascertaining the real situation.

Also the latter kind of uncertainty falls well within the domain of classical theory of probability. In short,
and having in mind a simplified treatment of it to be proposed for use in practice, it involves
consideration of alternative assumptions on the state of the most influential subjects of uncertainty
(presence and/or dimension of some structural components, quantity and arrangement of
reinforcement, etc.), each assumption being weighted by a factor between 0 and 1, representing the
subjective degree of belief of the analyst on each alternative assumption, based on his experience.

This approach has the fundamental advantage of providing an assessment not expressed in terms of
a single value of the seismic intensity leading to the attainment of the specific LS of interest, but a
distribution of values, from which various statistical measures can be extracted, such as the mean, the
standard deviation, and various confidence intervals.

An elementary example of this approach is given at the end of this chapter.

7.4 Method of analysis

In accordance with the displacement criterion adopted in EN 1998-3 for checking satisfaction of the
various performance requirements, the seismic action to be used in conjunction with all allowed
methods of analysis consists of the elastic response spectrum characterized by the appropriate value
of its average return period.

As an exception to this general approach the possibility is also given of using the g-factor approach,
with a reference value of q equal to 1.5 for reinforced concrete buildings, and of 2.0 for steel buildings.
Masonry buildings are not mentioned. The use of higher values of q is subject to adequate justification
on the basis of the available ductility, both local and global.

The exception is intended to cover cases of obviously over-dimensioned buildings, or of quite recent
buildings designed for earthquake resistance according to previous codes, or in places where the
seismicity level has been revised upwards.

The allowed analysis methods are the same given in EN 1998-1:
o Linear analysis, using statically applied lateral forces or modal response spectrum analysis

o Non-linear analysis, either static (push-over) or dynamic using spectrum-compatible
accelerograms.

Use of linear static analysis is permitted under the same conditions given in EN 1998-1, i.e.,
geometrical regularity in elevation, and values of the fundamental period less than or equal to 2.0s
and to 4T, where T¢ is the corner period after the flat part of the spectrum, to which a further
condition of “uniformity of inelastic demand” is added.

This extra condition refers to the ratios p,=Di/C; between the demand D; obtained from the analysis
and the corresponding capacity C; for the i-th “ductile” primary elements of the structure, and requires
that over all primary elements of the structure for which p,; is larger than 1 the ratio pomax/pomin dO€S
not exceed a maximum acceptable value in the range of 2 to 3.

Use of modal response analysis is permitted under the same condition of “uniformity of inelastic
demand” described above.
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For masonry structures, applicability of linear methods, both static and multi-modal, is subject to the
following restrictive conditions (though, somewhat strangely, these restrictions are not given in the
normative document but in the informative Annex):

o The lateral load resisting walls are regularly arranged in both horizontal directions.
o Walls are continuous along their height.

o The floors possess enough in-plane stiffness and are sufficiently connected to the perimeter walls
to assume that they can distribute the inertia forces among the vertical elements as rigid
diaphragm.

o Floors on opposite sides of a common wall are at the same height

o At each floor, the ratio between the lateral in-plane stiffness of the stiffest wall and the weakest
primary seismic wall, evaluated accounting for the presence of openings, does not exceed 2.5.

With restrictions like these it can be anticipated that linear analysis will not be frequently used for
masonry structures.

Non-linear analyses, both static and dynamic, are permitted in all cases.

Dynamic analysis, in particular, is unrestricted and without specific requirements, leaving to the
analyst the responsibility of making the proper choices for obtaining accurate results.

For non-linear static analysis, the code prescribes the use of at least two vertical distributions of
lateral loads:

o a “uniform” pattern, with lateral forces proportional to the masses at all elevations

o a “modal” pattern, with lateral forces proportional to the product of the mass matrix by the relevant
modal vector.

It is noted that the above prescriptions and the overall procedure is the same as in EN 1998-1, hence
they reflect the state of this technique in the early 2000s. Progress has occurred since then, and
experience has also been gained in the application of the method to the assessment of a large
number of buildings.

The version presented in Part 1 of EN 1998 (the N2 method, Fajfar and Gaspersi¢ 1996) was
originally devised for planar, single-mode dominated structures, and makes use of two structure-
independent load patterns. Its extension to unsymmetrical buildings consists of a rather hybrid
procedure, whereby the applied loading pattern is still planar and structure-independent, and, to
account for the dynamic amplification due to torsion, the displacements on the stiff-strong side as
obtained from the pushover are increased by a factor based on the results of a spatial modal analysis.

Several more direct proposals are now available in the literature that can account for multiple modes
contribution, including of course torsional modes, and recourse to such methods is explicitly allowed
in a note of EN 1998-3 (note at 4.4.4.5). One of these methods, due to Chopra and Goel (2002,
2004), in spite of its inherent approximation which is common to all multi-mode methods (i.e., making
use of superposition of effects in the non-linear range, and also of the modal combination rules valid
for elastically responding structures), has shown to provide acceptably accurate results and offers the
advantage of being a rather straightforward extension of the original N2 method.

In this method a set of fixed loading patterns is considered, each one given by the product of the
mass matrix by one of the selected mode shapes (hence a spatial loading pattern). A pushover
analysis is carried out for each pattern with the maximum displacement obtained from the response
spectrum. All desired response quantities (member chord rotations and forces, joint principal stresses,
etc) are then calculated mode by mode and combined using the SRSS (or CQC) rule. The SRSS rule
can also be applied for combining the maxima due to the two horizontal components of the seismic

action, leading to the final expression for the generic scalar response quantity R :
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R=Re+y X" (Rie, ~Ref +(Rie, ~R.J 1)

where the summation is over the N considered modes, R, and R, are the values of the

response quantity for mode i due to the X and Y component of the seismic action, and R; is the

response under gravity load. This latter must be subtracted from those due to the seismic action,
since all the pushover analyses start after the application of the gravity loads. In general, the modal
responses in equation (7.1) must be evaluated for both signs of the load patterns, since

Re, #—Rg -

A problem arises with the use of equation (7.1)Error! Reference source not found. for the
determination of member forces, since the contribution of all modes are summed up with positive
signs, and this may lead for ex. to unrealistic demands in terms of bending moments as well as to
shear force values that are not in equilibrium with the bending moments at the member ends.

Equally unsolvable in rigorous terms is the problem of shear verification of columns, due to the
uncertainty in the evaluation of the normal force. A larger axial force increases the flexural strength at
the end, hence the shear demand (through equilibrium); on the other hand, it increases also the shear
capacity with ensuing uncertainty on the value of the ratio D/C.

An approximate solution to the last problem, in analogy with the definition of some damage indices or
the Miner's rule for fatigue, consists in evaluating the D/C ratio (i.e. the ratio V,(N,)/V4(N,)) for

each mode (conserving signs and not violating equilibrium or constitutive laws) and in using the modal
combination rule on these ratios. The verification would then be:

2 V(N VR (N)) <1 (72)

i=1,N

In practice the difficulties discussed above are often made less severe by the fact that for many
structures the response is predominantly governed by just one mode for each direction of the seismic
action, in which case the summation in equation (7.1) is little affected by the contribution of higher
modes. In the limiting case where only one mode would be significant for each direction of the seismic
action equation (7.1) would reduce to:

R=Rs+y(Re, ~Ref +(R,e, ~Ref (7.3)

7.5 \Verifications (Reinforced Concrete structures)

7.5.1 DEMAND QUANTITIES

For ductile members (beam-columns and walls in flexure) the demand quantity is the chord-rotation at
the ends, as obtained from the analysis, either linear or non-linear.

For brittle mechanisms (shear in member and joints) the demand quantity is the force acting on the
mechanism, to be determined differently according to the adopted method of analysis, as follows:

o For non-linear methods: the value of the force is that obtained from the analysis.

o For linear methods: the value of the force is the one transmitted by the adjoining ductile members
through equilibrium conditions, specifically:
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if the structure responds elastically (D;/Ci<1) the value of the force obtained from the
analysis;

if the members are in post yielding state, in the equilibrium condition the capacity of
the ductile members is calculated using mean values of the material properties
multiplied by the appropriate value of the CF.

7.5.2 MEMBERS/MECHANISMS CAPACITIES

The capacities of ductile members are calculated using the mean values of the material properties as
obtained from the collected information, divided by the appropriate value of the Confidence Factor.

In the case of brittle members the values of the material properties are further divided by the usual

partial factors.

The different procedures to be adopted for evaluating demands and capacities for the cases of linear
or non- linear types of analysis are illustrated in Table 7.5.1.

Table 7.5.1 Summary of the verification procedure for ductile and brittle mechanisms.

with strength of
ductile e/m.
Use mean values
of properties

factor.

multiplied by CF.

Linear Model (LM) Non-linear Model
Demand | Capacity Demand Capacity
Acceptability of Linear Model
(for checking of p, =D{/C; values)
From analysis. | In terms of strength.
Use mean values| Use mean values of In terms of
of properties in properties deformation
, model. i
Ductile —— - Use mean values of
From analysis. In terms of CF.
deformation. From analysis.
Type of Use mean values of | o
element or properties divided by values of
mechanism CF. ties i
(e/m) — _ properties in
Verifications (if LM accepted) model.
If o< 1: In terms of strength.
from analysis. | Use mean values of In terms of strength
If o> 1: properties divided by :
Pzl CF and bv partial Use mean values of
Brittle | from equilibrium yp

properties divided by
CF and by partial
factor.

7.5.3 VERIFICATION UNDER BI-DIRECTIONAL LOADING

A problem not explicitly dealt with in EN 1998-3 is how to carry out verification of both ductile and
brittle elements under bi-directional loading. This is the normal condition under which members are
subjected to due to the simultaneous application of multiple components of the seismic action, and
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the lack of guidance is the direct result of the lack of knowledge (theoretical, as well as experimental)
on the biaxial deformation and shear capacities at ultimate.

With reference to the deformation capacity, a limited experimental evidence (Fardis, 2006) supports
the use of an “elliptical interaction” domain at ultimate (Figure 7.5.1). Proceeding as for equation (7.2)
on a mode by mode basis, the bidirectional demand to capacity ratio (BDCR) would read:

2 2
BDCR - (ﬁ} +(ﬁ] (7.4)
92u,i 93u,i

where 6,,and 8,; are the contributions of the i-th mode to chord-rotations in planes 1-2 and 1-3 (axis

1 being the longitudinal one), and 6,,; = 6,,(N,) and @

3u,i

=0,,(N,) are the corresponding uniaxial

capacities at ultimate. Using the SRSS rule to combine the modal contributions the verification

consists in checking that ,/ZiN:l BDCR? <1.

=
>

93i 03u(Ni)

Fig. 7.5.1 Elliptical interaction diagram for chord-rotation at ultimate.

No comparable experimental evidence exists with regard an interaction domain for biaxial shear. It is
proposed to adopt a similar format as that of equation (7.4).

7.6 Discussion

7.6.1 INTRODUCTION

The experience of several applications to real cases carried out in recent years has provided precious
information on the practical applicability of EN 1998-3. The following discussion concentrates on one
central problematic aspect of this code, which it shares with all other available assessment
documents, i.e. the large dispersion characterizing the assessment outcomes. The sources of this
dispersion are explored and a possible consistent procedure for dealing with the problem is outlined.
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7.6.2 THE ANALYST’S DEGREES OF FREEDOM

As previously discussed, the present version of EN 1998-3 allows several analysis methods, together
with respective applicability criteria, though it does not provide either indications on aspects such as
nonlinear modelling, nor guidance on how to “aggregate” the results of the member-level verifications
into an overall quantitative measure of satisfaction of globally defined LS’s. It is on aspects like those
mentioned that different analysts may make choices that turn out to be consequential on the
assessment end results. This is shown in the next section, where a simple example of a plane RC
frame (Rajeev, 2008) is employed to highlight the latitude of the results that can be obtained.

7.6.3 VARIABILITY IN THE RESULTS OF NOMINALLY ¢“EQUIVALENT”
ASSESSMENTS

Figure 7.6.1 shows a six-storeys, three-spans plane RC frame. Beams have constant cross-section
250mmx700mm, while columns’ cross-section varies between 250mmx400mm at the top and
400mmx900mm at the bottom. Detailed information on sections and reinforcement details can be
found in (Rajeev, 2008). As far as materials are concerned, mean strength values are f. = 20MPa, f, =
275MPa, and f,, = 4.4MPa for the infills (a value that corresponds to clay hollow-core units with a void
ratio of about 45%, that have a modulus E,, = 750f,,). The analyses reported in what follows assume a
knowledge level KL3, which is paired with a CF=1.
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Fig. 7.6.1 Six-storeys plane RC frame.

The seismic assessment of the frame is performed fictitiously by a number of distinct analysts. Each
analyst is assumed to make independent choices on a number of aspects.

For the sake of illustration not all the admissible choices are considered within this example. They
refer only to response analysis, the input data and the shear strength capacity model. In particular five
choices are considered:

o Response: both non-linear static (NLS) and dynamic (NLD) are considered (larger
variability in the response might have been observed in case linear would also be
included). Dynamic analyses have been carried out with a suite of seven spectrum-
compatible records (Rajeev, 2008) that match the response spectrum used for the static
analyses (dynamic results are the average over the seven records);
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o Response: use of a standard fibre model with stable hysteretic behaviour, called basic modelling
(B), versus use of a plastic hinge with section stress resultant-deformation degrading laws in both
flexure and shear (the hinges drop load when flexural deformation reaches 6, or shear
deformation exceeds v,), denominated advanced modelling (A) The latter modelling option allows
to follow the sequence of local failures and their consequences on the global behaviour.

o Response: inclusion (T) or exclusion (NT) from the model of non-structural infill panels
strength/stiffness (non-linear modelling with equivalent bilinear compression-only struts with
degrading behaviour);

o Input data: two values (pmin and pnax) for the geometric percentage of longitudinal reinforcement in
the columns (values that are supposed to represent outcomes from two quantitatively equivalent
but differently planned test/inspections campaigns);

o Shear strength capacity model: use of two different models, one by Biskinis et al (2003) (BF)
which is included in the informative annex to EN 1998-3, the other by Kowalsky and Priestley
(2000) (PK).

It can be observed that several more sources of uncertainty could have been included, such as, e.g.,
geometrical dimensions of members, joint reinforcement patterns and joint response and capacity
models, floor slab mass, damping model and amount, etc.

It is apparent how a large importance is attached to uncertainty stemming from response-
determination, as three out of five of the considered choices are related to it. The motivation for this
weight comes from practical applications that have shown how, often, at nominal parity of information
on the structure and modelling options changing the analysis method, or within the same method,
changing the modelling options, leads to non negligible differences. In assessing the results
presented in what follows it should be noted that they have been obtained without changing the
software which in all cases is OpenSEES. Differences could have easily been larger in case different
modelling options and analysis methods were associated to different analysis packages.

Finally, before going through the results two remarks are due.

The first one concerns the adopted verification criterion. A single global quantitative measure is used,
which is considered to be more consistent with the verbal qualitative definition of the LS. The criterion
is formulated in terms of the floor drifts and, when shear failure is not included in the analysis (all
analyses with the B modelling option), also in terms of the member shear D/C ratio. The global D/C
ratio, called Y (Jalayer et al, 2007a,b) is defined as:

Y = max(maxﬁ, max i] (7.5)
floors Qu columnsVu
Y =max 2 (76)
floors Qu
Y = max max max@, maxw (7.7)
t floors Qu (t) columnsVu (t)
Y = max max @ (7.8)

t  floors Qu (t)

where expressions (7.5) and (7.6) hold for static analysis, with basic and advanced modeling,
respectively, while expressions (7.7) and (7.8) hold for dynamic analysis.

The second aspect concerns the choice of a model for the shear strength capacity different from that
provided in the Informative Annex of EN 1998-3. This choice is motivated by the fact that, since the
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Annexes are, as already mentioned, informative and several models exists for the shear strength of
RC members, an analyst may feel that a particular model is more suited for predicting the shear
strength of the particular structure under assessment.

Figure 7.6.2 shows the two portions of the tree used to represent the combination of the 5 binary
choices that have led to the 2°=32 alternative models/analysts. The figure shows also, beside the
corresponding “leaves”, the values of the global D/C ratio Y outcome of each assessment.

It is immediate to observe a large variation in the assessment outcomes, which fall in the interval
[0.200, 2.157]: the extreme values differ by an order of magnitude.

Fig. 7.6.2 Tree of analyses: for convenience of representation the full tree is separated into a
non linear static portion (NLS, left) and a dynamic portion (NLD, right).

Next, in order to gain more insight into the influence of each choice in differentiating the assessment
outcomes, the sample of 32 values of Y are considered iso-probable (no particular analysis is
considered more likely than the others) and their cumulative distribution function is constructed. In
particular, each of the following five plots shows the distribution of the 32 values as a reference (label
“‘Ref.”), together with two distributions of 16 values each, obtained by dividing the total sample
according to one of the five choices. Figure 7.6.3 shows the distribution obtained dividing by method
of analysis (left plot, corresponding to the two sub-trees shown in Figure 7.6.2) and geometric
reinforcement ratio (right). It can be observed how in both cases the distributions for the two subsets
do not differ from the reference in a significant way. This means that neither the analysis method, nor
the longitudinal reinforcement ratio of the columns provides significant contribution to the variability.
As a side comment the resulting low significance of longitudinal reinforcement (varying between 0.8%
and 1.2%) confirms results of previous analyses that have shown how, as far as limit states are
formulated in terms of displacement/deformation quantities, p and more generally pf, have a relatively
mild influence. In this particular case, moreover, the influence of this ratio is also masked by more
influential choices such as those shown in Figure 7.6.4.

Specifically, the distribution plots in this figure show that basic modelling is consistently conservative
(larger Y values) with respect to advanced modelling, as it is the EN 1998-3 shear strength model with
respect to modified UCSD model, and the absence of the infills. Concerning the latter it can be
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observed how the equivalent struts employed for their modelling have been connected to beam-
column joints rather than to internal column elements close to the joints, and hence they do not
directly contribute in increasing the column shears.

. ~ .
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Fig. 7.6.3 Empirical CDF obtained by aggregating results by analysis method and
reinforcement ratio.
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Fig. 7.6.4 Empirical CDF obtained by aggregating results by: modelling approach, shear
strength capacity model, and inclusion/exclusion of masonry infills.

Comment

From the particular example examined it is clear that major influence on the variability of the
outcomes is due to a number of fundamental uncertainties which are epistemic in nature. These are
related to knowledge gaps on the response and capacity of members and hence can only be reduced
through research in the mechanics, not by means of additional tests and inspections on the structure.
As a consequence these uncertainties should be considered irreducible for the analyst and
appropriately dealt with during assessment.

The next section outlines a possible procedure that starting from the recognition of the irreducible
character of the above uncertainties, treats them explicitly by means of the “logic tree” technique.

7.6.4 PROPOSED ALTERNATIVE

Figure 7.6.5 shows the general flow chart of an assessment procedure for existing RC structures. The
characterising elements of the procedure are:

o The reference analysis method is non linear. The role of linear analysis is that of a preliminary
tool. A linear analysis may turn out to be sufficient to express a judgement in those few cases
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where the structure possesses a clear over-capacity. In general, however, the function of linear
analysis is to provide an approximate indication of the distribution and magnitude of deformations
over the building height.

o Testing/inspections are planned based on the results of the preliminary analysis of the linear
model, and aim at acquiring knowledge on material properties, details and geometry in the most
critical areas, subject to the constraint imposed by the use of the building. It should be clear that
the location of the tests is more important than their number.

o Based on the acquired knowledge, alternative models are set-up which reflect the options
considered by the analyst to model uncertainties of the type presented in the previous section.
Each option is also qualified with a subjective probability (see later).

o The assessment outcome consists in an approximate probability distribution of the global D/C
ratio, from which statistics can be derived such as the mean, the dispersion, or a confidence
interval.
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Tests/inspections
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average return period
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Fig. 7.6.5 Assessment procedure.

One possibility of managing the multiple models and their results is to employ the logic tree technique
(NUREG, 1981). This is a statistical tool that allows the determination of the probability associated
with a combination of alternative choices represented in the form of a tree. In the tree each branching
point corresponds to one such choice, and each branch is assigned a subjective probability reflecting
the degree of belief of the analyst in the corresponding alternative. The probabilities at each
branching point sum up to one. The probability of the outcome at the end of the various branches (the
‘leaves”) is determined as the product of the probabilities of the preceding choices. The probabilities
of the leaves also sum up to one.

The application of the logic tree is illustrated with reference to the example frame introduced in the
previous section. The uncertainties considered in the construction of the tree are those that have
shown to have more significance, i.e. the modelling strategy, the shear strength model and the
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consideration of infills’ contribution to response. The subjective probabilities weighting the choices
are:

o Modelling: 0.6 for the advanced modelling, 0.4 for the basic one;
o Shear-strength model: 0.7 for EN 1998-3 model, 0.3 for the alternative one;
o Infills: 0.3 if present, 0.7 if absent.

Figure 7.6.6 shows the corresponding logic tree with assigned weight on the branches and the
resulting weights of the final leaves. The square boxes beside the final leaves report the
corresponding values of the global D/C ratio Y (all analyses are of the nonlinear static type and have
been run with the minimum value of the geometric reinforcement ratio of the columns). Figure 7.6.7
shows the distribution of the Y values, together with the second moments values.
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Fig. 7.6.6 Logic tree with indication of the probabilities assigned to each branch (over the
branch) and of the resulting probabilities of the final leaves (on the arrow connecting the leave
with the corresponding assessment outcome, reported within a rectangle).
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Fig. 7.6.7 Discrete probability distribution of Y.

The choices made for the alternatives and the corresponding subjective probabilities values lead in
this case to a mean value lower than one, which implies satisfaction of the limit state, associated,
however, with a relatively large value of the coefficient of variation, in the order of 50%.
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In order to asses, within the limits of the example at hand, the robustness of the procedure with
respect to the choice of the weights, mean and standard deviation of Y have been re-evaluated for
two different weights values: in one case all choices have been considered iso-probable, and in the
other one the weight attributed to the EN 1998-3 shear strength model has been raised to 0.9. Table
7.6.1 reports the results.

Table 7.6.1 Mean and standard deviation of Y for different weights assigned to tree branches.

Weights Mean Std. Dev. CoV
Initial weights 0.80 0.44 55%
Isoprobable choices 0.74 0.48 65%

Weight of EC8-3 shear model = 0.9 0.86 0.39 45%

The table shows that statistical parameters remain quite stable with respect to weights variations. This
fact, for how much is granted by the limited example, is important since the weights represent
subjective probabilities not always easily established. Further, even if the example does not allow to
demonstrate it, it is obvious that it is much more consequential for the procedure outcome, in that they
determine the Y values, what uncertainties are included in the tree, and the specific alternative
“levels” chosen for each branching point (e.g. in this example, the models selected as alternative
descriptions of the shear strength).

[.7 Conclusions

The paper provides a brief overview of selected aspect of Part 3 of Eurocode 8. This document is
characterised by several aspects that are in line with the present state-of-the-art in code-making,
including it being an explicitly performance-based, displacement-based document, with a formal
treatment of the epistemic uncertainty in the assessment. This structure makes it open to incorporate
future necessary progresses in several areas where knowledge is still sorely missing. A major stress
of the paper is in the attempt to highlight how the above knowledge gap leaves room for widely
differing assessment outcomes. The entire Discussion section is devoted to this issue and a possible
path to a solution is outlined.

Modelling uncertainty of epistemic nature is central to the assessment of an existing structure. The
approach presently included in the code deals with such a problem by introducing a discrete number
of so-called knowledge levels. At each level a value of the Confidence Factor is attached, value that
increases with decreasing knowledge of the structure.

This approach has a limitation. Epistemic uncertainties in the assessment are of two types. One is in
principle reducible through an increase in the testing/inspection activity, though in practice even such
activity is severely hindered by the limited accessibility of the relevant areas, and more generally the
continued use and integrity of the building. The second one, whose relevance is in many cases larger
than that of the first one, is not related to the building being assessed but, rather, to the mechanical
response and capacity models employed for the analysis. From the point of the view this kind of
epistemic uncertainty is irreducible.

Of the two types of epistemic uncertainty just described, the former is amenable to a description in
terms of random variables, representing e.g. material strengths, or reinforcement ratios, and hence
can be dealt with through partial (confidence) factors. Uncertainty of the latter type cannot be
overcome other than by introducing appropriately selected discrete alternatives for each of the most
relevant models, based on the analyst previous experience.
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An additional aspect that has been illustrated and commented in the paper can be at the origin of
large differences in the assessment outcomes. This aspect is the lack of bi-univocal relationship
between the qualitative definition of the ultimate limit states, which is clearly global, and the
quantitative verification criteria that are specified at the member-level. The choice between different
quantitative definitions of the global limit-state exceedance clearly belongs to the second type of
epistemic uncertainty and could therefore be easily included within the tree.

In conclusion, a possible solution to the problem of explicit consistent treatment of the epistemic
uncertainty could consist in replacing the current approach of the code, based on single analysis with
“reduced” material strengths, with a procedure such as that in Section 7.6, which requires multiple
analyses and employs a logic-tree approach to elaborate the results so as to obtain a statistical
measure of the effect of the dominant uncertainties on the assessment outcome. Such a procedure
would lead to an outcome which is both more reliable (the results would not be a point-estimate but a
mean qualified with a dispersion) and articulated (the set of individual results is quite informative and
allows a diagnosis on the factors affecting the outcomes).

The effort associated with such a procedure is recognisably larger than that required by the current
code format. The opinion that this a larger modelling/computational effort is unavoidable in the case of
existing structures is being increasingly accepted. The economic relevance of a more accurate and
reliable assessment needs not to be over-stressed, since it is the base for fundamental decisions on
the nature and impact of the structural retrofit interventions.
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