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Preface

This book aims to serve as an essential reference to facilitate civil engineers
involved in the design of new conventional (ordinary) reinforced concrete (r/c)
buildings regulated by the current European Eurocode 8 or EC8 (EN 1998-1:2004)
and EC2 (EN 1992-1-1:2004) codes of practice. It is addressed to practitioners
working in consulting and designing engineering companies and to advanced
undergraduate and postgraduate level civil engineering students attending modules
and curricula in the earthquake-resistant design of structures and/or undertaking
pertinent design projects. The book constitutes an updated and significantly
extended version of a textbook co-authored by the first four authors published in
2011 in the Greek language. The changes and amendments incorporated into the
current book discuss the recent trends in performance-based seismic design of
structures and provide additional practical guidance on finite element modelling
of r/c building structures for code-compliant seismic analysis methods.

It is emphasized that this book is neither a comprehensive text on the design of
earthquake-resistant structures nor does it offer a complete commentary on the EC8
provisions. To this end, it presumes that the “user”:

» Has sufficient knowledge of the fundamental concepts, principles, and methods
of structural analysis for both static and dynamic loads pertinent to the
earthquake-resistant design of structures and of r/c design

e Has access to and appreciation of the EC8 (EN 1998-1:2004) and EC2
(EN 1992-1-1:2004) codes of practice

The book is split notionally into two parts. The first part comprises the first three
chapters in which:

» The fundamental principles for earthquake-resistant design are introduced and
discussion and comments are included on how these principles reflect on the
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current EC8 (EN 1998-1:2004) code and on several international guidelines for
performance-based seismic design of structures (Chap. 1).

¢ Important practical aspects on the conceptual design, finite element modelling,
analysis, and detailing of code-compliant earthquake-resistant r/c buildings are
discussed and the relevant requirements prescribed by the EC8 (EN 1998-
1:2004) provisions are critically commented upon (Chap. 2).

¢ All the required logic steps, computations, and verification checks for the design
(seismic analysis and structural member detailing) of ordinary r/c buildings
according to the EC8 (EN 1998-1:2004) and EC2 (EN 1992-1-1:2004) are
presented in a sequential and methodological manner by means of self-contained
flowcharts and additional explanatory comments (Chap. 3).

The second part of the book (Chap. 4) includes three numerical example
problems, solved in detail, to illustrate the implementation of various clauses of
the ECS8 for the seismic analysis and design of three different multistorey buildings.
The properties and structural layouts of the considered buildings are judicially
chosen to achieve the necessary simplicity to serve as general benchmark structures
while maintaining important features commonly encountered in real-life design
scenarios. In this regard, these benchmark example problems provide for:

* A comprehensive illustration of complete and detailed numerical applications to
gain a better appreciation of the flow and the sequence of the required logic and
computational steps involved in the earthquake-resistant design of structures
regulated by the EC8

¢ Verification tutorials to check the reliability of custom-made computer programs
and of commercial finite element software developed/used for the design of
earthquake-resistant r/c buildings complying with the EC8

The book is complemented by an Appendix discussing the inelastic static
(pushover) analysis of the EC8 which is allowed to be used as an alternative method
to the standard equivalent linear types of analysis for the design of EC8 compliant
r/c building structures. In a second Appendix, the concepts of torsional sensitivity
are delineated using analytical formulae and numerical examples. Lastly, to further
facilitate practitioners, all requirements posed by both the EC2 (EN 1992-1-1:2004)
and the EC8 (EN 1998-1:2004) codes regarding the detailing of r/c structural
members are collected in a concise tabular/graphical format in a third Appendix.
Notably, pertinent selected bibliography is included at the end of each chapter to
direct the reader to appropriate sources discussing some of the herein introduced
material in greater detail.
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Chapter 1
Fundamental Principles for the Design
of Earthquake-Resistant Structures

Abstract This chapter provides a concise qualitative overview of the philosophy
for earthquake resistant design of ordinary structures adopted by relevant interna-
tional codes of practice, including Eurocode 8. The aim is to facilitate practicing
engineers with the interpretation of the code-prescribed design objectives and
requirements for the seismic design of ordinary reinforced concrete (r/c) building
structures which allow for structural damage to occur for a nominal design seismic
action specified in a probabilistic manner. In this regard, the structural properties of
stiffness, strength, and ductility are introduced along with the standard capacity
design rules and requirements. Further, the role of these structural properties in the
seismic design of r/c building structures following a force-based approach in
conjunction with equivalent linear analysis methods is explained. Emphasis is
placed on delineating the concept of the behaviour factor, or force reduction factor,
which regulates the intensity of the seismic design loads and ductility demands.
Moreover, the development and current trends in the emerging performance-based
design approach for earthquake resistance are briefly reviewed. Lastly, practical
recommendations to achieve higher-than-the-minimum-required by current codes
of practice structural performance within the force-based design approach are
provided.

Keywords Seismic design objectives ¢ Stiffness ¢ Strength « Ductility « Capacity
design ¢ Force-based design  Performance-based design < Behaviour factor

Despite minor differences, current codes of practice and guidelines regulating the
earthquake resistant design of structures share a common rationale in setting and
achieving the requirements for structural performance under strong earthquake
shaking. Developing a sufficient level of familiarity with this rationale, sometimes
called the “philosophy of earthquake resistant design”, is essential before
embarking on conceptual design for earthquake resistance followed by the required
structural analysis and detailing calculations prescribed by seismic codes of
practice.

In this regard, this first chapter aims to provide the reader with a concise
qualitative overview of the philosophy for earthquake resistant design as is cur-
rently implemented by codes of practice including Eurocode 8, hereafter EC8 (CEN

© Springer International Publishing Switzerland 2016 1
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2 1 Fundamental Principles for the Design of Earthquake-Resistant Structures

2004a). It further provides some recommendations as to how the current prescrip-
tive regulations and requirements can be used to address the more recent trends in
earthquake resistant design towards a performance-based approach. In this respect,
this chapter forms a basis upon which subsequent chapters focusing exclusively on
ECS builds.

In particular, Sect. 1.1 provides a brief introduction on the rationale of the
fundamental design objectives and requirements set by current codes of practice.
Section 1.2 introduces the common force-based seismic design approach adopted
by codes of practice to achieve the sought requirements for earthquake resistance.
Next, Sect. 1.3 provides a brief overview on the development and current trends in
the emerging performance-based design approach for earthquake resistance. Lastly,
Sect. 1.4 lists practical recommendations to achieve higher-than-the-minimum-
required structural performance levels as prescribed by current codes of practice
within the traditional force-based design framework.

1.1 Partial Protection Against Structural Damage
as the Underlying Design Philosophy for Earthquake
Resistance

1.1.1 The Uncertain Nature of the Seismic Action

The uniqueness of the earthquake induced (seismic) action compared to other
actions, such as gravitational live loads, which building structures must resist
during their lifetime, stems from the following facts:

1. Many important parameters of the seismic action affecting the structural
response are inherently strongly uncertain such as (Elnashai and Di Sarno 2008):

 the earthquake magnitude (related to the energy released along the seismic
fault),

« the focal (hypo-central) depth of the earthquake,

« the distance of the structure site from the source or the epicenter,

» the directivity, the frequency content, and the duration of the earthquake
induced ground motion at the foundation of the structure.

2. The probability of a certain structure being exposed to “extreme” seismic ground
motion accelerations (and to consequent “extreme” lateral inertial forces) during
its conventional lifetime (typically estimated to be 50 years) is relatively low due
to the considerable geographic (spatial) dispersion of high seismic intensities. In
other words, a severe (destructive) earthquake is considered to be a “rare” event
which will, most likely, affect a relatively small percentage of the structural
stock of a region or of a country. Still, its potential consequences to the built
environment may be too high to be neglected.
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1.1.2 Can an “Absolute” Level of Protection Against
the Seismic Hazard Be Achieved?

An important implication of the uncertain nature of the seismic action is that the
design and construction of structures that are “seismically invulnerable” under any
future earthquake is not practically feasible since the location, the time instant, and
the level of the earthquake-induced demand on the structures cannot be determin-
istically defined.

However, the expected level of earthquake ground motion can be quantified by
the seismic hazard in a given geographical area, which naturally, is expressed in a
statistical/probabilistic sense (McGuire 1995). To this end, the seismic intensity
that the structure is designed for according to current seismic codes of practice and
design guidelines (most commonly denoted as the “design earthquake™) is typically
defined in terms of the probability to be exceeded within a specific time interval
(e.g., 10 % probability to be exceeded in 50 years).

Further, the uncertain nature of the earthquake induced action on structures
necessitates making a critical decision regarding the desired level of protection
against structural damage. This is achieved by defining the minimum level of
protection or else, a minimum performance, in relation to prescribed specific levels
of seismic action, an issue that is further discussed in the following section.

1.1.3 Full and Partial Protection Against Structural Damage
Jor a Given Design Seismic Action

Let us assume that, based on appropriate seismological studies, the peak seismic
hazard of a certain region is accurately mapped and that the earthquake scenarios
corresponding to the “design earthquake” are determined for all structures within
this region in a statistical/probabilistic context. In deciding the sought level of
protection against structural damage for the above design earthquake, the perspec-
tive of different stakeholders need to be examined separately as explained below.

1.1.3.1 Regulatory Agencies and State Governments

From the authorities’ viewpoint, a requirement to design all structures to remain
elastic (i.e., undamaged) under the design (“rare”) earthquake, and therefore to
ensure full protection against structural damage for the design seismic action, is
considered to be economically prohibitive. Such a decision would involve channel-
ing excessive financial resources to address a relatively low risk in terms of
casualties compared to risks associated with other critical public functions (e.g.,
traffic safety). Further, it is believed that in many cases, mandating such a stringent
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level of structural safety may lead to “bulky” and aesthetically displeasing struc-
tures of reduced architectural functionality.

For these reasons, State authorities and regulatory agencies set forth minimum
requirements for the seismic design of structures described in the relevant building
codes of practice and guidelines which aim to compromise social welfare (i.e., life
and property safety) given reasonably limited financial resources. This is achieved
by adopting an acceptable level of protection against the seismic hazard, both in
social/psychological terms and in cost-effectiveness terms. To this aim, structures
are commonly classified into two categories: (a) ‘“special” structures, and
(b) “ordinary” structures.

For “special” structures (e.g., nuclear reactor complexes and petrochemical
facilities housing poisonous gas and liquid material), that is, for structures whose
potential damage, downtime, or even global instability and collapse, would nega-
tively affect large populations and the environment of large geographical regions
(Fig. 1.1), a zero structural damage requirement is prescribed. In other words, it is
required that these structures subjected to the design earthquake behave linearly and
hence achieve full protection against structural damage for the design seismic
action.

However, the requirement for full protection against the seismic hazard is
relaxed for the case of “ordinary” structures (e.g., residential, retail, and office
buildings, schools, hospitals, etc.), that is, for structures whose potential damage,
downtime, or even global instability/collapse, would affect inhabitants and the
environment within their immediate vicinity only, despite their -maybe- different
importance (Fig. 1.2). Such ordinary structures are allowed to exhibit a certain level
of inelastic behaviour and even to sustain irreversible plastic deformations (struc-
tural damage) under the design earthquake, which should not, however, lead to
partial or global structural instability/collapse (“partial” protection against struc-
tural damage for the design seismic action).

Therefore, structural damage under the design earthquake is considered accept-
able by State authorities for ordinary structures as long as the life of the occupants/
users of structures is not endangered (life safety requirement). In this manner, a
minimum allowed level of protection from the seismic hazard is set which, presum-
ably, constitutes a socially and economically acceptable compromise in prioritizing
limited available resources to meet public needs. In this regard, structural engineers
and infrastructure owners should be aware that the required level of protection
against the seismic hazard prescribed by seismic codes of practice constitutes solely
the lowest permissible limit (lower bound) of structural safety and that there is no
restriction in choosing to design a particular structure to achieve a higher level of
protection or of seismic performance, if so desired.

1.1.3.2 Building Owners

From the infrastructure owner’s viewpoint, a requirement to achieve higher than the
minimum level of structural safety against a nominal “design earthquake” set by
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Fig. 1.1 Special structures for which zero structural damage requirement is specified

Fig. 1.2 Global instability
(collapse) of an ordinary
multistorey residential
building under a strong
earthquake affecting the
neighboring structures

codes of practice is, by all means, legitimate. Of course, as the choice of a higher
level of safety against the minimum required by seismic codes is at the discretion of
the owner, the additional required construction cost is covered by himself and not
by the State. It has to be noted at this point that, as will be discussed in more detail
in Sect. 1.4, the additional cost of full earthquake protection is (i) not as high as is
often deemed, and (ii) does not necessarily lead to undesirably large structural
member sections and dysfunctional buildings.

1.1.4 Design Objectives and Requirements for Partial
Protection Against Structural Damage in Current
Seismic Codes of Practice

Allowing for structural damage to occur for a certain level of “design seismic
action”, lies at the core of all modern seismic design codes of practice for ordinary
structures. In this regard, code-compliant seismic design for ordinary structures, as
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defined in Sect. 1.1.3.1, requires a partial protection against structural damage. The
practical implementation of this seismic design philosophy can be qualitatively
framed via the three fundamental structural design objectives for earthquake
resistance, as prescribed in early seismic codes (see e.g., the commentary of the
Structural Engineers Association of California Blue Book (SEAOC 1967) which
introduced the general philosophy of the earthquake resistant design of buildings
that is still conceptually valid today). Each design objective can be implicitly
associated with a specific limit state as follows:

1. Structures should withstand minor levels of earthquake induced ground motion
without any damage to structural and to non-structural members. This design
objective sets a no damage requirement for frequently occurring earthquakes
during the lifetime of structures and corresponds to the “serviceability” limit
state.

2. Structures should withstand moderate levels of earthquake induced ground
motion with negligible (insignificant and readily repairable if deemed essential
for aesthetical reasons) damage to structural members. Damage to non-structural
members may occur (e.g., Fig. 1.3). This design objective sets a damage
limitation requirement for occasionally occurring earthquakes during the life-
time of structures. It defines a “quasi” limit state lying in between the service-
ability and the ultimate limit states which may be viewed as a “cost” limit state.

3. Structures should withstand major levels of earthquake induced ground motion
without collapsing. Damage to structural and non-structural members is accept-
able as long as it is not life threatening and the probability of partial or global
collapse is sufficiently low (e.g., Fig. 1.4). This design objective sets a no
collapse requirement for rare earthquakes with relatively low probability of
occurrence during the lifetime of structures. In reference to modern seismic
codes (i.e., ASCE 2010), it can be further approximately mapped onto a dual
requirement of “life safety” and collapse prevention, and corresponds to the
“ultimate” limit state.

A fourth design objective can be further added for the case of “important”
structures, whose unobstructed operation is essential in the aftermath of a major
seismic event (e.g., hospitals, conventional power plants, etc.) or whose collapse
entails significant social, economic, or cultural loss (e.g., schools, museums, etc.),
as follows:

4. Essential and large occupancy structures should withstand major levels of
earthquake induced ground motion with minor or insignificant damage to struc-
tural members. In other words, more stringent requirements from the “no-
collapse” requirement should be observed.

Note that the above (1)—(3) design objectives and related requirements are only

CEINNTS

qualitatively defined. That is, neither the limiting values of the “minor”, “moder-
ate”, and “major” earthquake shaking, nor the permissible levels of damage
corresponding to each of the above levels of the input seismic action are defined

in an explicit quantitative manner. In fact, conventional design of ordinary
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Fig. 1.3 Requirement for FERE_ ; ] |J
moderate level earthquakes: 4 ¢ %
damage to non-structural 3 ),

in-fill walls is acceptable,
yet only minor, repairable
damage to structural
elements is permitted

Fig. 1.4 Requirement for
major level earthquakes:
damage to structural
elements is accepted, yet
collapse probability must
remain sufficiently low

structures for earthquake resistance involves the consideration of only one seismic-
action-level (“design seismic action”) corresponding to a rare “design earthquake”,
typically defined as the one having a 10 % probability of being exceeded in
50 years, that is, having a return period of approximately 475 years (see also
Sect. 2.3.1). Next, a series of qualitative conceptual design rules, prescriptive
verification checks, and empirical local detailing requirements are considered to
ensure that the first three (1)—(3) performance objectives are met. In this respect,
current (conventional) seismic design practices for ordinary structures focus on the
no collapse requirement to ensure life protection for a nominal “design seismic
action” . Consequently, it is natural to expect that the structural properties of the
thus designed structures and, hence, their achieved level of structural safety exhibit
significant variability.

Despite their qualitative nature, the above design objectives illustrate the current
consensus of what is considered to be the acceptable (by Governments and Regu-
latory Agencies, but not necessarily by individual infrastructure owners) minimum
requirements of structural performance in seismically prone areas and are com-
monly adopted, with minor variations, by most modern seismic codes of practice.
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In this respect, EC8, in particular, prescribes the following two fundamental
requirements to be satisfied by ordinary structures constructed in seismic regions
with an adequate degree of reliability (clause 2.1 of EC8)

(a) No collapse requirement
“The structure shall be designed and constructed to withstand the design
seismic action defined in Section 3 without local or global collapse, thus
retaining its structural integrity and a residual load bearing capacity after the
seismic events.”

(b) 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 above two requirements are assumed to cover the three first seismic design
objectives (1)—(3). Further, in clause 2.1 of the ECS, the design objective (4) is also
covered, by requiring that an enhanced “level of reliability” in meeting the above
requirements is achieved depending on a classification of structures according to
their “importance” to communities. This increased level of reliability is accom-
plished by increasing the return period of the design seismic action, that is, by
increasing the considered design seismic loads (see also Sect. 2.3.1.1).

1.1.5 Stiffness, Strength, and Ductility: The Key Structural
Properties in Earthquake Resistant Design

In general, the fundamental seismic design objectives discussed in the previous
section are met by judicially equipping structures with adequate and appropriately
distributed (in plan and in elevation) stiffness, strength, and ductility (Villaverde
2009). Specifically:

— An adequate level of stiffness for the lateral load-resisting structural system is
required such that (i) under moderate earthquake shaking, the structure exhibits
small deformations and remains elastic (no damage to structural members
occurs), and (ii) under severe earthquake shaking (design seismic action), lateral
deflections are sufficiently small rendering the contribution of second order
phenomena negligible (see further Sect. 2.4.3.3). Furthermore, the distribution
of stiffness should be sufficiently uniform to avoid significant localized stress
accumulation at critical regions of structural members.

— An adequate level of strength for structural members of the lateral load-resisting
system is required, so that only insignificant, if any, damage is observed under
moderate earthquake shaking. Furthermore, the distribution of strength should
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be sufficiently uniform to avoid large differences between the observed demand-
capacity ratios across structural members (see further Sect. 2.4.4.1).

— An adequate level of ductility capacity is required (herein, “ductility capacity”
refers to the ability of a structure to undergo large inelastic deformations
without significant reduction of its stiffness and strength during repetitive
dynamic loading-unloading-reloading cycles). In such a case, local damage at
structural members induced by severe earthquake shaking (design seismic
action) exhibit a non-brittle (ductile) behaviour, and, thus, they do not lead to
a premature global structural instability/collapse. Furthermore, a proper distri-
bution of ductility within the lateral load-resisting structural system is required to
avoid the formation of kinematic collapse mechanisms under severe earthquake
shaking (see further Sect. 2.2.4).

The association of the (minimum) seismic design objectives with the above key
structural properties is summarized in Table 1.1.

Focusing on reinforced concrete (r/c) structures, it is noted that certain geometric
and/or material parameters may affect the value of more than one of the above
structural properties. Thus, it may not always be possible to modify these properties
independently at will. For example, increasing the longitudinal reinforcement
provided to an r/c beam without changing its cross-sectional dimensions increases
its flexural strength (yielding moment) as well as its (cracked and uncracked)
flexural stiffness. However, despite this fact, seismic codes typically allow for
using reinforcement-independent flexural and shear stiffness values in the (force-
based) design and analysis of buildings (see Sect. 2.3.2.1).

For seismic design purposes, it is instructive to represent lateral load resisting
structural systems of buildings in terms of total static lateral load (base shear)
versus top storey building lateral sway graphs (e.g., Fig. 1.5). This relationship is
commonly referred to as capacity curve and is an important proxy of the nonlinear
response of the structure. It is noted that the storey shears are applied according to
the corresponding profile of the modal forces along the direction of interest.

It is also recalled that the slope of the initial (pre-yielding) branch of these plots
is proportional to the (lateral) stiffness of the structural system and the peak attained
value of the base shear can be interpreted as the strength of the structure. Further,
for static loads, ductility is commonly quantified as the ratio u/u, of a nominal
peak elastoplastic displacement u,,, (€.g., translation, deflection, rotation, curvature,
etc.) signifying the initiation of collapse/instability over a nominal yield displace-
ment uy signifying the initiation of nonlinear material behaviour (yielding point). It
is noted in passing, that the above ratio might be in some cases a quite misleading
proxy of the seismic energy absorption. To illustrate this issue, let a structure be
characterized by ultimate and yield displacements ., and u,_, and another one
by Uor—2 = 2U;6¢—1 and uy,_» = 2u,_, respectively; both structures present the same
nominal ductility despite the fact that the latter structure may obviously absorb
more seismic energy in absolute terms (see further discussion in Sect. 1.2.1).

The capacity curve, as defined above, facilitates the interpretation and quantifi-
cation of stiffness, strength, and ductility properties of structures at the system level
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Table 1.1 Mapping of minimum design objectives for key structural properties for different
levels of earthquake shaking severity following the partial protection to structural damage
philosophy (see also Sect. 1.3.2)

Level of earthquake
shaking (return

Desirable structural

period) properties Minimum required design objectives
Frequent/minor Adequate and uniformly | No damage (serviceability limit state)

(~45 years) distributed stiffness

Occasional/moderate | ... plus adequate and Fairly limited readily repairable damage, if
(~75 years) properly distributed required. (cost limit state)

strength

Rare/major “Design
earthquake”

... plus adequate and
properly distributed

Extensive damage are acceptable, without
local or global collapse (ultimate limit state-

(~475 years) ductility life protection)
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Fig. 1.5 Capacity curves of structures with different stiffness, strength, and ductility properties

(reflecting the effect of multiple damage mechanisms at the local level). It also
renders possible the comparative assessment of different structural systems at initial
seismic design stages. To further illustrate this point, four base shear-top storey
displacement graphs A, B, C, and D corresponding to four different structural
systems are considered in Fig 1.5.

Systems A and B have different stiffness (i.e., slope inclination of the elastic
branch) and also different strength (V # Vp), yet the same ductility ratio ug_a/
uy_a. System C is stiffer and has greater strength compared to systems A and B
(Fc > Fa, Fp), but is significantly less ductile (i.e., more brittle). Finally, system D
has the same stiffness as system C, but is significantly more ductile and, thus, more
capable of resisting seismic input loads exceeding the strength of the structure as
will be explained in detail in subsequent sections.

It has to be noted herein that horizontal earthquake ground motions induce
lateral inertial loads to structures that are essentially time-variant (dynamic) and
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their attributes (e.g., intensity, distribution, etc.) depend on the dynamic character-
istics of the structure itself (e.g., natural frequencies, mode shapes, etc.). Since
ordinary structures are mostly designed (and, thus, are expected) to exhibit
nonlinear inelastic behaviour under the nominal “design seismic action”, the
seismic response of (yielding) structures is, ultimately, an inherently nonlinear
dynamic problem.

In the remainder of this section, certain practical implications due to the
nonlinear dynamic nature of the problem at hand are discussed from a design
viewpoint. The interested reader is referred to standard texts in the field of earth-
quake engineering and structural dynamics for a more elaborate treatment of the
following topics (Chopra 2007). It is further noted in passing that, apart from the
aforementioned structural properties, the choice of the lateral load-resisting struc-
tural system along with compliance with certain conceptual design rules are of
paramount importance in achieving the design objectives of Table 1.1 (see also
Sect. 2.1).

1.1.5.1 Dependency of Input Seismic Loads on Structural Properties

Important differences between static gravitational loads vis-a-vis seismic loads
considered in the design of r/c buildings are discussed below.

Within the range of linear elastic structural behaviour (prior to yielding):

— The distribution and intensity of static (gravitational) design live loads are
prescribed by standard building codes based on the purpose/usage of structures
(e.g., standard occupancy residential buildings, heavy occupancy public build-
ings, etc.). These loads are constant from the outset of the design process and do
not depend on the properties of the structural load-resisting system. Thus,
increasing the stiffness of a building would not alter the design static live
loading. Tt would only increase the self-weight (dead load) of the structure, as
stiffening is commonly accomplished by increasing the dimensions of structural
members or by adding new ones. It is further reminded that, for a given level of
live loads, a stiffer structural design generally achieves reduced displacements
and strains in structural members.

— The design seismic loading depends not only on the site-specific characteristics of
the design seismic action as defined by codes of practice (e.g., site seismic hazard,
local soil conditions, etc.), but also on the dynamic (modal) characteristics of the
lateral load-resisting structural system of the building under design (e.g., natural
frequencies, mode shapes, etc.). These characteristics depend, in turn, on the
stiffness, mass (inertia), and damping properties of the structure and their distri-
bution within the lateral load-resisting system. Thus, increasing the lateral
stiffness of a building would generally (though not always) alter (increase or
decrease) the design seismic load that the structure must be able to resist. For
example, increasing the stiffness of a rather flexible structure subjected to a given
design seismic load leads, most probably, to higher levels of stresses at structural
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members while it has a mixed effect on strains. In this regard, two adjacent
buildings of the same geometry and dead load but with different lateral load-
resisting structural systems (e.g., one with a relatively flexible moment resisting
frame (MRF) system vis-a-vis one with a stiffer coupled MRF-shear wall system)
subjected to the same strong ground motion will develop significantly different
base shear and, therefore, internal forces at structural members due to their
different dynamic characteristics with respect to those of the earthquake ground
motion.

Within the range of nonlinear inelastic structural behaviour (post-yielding):

— Static (design) gravitational loads applied to a building remain constant up to
local and/or global structural instability (building collapse). Although second
order effects may develop at large displacements and various force distributions
may take place, static loads themselves do not vary due to inelastic behaviour.

— The intensity and distribution of seismic loads applied to structures change
continuously beyond yielding. Stiffness is gradually reduced both at the member
and the system level; however, the intensity of the seismic loading in light of
structural nonlinear response may vary depending on the interplay between the
(modified) structural dynamic characteristics and the frequency content of seis-
mic motion.

Further details on the influence of inelastic structural behaviour on the input
seismic loads from the viewpoint of earthquake resistance design are pro-
vided in Sects. 1.2.1 and 1.2.2.

1.1.5.2 Structural Properties Influencing the Design for Earthquake
Resistance

The total mass (inertia) of ordinary r/c buildings depends mainly on the outer
dimensions (envelop) of the structure in plan and in elevation and on its intended
usage (e.g., standard occupancy, heavy occupancy, etc.). Therefore, although
ensuring a favourable (i.e., uniform) mass distribution within the lateral load-
resisting structural system of a building is an important consideration in designing
for earthquake resistance (see also Sect. 1.2.5), the total mass of ordinary r/c
buildings is not a property that can be significantly influenced at the seismic design
stage.

Further, the intensity of the damping forces, commonly assumed to be velocity
proportional (viscous damping model), depends on the structural material of choice
for the lateral load-resisting system. In code-compliant seismic design of r/c
structures, a 5 % of critical viscous damping ratio for all modes of vibration is
the usual assumption. Therefore, similar to the case of the total structural mass, the
intensity of damping forces resisting the seismically induced vibratory motion of
structures is not a parameter that can be controlled at the seismic design stage,
unless supplemental damping is introduced by means of special energy dissipation
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devices. However, the use of such devices falls within the non-conventional design
approaches for earthquake resistance, and as such, it is not addressed in this book.

In this respect, stiffness, strength, and ductility of structural members are the
main structural properties leveraging the earthquake resistant design of ordinary r/c
building structures (Lindeburg and McMullin 2014). To summarize:

— stiffness, mass, and (viscous) damping properties determine the natural frequen-
cies of vibration of linear structures (prior to yielding), which, in turn, determine
the intensity of the design seismic input loads.

— for design purposes, strength is assumed to coincide with the elastic limit of
structural behaviour above which the structure suffers permanent plastic strains
and, thus, structural damage. Such damage occurs locally at specific critical
regions of structural members where the flexural capacity of the section is
exceeded, thus forming a series of “plastic hinges”. Similarly, the shear capacity
of a section (or a beam-column joint) may also be exceeded leading to
unfavourable modes of brittle failure. However, special capacity design rules
are enforced in design to minimize the probability of the latter failure modes
which will be further discussed in Sect. 1.2.6. Large parts of the input seismic
(kinetic) energy can be absorbed at plastic hinges via hysteretic (inelastic)
mechanisms provided that sufficient ductile behaviour is exhibited. That is, no
premature failure takes place during strong ground shaking either locally, at
plastic hinges, or globally leading to structural collapse.

— ductility or ductile behaviour can be viewed as a means to dissipate the input
seismic energy through inelastic/hysteretic mechanisms of structural behaviour.
These mechanisms are activated by allowing the structure to yield in a controlled
manner (i.e., without leading to global instability/ collapse) and, thus, by
allowing the occurrence of structural damage under the design seismic action.
Conveniently, the latter consideration is in alignment with the adoption of partial
protection against structural damage philosophy of earthquake resistant design.
In fact, it is the ductility capacity property of structures that renders the partial
protection against structural damage philosophy practically possible and histor-
ically acceptable.

1.1.5.3 The Role of Ductility in Seismic Design

The role of ductility, that is, the ability of the lateral load-resisting structural system
to exhibit large plastic strains with no significant stiffness and strength degradation
during a large number of repetitive dynamic loading cycles, both at the system and
the component level, is crucial in designing for earthquake resistance (Fardis
et al. 2005; Elghazouli 2009; Bisch et al. 2012).

Specifically, in case a structure is designed to resist the design seismic action by
developing inelastic/hysteretic energy dissipation mechanisms (i.e., by allowing for
structural damage to occur — partial protection against structural damage for the
design earthquake), ensuring adequate and reliable ductile behaviour (ductility
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capacity) via appropriate local detailing and conceptual design considerations is of
paramount importance (Booth 2012).

On the antipode, in the case of a structure designed to resist the design seismic
action through linear behaviour on a strength-based design (full protection against
structural damage for the design earthquake), no special measures for ductile
behaviour are needed to resist the design earthquake. This may even be the case
for earthquake shaking levels beyond the design seismic action since a certain level
of inherent ductility capacity is always existent in r/c structures due to internal
section mechanisms able to absorb seismic energy. Apparently, for significantly
higher levels of seismic force, both the inherent and the additional ductility,
provided through capacity design and appropriate detailing, shall be mobilized,
hence the latter is deemed necessary to minimize the probability of collapse (see
also Sect. 1.2.6).

1.1.5.4 The Use of Reduced “Effective” Stiffness Properties for R/C
Structures

In the case of r/c structures, partial protection against structural damage entails that
significant concrete cracking occurs at certain regions of structural members (local
structural damage). Thus, the mechanical properties of structural members, and
especially their stiffness (in flexure, shear, tension/compression and torsion), dete-
riorate compared to the case of an “intact” structure with “uncracked” members.
The determination of this level of deterioration and its influence on the structural
member stiffness values to be used in seismic analysis in order to achieve realistic
results is an active area of research. Current codes of practice are taking into
account this influence in undertaking “equivalent linear” types of analyses by
considering reduced (“effective”) flexural and shear stiffness properties at structural
members compared to the uncracked values (see also Sect. 2.3.2.1)

1.2 Implementation of the Partial Protection Against
Structural Damage Seismic Design Philosophy
in Current Codes of Practice

The three fundamental seismic design objectives (1)—(3) of Sect. 1.1.4 correspond
to three different levels of seismic action associated with “frequent/minor”, “occa-
sional/moderate”, and “rare/major” earthquake events. Accordingly, one would
expect the design of ordinary structures to involve verification checks using three
separate sets of structural analysis results corresponding to the above seismic action
levels. Such a rigorous design practice would require explicit quantification of three
distinct levels of the seismic action at each site along with undertaking three

separate structural analyses of, perhaps, different type (linear elastic, nonlinear).
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Further, it would also require the prescription of appropriate design verification
checks and corresponding permissible criteria for each of these seismic action
levels.

However, the current consensus is that such an explicit three-seismic-action-
level design procedure would be too cumbersome and not readily applicable in
practice. Thus, with the exception of very few current codes of practice (e.g., the
Japanese code, (Midorikawa et al. 2003)), code-compliant seismic design of ordi-
nary structures involves one analysis for a single-seismic-action-level (“design
seismic action”) corresponding to the “no collapse” requirement. The bulk of
design verification checks, typically concerned with the ultimate strength of struc-
tural members, is performed for this single structural analysis run to ensure that the
life safety requirement is met.

Further, special “capacity design” rules are prescribed to achieve a sufficient
level of global ductile behaviour (see Sects. 1.2.5 and 1.2.6), along with local
detailing provisions to ensure local ductility capacity at critical regions of structural
members. It is implicitly assumed that capacity design provisions ensure the
no-collapse requirement for higher-than-the-nominal-“design seismic action”-level
earthquake ground motions without performing any additional quantitative
assessment.

Finally, certain verification checks corresponding to the “damage limitation”
requirement are also undertaken involving structural deflections and relative defor-
mations. These structural response quantities are determined without performing
structural analysis for an additional input seismic action level lower-than-the-
nominal-“design seismic action”. Instead, empirical reduction factors are applied
to numerical results obtained from the analysis for the design seismic action level to
implicitly account for the fact that damage limitation requirements correspond to a
“moderate” earthquake event. In this respect, the above code-compliant seismic
design framework, which is closely followed by EC8 among other international
seismic codes, may not be characterized as a “full-fledged” two-seismic-action-
level design procedure. However, it does constitute a “quasi” two-tier seismic
design procedure, as it includes verification checks for two different levels of the
seismic action (Fardis et al. 2005; Fardis 2009).

It is further noted that a force-based design approach is commonly adopted in
conjunction with the above framework. Consequently, the verification checks for
the no collapse requirement do not involve an explicit quantitative assessment for
structural damage assumed to occur under the design seismic action (Fardis 2009).
For the case of reinforced concrete (r/c) buildings, structural damage entails the
formation of localised “plastic hinges” at certain “critical regions” of r/c structural
members. Conveniently, the design verification checks specified by the herein
described design framework do not require determining the total number of plastic
hinges, their sequence of occurrence, and their overall distribution within the
structure. Further, no assessment of the severity of inelastic deformations at each
plastic hinge is mandated.

In summary, the force-based design approach for earthquake resistance com-
monly adopted by most of the current seismic codes relies on performing linear
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types of analysis for a single-seismic-action-level allowing for structural damage to
occur implicitly without any special provision to quantify the actual severity of this
damage. At the core of this approach lies the practice of defining the level of design
seismic action by means of a “design response spectrum” of reduced coordinates.
This issue is further discussed in Sect. 1.2.4 upon reviewing, in some detail, the
concepts of ductility capacity, ductility demand, force reduction factor (behaviour
factor), and overstrength.

1.2.1 Ductility Demand and Ductility Capacity

Allowing for a structure to sustain damage under the “design seismic action”
implies that, under this action, the structure exhibits significant inelastic deforma-
tions beyond its yielding deformation u, without collapsing (ductile behaviour).
This “demand” for inelastic behaviour posed by the design seismic action is
illustrated in Fig. 1.6 by the red line which plots the seismic input load versus the
exhibited structural deflection assuming a structure with elastic-perfectly plastic
behaviour under dynamic cyclic loading. On the same figure, a second plot is
included (green line) corresponding to a structure of equal stiffness which is
designed to remain linear (no structural damage occurs) under the same design
seismic action, assuming that damping is negligible.

Compared to the undamped structure exhibiting linear-elastic behavior, the
inelastic structure absorbs a significant amount of the kinetic seismic input energy
at each dynamic response cycle (loading-unloading-reloading) represented by the
area of the observed hysteretic loops (nofe: actual dynamically excited linear
structures possess inherent damping properties and, thus, they do dissipate a portion
of the seismic input energy during each dynamic response cycle without yielding).

There are two key considerations to achieve a design that utilizes the capacity of
a ductile structure to dissipate the seismic input energy by exhibiting hysteretic/
inelastic behaviour for a set design seismic action. The first one is that the structure
is designed for a seismic load Fy significantly lower than the load maxF,, that the
structure would have to be designed for to remain linear. For example, in the
particular case of Fig. 1.6, the inelastic structure is assumed to be designed for
F4=F,, where F, is the yielding strength of the structure. In general, the reduction
of the seismic design loads in the context of earthquake resistant design of yielding
structures is commonly quantified by the so-called force reduction factor:

R:maxFel/Fd. (11)

Depending on the assumed reduced design seismic loads (R > 1) compared to a
linear design (R = 1), a more or less substantial reduction to the initial construction
cost of the lateral load-resisting structural system might be achieved. For instance,
in the case of r/c buildings, assuming a force reduction factor significantly larger
than unity would result in considerable savings in longitudinal reinforcement for
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Fig. 1.6 Elastic-perfectly plastic system (red line) and corresponding elastic system (green line)
under the design earthquake (load-unload-reload diagram)

the same lateral stiffness, i.e., fixed dimensions of structural r/c members compris-
ing the lateral load-resisting system of choice.

However, as already noted above, structural designs for R>1 rely on the
available capacity of structures to behave in a ductile manner, that is, on their
ductility capacity. The latter constitutes the second key consideration in the earth-
quake resistant design of yielding structures: structures need to be conceptually
designed and detailed such that their ductility capacity is larger than the ductility
demand posed by the design seismic action. In this regard, it is important to
distinguish between ductility demand \germ and ductility capacity picap Of a structure
(or, similarly, of a cross-section, or of a structural member):

— Ductility demand pg,,, is the peak ductility (peak deformation/yielding deforma-
tion) that a yielding structure will exhibit under a specific earthquake induced
strong ground motion without any partial or global collapse. In other words, this
is the ductility “demanded” by the particular strong ground motion (seismic
action) to avoid failure. In this regard, ductility demand depends not only on the
properties of the structure, but also on the characteristics of the considered strong
ground motion (e.g., peak ground acceleration, duration, frequency content,
etc.).

— In case a structure exhibits inelastic behaviour without failing under a specific
earthquake ground motion, it can be stated that the ductility demand pge,, posed
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by this particular ground motion to the structure is smaller than the ductility
capacity ficap Of the structure. However, it is possible that the same structure fails
under a ground motion of different characteristics (even if the peak ground
acceleration remains the same). In the latter case, pgem > Hcap, that is, the
ductility capacity of the structure is not sufficient to meet the earthquake
ductility demand. The latter implies that the actual performance of the structure,
that is, the ratio between the ductility capacity and demand, depends on both the
properties of the yielding structure exhibiting strongly non-linear behaviour and
on the characteristics of the input seismic load (e.g., frequency content, dura-
tion, etc.). To further elucidate this point, consider a particular framed lateral
load-resisting structural system designed to develop ductile plastic hinges at the
ends of beams (primarily) and columns (well beyond the onset of structural
yielding) driven to a state of collapse (mechanism) under a strong ground
motion. It can be intuitively argued that the activation of its reserved (capacity)
ductility in terms of the number of plastic hinges developed to form the partic-
ular collapse mechanism, their location, and the energy dissipation at each of
these plastic hinges will depend on the characteristics of the induced strong
ground motion. It is noted, however, that the conventional approach in defining
the ductility capacity does not account for the dynamic nature of the seismic
input action. It usually considers the lateral force-deformation capacity curves of
yielding structures under statically applied incrementally increasing external
loads as shown in Fig. 1.5. Further details on the structural properties influencing
the ductility capacity of a structure are provided in Sect. 2.2.2.

An important conclusion from the above discussion on ductility demand and
ductility capacity is that a ductile structure designed to yield under the design
seismic action (R >1) should have a ductility capacity pc., larger or at least
equal to the ductility demand pge,,, imposed by the design seismic action to prevent
collapse.

1.2.2 The “Interplay” Between Ductility Capacity and Force
Reduction or Behaviour Factor

To gain further insight into the relation between the concept of ductility capacity
and the use of reduced design seismic loads adopting a force reduction factor R > 1
(or behaviour factor q > 1), consider a yielding structure exhibiting an ideal elastic-
perfectly plastic force-deformation relationship under a lateral statically applied
and incrementally increasing external “seismic” load (red line in Fig. 1.7). Conve-
niently, for the considered structure, the displacement ductility capacity can be
readily defined as the ratio of the peak displacement u,,, at which the structure fails/
collapses over the yielding displacement uy. That is,
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The peak lateral “seismic” design load (base shear) maxFy that can be under-
taken by the assumed elastic-perfectly plastic structure is equal to its (yielding)
strength F,. This base shear remains constant and equal to F, until the elastoplastic
deformation reaches the maximum value uy, at which the structure fails/collapses.

Further, consider an idealized linear elastic structure with stiffness equal to the
initial (pre-yield) stiffness of the considered non-linear structure (green line in
Fig. 1.7). The peak lateral load undertaken by this linear structure when it exhibits
an (elastic) deformation maxu, equal to the maximum elastoplastic deformation
U (equal displacements rule maxu.; = U,) is equal to maxF,;. Under this assump-
tion, the underlying force reduction factor R of the design lateral “seismic” load for
the non-linear structure is given by the expression

R = maxF, /F; = max F,/F,. (1.3)
Moreover, geometric considerations (similarity of triangles) suggest that
max Fo [Fy = max e/ uy = U/ Uy. (1.4)

Thus, by using Egs. (1.2), (1.3) and (1.4), the following relationship between the
force reduction factor and the ductility capacity is reached
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R = ey (L5)

In terms of terminology, the EC8 (§1.5.2(1)) uses the term “behaviour factor”
denoted by the symbol g for the force reduction factor R (Eq. (1.1)). It is further
noted that Eq. (1.5) holds only under the assumption of equal peak inelastic and
corresponding peak elastic displacements (maxu, = U,,). Veletsos and Newmark
(1964) provided numerical data involving response history analyses for a number of
recorded accelerograms, suggesting that Eq. (1.5) is a valid approximation for
relatively flexible elastic-perfectly plastic structures with fundamental periods of
oscillation T; (before yielding occurs) equal or greater than 0.5 s. In the same
pioneering work, it has been reported that, for stiffer structures (0.1 s <T; <0.5 s),
the “equal energy assumption” holds approximately, while for “almost rigid”
structures, it holds that maxF.; = F,. The above empirical observations lead to the
following relationships between the force reduction factor or q factor and ductility
(Chopra 2007):

u, Ty >0.5s (equal displacement rule)

g=1< V2u—T1,1s<T, <0.5s (equal energy rule) . (1.6)
1,T, <0.1s (equal force rule)

The third of the above relations suggests that very stiff (almost rigid) structures
should be designed to remain linear under the “design seismic action”. Further,
according to the second relation, there exists an intermediate range between almost
rigid structures and flexible structures for which the behaviour factor q is smaller
than the ductility u. Thus, allowing for structures whose fundamental natural period
(before yielding) lies within this range, to yield will result in smaller reductions to
the design seismic loads than for more flexible structures for which the “equal
displacement rule” holds.

It is noted in passing that more elaborate force reduction factor or behaviour
factor versus ductility capacity relationships than the one in Eq. (1.6) suggests have
been proposed in the literature based on extensive numerical results for structures
tracing various hysteretic force-deformation relationships and for earthquake
induced strong ground motions corresponding to different seismogenetic environ-
ments (Miranda 2000; Ruiz-Garcia and Miranda 2006). However, most of the
contemporary codes of practice, including ECS8, adopt Eq. (1.6) to define inelastic
“design” spectra of reduced spectral ordinates. These are derived by dividing elastic
response spectra with an assumed behaviour factor q. The thus obtained inelastic
spectra are used to represent the seismic input action for the design of yielding
structures as discussed in Sect. 2.3.1.2. Focusing on the elastic response spectrum of
EC8 (§3.2.2.2) and on the corresponding inelastic design spectrum of EC8
(§3.2.2.5), it is noted that the range of natural periods for which the “equal energy
rule” is assumed corresponds to a horizontal segment (flat plateau in Fig. 3.1 of
ECS; see also Fig. 2.20) which is limited to the right by the corner period T.. For
T > T, the “equal displacement rule” holds. For “Type 1” elastic response spectra,
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T, ranges within 0.4-0.8 s (Table 3.2 of EC8) depending on the soil conditions
(“ground type”).

In the remainder of this section, three different design scenarios are considered
in detail to further elaborate on the idea of “utilizing” (taking advantage of) the
available ductility (ductility capacity) of structures to reduce the design seismic
loads and, thus, to presumably achieve more economical designs. The three con-
sidered structures A, B, C follow an elastic-perfectly plastic force (base shear)-
deformation relationship under static lateral loads. They all attain the same initial
stiffness (before yielding) corresponding to T| > T, (equal displacement rule holds)
as shown in Fig. 1.8. However, they are characterized by different yielding
strengths Fyp and ductility capacities pcap—p (P=A,B,C). It is worth noticing
that, in the case of r/c structural members, codes of practice, including EN1992-
Part 1 (CEN 2004b), hereafter EC2, and ECS8, assume that their stiffness depends on
the dimensions of their (uncracked) cross-sections but not on the longitudinal steel
reinforcement. Thus, under this assumption, it is possible to vary the strength of a
structure assuming no change in its stiffness by varying the rebar without changing
the cross-sectional dimensions. Of course, in reality, an increase of the longitudinal
reinforcement does increase the flexural stiffness of r/c members, apart from their
strength. However, this influence is deemed minor for practical (force-based)
design and, therefore, is widely neglected. Similarly, the available ductility of r/c
structural members may be increased without noticeably affecting their stiffness,
e.g., through a denser arrangement of stirrups.

All three considered structures A, B, C are designed for the same level of “design
seismic action”, which is represented by the seismic load maxF,; undertaken by an
idealized elastic system of equal initial stiffness.

Structure A: No utilization of the ductility capacity (green line in Fig. 1.8)

Let the ductility capacity of structure A be pcap—a = Ugor—a/Uy—a > 1 (Fig. 1.8).
Suppose that the design engineer decides not to take advantage of the ductility
capacity of the structure in designing it for earthquake resistance. In this case, the
structure has to be designed to elastically resist the total design seismic action
maxF;, without yielding, i.e., maxue; <uy_,, and, thus, it is “demanded” that it
undertake a design load Fy o equal to maxF, (see also Fig. 1.7 for the case
maxue =Uy_a). That is, Fy_n=maxF, <F,_A, where F,_, is the yielding
strength of the structure. Thus, no reduction in the “elastic” seismic demand load
takes place and, consequently, the force reduction factor R 5 or the behaviour factor
qa is taken to be equal to the unity. Clearly, in this case no ductility demand is posed
to the structure (Ugem—a = 1) and, thus, pgem—a < Peap—a- It is emphasized that the
fact that no ductility is required from the structure does not mean that the structure
is brittle (i.e., does not possess any ductility capacity at all). It only means that,
under the design seismic action, the existing ductility capacity is not utilized to
resist the seismic loads. All the available ductility capacity is kept as a “reserve” for
seismic loads exceeding the considered design ones. This issue is further discussed
in Sect. 1.2.6.4.
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Fig. 1.8 Choice of different earthquake design levels A, B, C (‘earthquake protection levels’) for
a given design earthquake

Overall, the following conditions hold in the case of linear elastic design for
which no utilization of ductility capacity is foreseen for the design earthquake:

1= 9da = Hdem—~A S ﬂcupfA' (17)

Table 1.2 collects all important expressions listed above for the considered design
scenario of structure A.

Structure B: Full utilization of the ductility capacity (red line in Fig. 1.8)

Suppose that for structure B (Fig. 1.8), the design engineer decides to utilize its
ductility capacity Peap—B = Uio—/Uy—p in full to undertake the considered design
seismic action corresponding to the lateral seismic load maxF,,. In this case, the
design seismic load Fy_g (i.e., the base shear for which the analysis is to be
performed) will be smaller than the maxF,; and equal to the yielding strength of
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Table 1.2 Ductility capacity, behaviour factor, and design seismic load for the three design
scenarios of elastic-perfectly plastic structures of Fig. 1.8 for the same design seismic action
(maxFy))

Structure A Structure B Structure C
No utilization of ductility | Full utilization of Partial utilization of
capacity ductility capacity ductility capacity
Ductility capacity Heap—P | Heap—A = utnl—A/uy—A Heap—B = ulol—B/uy,B Heap—Cc = ulol—C/uy—C
(P=AB,0)
Ductility demand Hdem-a =1 Hdem—B = Usor—B/Uy_B Hdem—c = Up—c/Uy_c
Haem—p (P=A,B,C)
Behaviour factor gp 1 =qa = Hdem-A < Heap-a | 1 <AB= Hdem—B = Keap-B | 1 <dc = Haem—c < Heap—C
P=AB,0)
Design seismic load Fp | Fq_s =maxF <F,_, Fy_g=Fy_p=maxF./qg | Fy_c =Fyc = maxF./qc
P=AB,0)

the structure Fy_g. Using Egs. (1.5) and (1.6) under the equal displacement rule, the
following equalities can be written

Fd—B - Fy—B - maXFE‘l/qB = maXFel/:ucapr' (18)

Clearly, the utilization of the ductility capacity of structure B in full maximizes
the achieved reduction to the design seismic load (base shear) for a given design
seismic action. Thus, qg = pcap—p > 1. Further, in this case, the required ductility
demand is also maximized. That 1is, Hgem_p=qs and, consequently,
Hdem—B = Hcap—B- Overall, a similar set of conditions as in Eq. (1.7) can be written
for the case considered as

1< 4 = Kdem—B = :“(7(1pr' (19)

Table 1.2 collects all important expressions listed above for the considered design
scenario of structure B.

Structure C: Partial utilization of the ductility capacity (blue line in Fig. 1.8)

In this third scenario, the design engineer decides not to utilize the ductility
capacity of the elastic-perfectly plastic structure C, pcap—c = Uor—c/Uy—c, in full to
design for the considered design seismic action corresponding to the maxF,; load
(Fig. 1.8). Instead, only a part of the ductility capacity is utilized expressed in terms
of ductility demand as pPgem—c = Upi_c/Uy_c, Where Uy _c < Ugor—c. In this case, it
holds that pgem—c < Heap—c (see also Fig. 1.8). Further, under the equal displace-
ment rule, the corresponding idealized elastic structure undertaking a load maxF,,
under the considered design seismic action will exhibit a peak displacement maxu,;
which should be equal to up_c. Thus, using Eqgs. (1.5) and (1.6) under the equal
displacement rule, the behaviour factor qc can be expressed as (Table 1.2)
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Ge =maxF/Fy_c = maxXue/uy_c = tp—c/Uy—c = Pgom—c > 1. (1.10)

Finally, the design seismic load F4_¢ (i.e., the base shear for which the analysis
is to be performed) is equal to the yielding strength F,_ of the elastic-perfectly
plastic structure C, as in the previous design scenarios considered, and is deter-
mined by the ratio maxF.;/qc or maxFe/ptgem_c (see also Table 1.2).

In view of the previously considered design scenarios and the derived relations
shown in tabular form (Table 1.2), several important observations can be made:

— Behaviour factor q and ductility demand pg,,,
In all three cases considered spanning all possible design choices, the behaviour
factor q coincides with the ductility demand (q = pgem)-

— Minimum and maximum values of the behaviour factor q
Conceptually, the minimum value of the behaviour factor equals to unity
(minq =1), in which case it is “demanded” that the structure remains linear
(elastic) under the design seismic action. Further, the maximum possible value
of the behaviour factor, maxq, equals the ductility capacity (maxq = picap)-

— Maximum allowed value of the behaviour factor g
In the context of code regulated design of structures for earthquake resistance, a
maximum allowed value maxqy;o Of the behaviour factor q can be prescribed to
set an upper limit for the portion of the ductility capacity permitted to be utilized
to undertake the prescribed design seismic action. This upper limit ensures the
existence of sufficient ductility capacity reserves to resist seismic actions beyond
the “nominal” design one. That is, maxqajiow < Heap-

— Behaviour factor demand (qge,) and behaviour factor capacity (q.qp)
In analogy to the notions of “demand” and “capacity” to characterize ductility,
that is Pgem and picap, ONe may assign the same notions to the behaviour factor
g. The “behaviour factor demand” qge,, coincides with the behaviour factor q
adopted in analysis to reduce the seismic design load (force reduction factor). In
this regard, qgem 1S the required behaviour factor chosen by the designer, or
rather, “demanded” by the owner. The “behaviour factor capacity” qc,p is the
maximum value (maxq) that the behaviour factor can attain (e.g., in case of full
utilization of the ductility capacity to design for the design seismic action).

A collective consideration of the above observations yields the following
relations

mlnq =1 < Hdem = 9dem = 94 < max qajiow < qcap = maxq = pcap' (111)

In Eq. (1.11), the relation maxqaiiow < qcap 18 valid only if g =maxqaow, that is,
only if the q is selected to the maximum allowable value maxquow. If @ smaller
value is chosen for g, the actually available qc,, may well be smaller than maxdajiow-
Focusing on the specifics of ECS, it is emphasized that no particular distinction
is made between ductility demand and ductility capacity. Rather, EC8 refers to the
concepts of the behaviour factor q and of ductility p as defined in Table 1.3.
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Table 1.3 Definitions of behaviour factor and ductility according to EC8

Behaviour factor q: reduction factor of the spectral ordinates of the (linear) response spectrum
and, thus, of the lateral seismic loads corresponding to the design seismic action.

In this respect, as in EC8, the q is the “behaviour factor demand” (q = qgem) for which a
maximum allowed value maxqyow is defined depending on certain criteria (§3.2.5 of EC8)

Ductility p: ductility capacity (= picap)

ECS8 ensures that minimum levels of ductility capacity are achieved indirectly depending on the
classification of structures in three different Ductility Classes, Low (DCL), Medium (DCM), and
High (DCH). This is accomplished by prescribing a series of verification checks and require-
ments that any lateral load-resisting structural system must satisfy depending on the class it
belongs to.

From the definitions of Table 1.3, it can be concluded that the following
relationship should always hold within the context of earthquake resistant design
according to EC8

q <P = Hegpe (1.12)

The equality between behaviour factor and ductility in the above equation holds in
case full utilization of the ductility capacity of the structure is decided to undertake
the design seismic action (design scenario for structure B in Fig. 1.8). Then, q is set
equal to maxqaow and, thus, no actual distinction needs to be made between
ductility demand and ductility capacity since pgem = q = MaxXqaiiow = Heap-

However, it should be emphasized that choosing a behaviour factor equal to the
maximum allowed value prescribed by ECS is not mandatory. In fact, a smaller
value of g can be chosen down to the smallest nominal q = 1.5, that is prescribed for
structures designed to dissipate seismic energy. This corresponds to an almost
linear structural behaviour under the design seismic action, given the desired
level of utilization of the ductility capacity (design scenario for structure C in
Fig. 1.8) and the “overstrength” that actual structures possess, as is discussed in
the following section. It is noted herein however, that the relevant provision 5.2.2.2
(1)P of ECS8 is quite ambiguous, as it prescribes q = 1.5 as the lower bound value for
buildings designed to dissipate seismic energy via yielding, hence not explicitly
excluding the adoption of a behaviour factor g =1 towards linear elastic response
under the design earthquake without utilizing the overstrength resources. After all,
the designer is required to adopt a class of low, medium, or high ductility (DCL,
DCM, DCH), and, therefore, to specify measures for providing a certain level of
ductility capacity prior to the choice of the behaviour factor q. Thus, in any case, a
minimum ductility supply is always ensured (see also Sects. 3.1.3 and 3.1.4). It is
also noted that in certain European countries exposed to high seismic risk (such as
Greece and Cyprus for instance), the use of the Low Ductility Class is restricted by
the building importance and seismic zone as per the respective National Annex
provisions.
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1.2.3 The Relationship Among the Behaviour Factor,
the Ductility Capacity and the Overstrength of R/C
Buildings

The relationship between the total lateral seismic load (base shear) versus
top-storey lateral sway attained by actual r/c buildings traces a smooth curve
(“pushover” or capacity curve), as shown in Fig. 1.5 (see also Fig. 2.13). Conse-
quently, the lateral stiffness of r/c buildings, defined by the slope of the base shear-
lateral sway pushover curve, varies continuously with the observed sway as the
applied base shear increases. However, for design purposes, pushover curves are
commonly replaced by a simplistic elastic-perfectly plastic force-deformation law,
discussed in the previous section, following certain fit criteria (e.g., Luca
et al. 2013). In this respect, a constant pre-yield “effective stiffness” equal to the
ratio Fy4/uy, where Fy is the design seismic load (or design base shear) and uy is the
displacement corresponding to the load Fy, can be defined. An associated idealized
linear structure with stiffness Fy/uy can be also defined as shown in Fig. 1.9.

It is further noted that, in practical code-compliant design scenarios of r/c
buildings, several cross-sections are usually overdesigned for various reasons, a
common one being that the required reinforcement corresponding to the design
seismic load F, is smaller than the minimum reinforcement required by the code. In
this regard, the maximum “nominal” base shear F, that a structure can resist under
the assumption of an elastic-perfectly plastic force-deformation law is usually
higher than the design seismic load. That is, F, > Fy4 as depicted in Fig. 1.9. In
such cases, the behaviour factor q (or force reduction factor R) considering full
utilization of the available structural ductility capacity and under the equal dis-
placement rule assumption is written as (see also Fig. 1.9)

q = maxF, /F; = (maxFel/Fy) (Fy/Fd) = (maxuel/uy) (uy/ud)
— ey . (1.13)

where f is the overstrength ratio defined as

f=uy/ug > 1. (1.14)

Equation (1.13) delineates that, in the case of full utilization of the available
structural ductility capacity, the behaviour factor is equal to the product of the
ductility capacity times the overstrength. Clearly, for ideally brittle structures with
zero plastic deformation capacity (Uc,, = 1), the behaviour factor becomes equal to
the overstrength. This observation implies that the minimum behaviour factor minq
attained by actual structures is equal to the overstrength which, in turn, is always
greater than 1 (provided material strengths are not below specified values). In this
respect, Eq. (1.11) is revisited and amended as follows:
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1 < f= mlnq < Hdem = 9dem = 94 < maxdyjiow < qcap = maxq = pcap'

(1.15)

The levels of the available ductility capacity and the overstrength of actual

structures depend on many factors, and their relationship to the behaviour factor q
may be more complex than the one previously discussed which holds only for the
elastic-perfectly plastic force-deformation law. To this end, the most important
factors influencing the overstrength of r/c buildings are listed below:

1.

The difference between the actual yielding strength of the materials (concrete
and steel) used in construction vis-a-vis their nominal characteristic strength
assumed in design.

. The difference between the actual (“as-built”’) dimensions of structural members

vis-a-vis those assumed in the analysis.

. The difference between the actual reinforcement placed in structural members

vis-a-vis the required reinforcement area obtained from design calculations.

. The achieved level of concrete confinement at critical regions of structural

members using transverse reinforcement (stirrups).

. The contribution of non-structural elements (e.g., brittle infill walls) in resisting

lateral seismic forces which is commonly ignored in analysis.
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6. The conservative assumptions made in structural modeling (e.g., the adoption of
an approximate “flange width” for slab-supporting T-section beams vis-a-vis the
actual slab contribution to the flexural resistance of beams).

7. The use of conservative analysis methods (e.g., the use of the simplified lateral
load method as opposed to the response spectrum method).

It is noted that the observed overstrength in a typical r/c beam member may
reach the order of f=1.5 due to the factors (1)-(4). That is, the actual resisting
capacity of a beam under flexure is 50 % larger than the one it was designed for.
Further, the overstrength of the total lateral load resisting structural system can be
higher than the overstrength of its individual structural members due to the factors
(5)—(7). In this regard, it is emphasized that, in the context of seismic design of
yielding ductile structures, higher than anticipated levels of overstrength may not
be favourable, as is further explained in Sect. 1.2.6.2. To this end, the inherent
overstrength of structures is taken into account at design by specifying appropriate
values for the behaviour factor q. However, an accurate prediction of the
overstrength of real structures is hard to achieve and, thus, the contribution of the
overstrength to the behaviour factor is empirically quantified based on field obser-
vations in the aftermath of major earthquake events.

The values of the behaviour factor q specified by EC8 depend on numerous
factors and are discussed in detail in Sect. 3.1.4.

1.2.4 Force-Based Seismic Design Using a Linear
Single-Seismic-Action-Level Analysis

Most current codes of practice, including the EC8, adopt a force-based framework
for the seismic design of ordinary structures which relies on linear structural
analysis results for a single (design) seismic action level. In brief, the design
seismic action is represented via a response (design) spectrum with reduced spectral
ordinates according to the chosen force reduction factor R or behaviour factor q as
shown in Fig. 1.10 (Penelis and Kappos 1997; Chopra 2007; Meskouris et al. 2011;
Bisch et al. 2012; Fardis et al. 2014; Penelis and Penelis 2014). The thus defined
spectral values are proportional to the seismic design base shear for which the
structure is assumed to behave elastically even for the case of q> 1. For 1/c
structures, reduced (“effective”) cross-sectional mechanical properties (namely
flexural and shear stiffness) are assigned to account for the expected loss of stiffness
of structural members due to concrete cracking under the design seismic action.
In this respect, the above design framework assumes that only a portion of the
total design seismic input energy will be accommodated by means of linear elastic
structural response mechanisms. That is, by conversion to (i) kinetic energy through
elastic vibrations, (ii) elastic strain energy at structural members, and (iii) radiating
heat through friction-related phenomena captured by adopting the viscous damping
model. This portion corresponds to a (1/q) x 100% of the considered design seismic
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Fig. 1.10 Graphical representation (in design spectrum form) of the seismic energy dissipated
through yielding

action in terms of base shear (red line in Fig. 1.10). Consequently, the rest of the
design seismic input energy, corresponding to (1—1/q) x 100% of the design base
shear, must be dissipated by means of inelastic structural response mechanisms, as
illustrated in Fig. 1.10. Ideally, this should be achieved through hysteretic energy
dissipation at specific “critical” regions where “plastic hinges” are allowed to form.
For r/c buildings, proper local detailing rules are enforced at these critical regions of
structural members to avoid premature brittle types of local failures and to ensure
that large inelastic deformations take place without significant loss of strength and
stiffness (local ductile behaviour at plastic hinges). Further, certain global concep-
tual design considerations and capacity design rules are also imposed to ensure
relatively even distribution of plastic hinges in plan and in elevation at structural
members which are easier to repair and achieve higher levels of local ductile
behaviour. The general qualitative requirements for accomplishing ductile seismic
design for r/c buildings are further presented in Sect. 1.2.5. At this point, it is
important to highlight that no additional structural analysis steps are prescribed for
the quantitative assessment of the expected non-linear behaviour of the structure for
the case of q > 1 within the herein discussed force-based design framework.

In view of the above, it can be argued that selecting the value of the behaviour
factor q is the most critical consideration in code-compliant seismic design of
ordinary r/c buildings. Evidently, the prescribed by codes of practice behaviour
factor should be treated as the maximum allowed value that the designer can
choose. In this respect, it is instructive to discuss further the following two extreme
cases.

Selection of the minimum possible value for the behaviour factor (q=1)

This case corresponds to the design scenario A presented in Sect. 1.2.2. In this
case, the total design seismic load must be accommodated exclusively via elastic
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mechanisms and, thus, the design response spectrum (red line in Fig. 1.10) coin-
cides with the elastic response spectrum (green line in Fig. 1.10). Consequently,
structural members should not yield for the “design earthquake scenario”, com-
monly taken as the one having a probability of 10 % to be exceeded in 50 years.
Further, the overstrength and the (always existent though not explicitly quantified)
inherent ductility capacity (see Sect. 1.1.5.3) are reserved to partially ensure
collapse prevention for the non-negligible probability that a seismic event larger
than the design earthquake occurs. In this respect, it is advisable that, even in the
case of q=1, the designer ensures that some appropriate, readily achievable local
detailing measures are taken (e.g., denser stirrups at the critical regions of beams
and columns) or even capacity design at the structural joints is performed in order to
further increase -if only empirically- the inherent ductility so that sufficient ductility
capacity exists to prevent collapse for seismic loads significantly larger than the
design seismic action that might occur.

Selection of the maximum allowed behaviour factor (q = maxqajew)

This case corresponds to the design scenario C of Sect. 1.2.2. The value of
q=3.5is herein assumed as an indicative maximum allowed value for r/c buildings
(see also Sect. 3.1.4). As shown in Fig. 1.10, for ¢ = 3.5, more than 70 % of the total
seismic load must be undertaken via inelastic/hysteretic behaviour of the structure,
though in reality the existence of overstrength entails that the structure will accom-
modate somewhat higher seismic loads via elastic behaviour than what is assumed
in design (black curve in Fig. 1.10). In this case, structural members are allowed to
be designed for significantly less strength compared to the q =1 case, however,
sufficiently large ductility must be achieved under the design earthquake. It is
important to note that if the required level of global and/or local ductility capacity
is not exhibited (e.g., plastic hinges form within a single storey of the building
and/or premature failure occurs at plastic hinges formed due to poor local detail-
ing), the structure will collapse under the design earthquake. Thus, ensuring local
ductile behaviour at critical cross-sections along with proper global conceptual
design of the lateral load-resisting structural system are major concerns in design-
ing for large values of the q factor.

At this point, it is important to emphasize that plastic hinges may entail signif-
icant local damage as shown in Fig. 1.11 in need of repair in the aftermath of a
seismic event corresponding to the “design seismic action”. Depending on the
damage severity and on the location of plastic hinges, such retrofitting steps may
not always be cost-efficient and it may be the case that demolition of the damaged
structure is deemed preferable or even necessary. Clearly, such a non-negligible
likelihood should be taken into account in selecting the behaviour factor q at
the initial stages of the design process, as will be discussed in detail in Sects. 1.3
and 1.4.
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Fig. 1.11 Flexural damage observed at the end of a beam and at the base of a column

As a final remark, it is reiterated that, even for large values of the q factor for
which significant inelastic behaviour is expected for the design earthquake, “equiv-
alent” elastic types of analysis are allowed to be used within the herein discussed
force-based design framework (see also Sect. 2.4.3). Specifically, structures are
assumed to behave elastically considering “effective” reduced values for the pertinent
mechanical properties of structural members to account for local loss of stiffness due
to concrete cracking and spalling. For instance, clause 4.3.1(7) of EC8 states that, in
the absence of a more accurate analysis, the flexural and shear stiffness of all r/c
members can be taken to be equal to 50 % of the stiffness corresponding to the intact
(uncracked) members. Clearly, this is a quite crude assumption, as the use of a
cracked stiffness equal to 50 % of the gross stiffness does not account for whatever
different level of inelastic demand that the member may be subjected to depending on
the value of the behaviour factor used. Nevertheless it is an assumption inextricably
incorporated into the code-specified “equivalent” linear analyses for design seismic
actions reduced by the behaviour factor q. It is quite evident that the reliability of
such an “equivalent” linear analysis heavily depends on the “regularity” of the
lateral load resisting structural system. In turn, structural regularity entails that
damage in the form of plastic hinges formed under the design seismic action is
distributed in a relatively uniform manner within the lateral load resisting system in
plan and in elevation. In fact, structures are categorized as regular or irregular in plan
and in elevation based on certain conceptual design considerations (see Sects. 2.1.1
and 3.1.1). As a general rule of thumb, the following empirical limits apply regarding
the perceived degree of reliability of “equivalent” linear analysis methods:

— They are reliable for small values of the q factor (e.g., q < 2), for regular as well
as for irregular structures.

— They are reliable for large values of the q factor (e.g., q > 3), only for regular
structures.
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In the case of highly irregular structures undergoing large inelastic deformations
under the design seismic action, non-linear types of analysis should preferably be
performed, as further discussed in Sect. 2.4.1. These types of analysis account for the
local inelastic behaviour exhibited at individual structural members explicitly instead
of the consideration of a single scalar quantity (the force reduction factor or behaviour
factor q) to capture the inelastic behaviour at a global/structural level. However, the
capability of these non-linear methods to predict reliably the inelastic response of
heavily yielding structures depends on the proper modeling of local non-linear
material behaviour and the adequate representation of the input seismic action.
Therefore, as the implementation of such methods in practical design presents certain
limitations and assumptions (see Appendix A), the area is still open for further
research. It is the authors’ opinion that, at first instance, structural regularity along
with relatively small values of force reduction factor or behaviour factor should be
sought in the design of ordinary structures for earthquake resistance.

1.2.5 Additional Qualitative Requirements for Ductile
Earthquake Resistant Design

The adopted by current codes of practice force-based design framework presented
in the previous section does not involve quantitative assessment steps to verify
whether the fundamental seismic design objectives of Table 1.1 and the associated
requirements of structural performance are achieved. This is an important consid-
eration, especially in the case of adopting large values for the behaviour factor
g. Such a choice requires the designed structure to exhibit sufficient ductile behav-
iour, that is, to develop localized damage at plastic hinges exhibiting significant
inelastic deformations without local or global collapse, to resist the design seismic
action. In this regard, seismic codes of practice prescribe additional local detailing
and global conceptual design rules to ensure ductile behaviour by equipping
structures with adequate and appropriately distributed stiffness, strength, and
ductility properties, as discussed in Sect. 1.1.5. It is assumed that these rules ensure
that the following three fundamental sets of requirements for ductile structural
behaviour under the design seismic action are met.

(a) Maximization of the dispersion of the (kinetic) seismic input energy within the
lateral load-resisting structural system

The above requirement suggests that inelastic strain demands induced by the
design seismic action are evenly distributed across the entire structure. In this
manner, the severity of localized damage at each individual plastic hinge is
minimized. It is assumed that requirement (a) for ductile behaviour is met by
designing the lateral load-resisting structural system such that:

(1) structural simplicity (simple, clear, continuous and direct stress paths),
(ii) structural uniformity and symmetry (regularity in plan and in elevation),


http://dx.doi.org/10.1007/978-3-319-25270-4_2

1.2 Implementation of the Partial Protection Against Structural Damage Seismic. . . 33

(iii) diaphragmatic action of floors (in-plane perfectly rigid floors), and
(iv) strong foundation (elimination of differential displacements)

are achieved. A set of conceptual design rules and criteria discussed in Sect. 2.1.1
are prescribed to accomplish structural layouts observing attributes (i)—(iv).

(b) Prevention of global structural instability/collapse

The development of collapse mechanisms due to non-linear structural behaviour
under the design seismic action can be avoided by controlling the type and location
of local modes of failure/damage (see also Sect. 1.2.6 on “capacity design”). This is
mainly accomplished by ensuring that

(v) ductile modes of local failure (e.g., failure in flexure) precede brittle modes of
local failure (e.g., failure in shear and local buckling), and that

(vi) the relative strength of all “neighboring” structural members (i.e., structural
members framing at the same joint) is such that the sequence of plastic hinges
(local ductile failures) occur in a predetermined manner activating ductile
types of global mechanisms (see also Sect. 2.2.4).

Further, the probability of developing collapse mechanisms is also reduced by

(vii) supplying the lateral load-resisting system with a large degree of redundancy
allowing for the redistribution of stress demands upon each consecutive
formation of a new plastic hinge and, thus, for maximum utilization of
available strength in a large number of structural members.

(c) Maximization of seismic input energy dissipation

Energy dissipation through ductile (inelastic/hysteretic) structural behaviour is
maximized by ensuring that

(viii) structural damage occurs (i.e., plastic hinges are formed) at designated zones
of specific structural members which can potentially exhibit high levels of
ductility capacity, and that

(ix) the above designated zones are equipped, by means of proper local detailing
rules and practices, with the maximum possible level of ductility capacity to
eliminate the probability of a premature failure or of a brittle failure.

Focusing on r/c building structures, local brittle types of failure to be avoided
include failures due to shearing stresses, due to premature buckling of longitudinal
reinforcing bars and due to premature pull-out (loss of steel-concrete bond) of
longitudinal reinforcing bars because of insufficient anchorage length or lap splice.
The main desirable type of ductile mode of flexural failure involves yielding of the
longitudinal reinforcement under tensile stresses prior to concrete failure at com-
pression zones. Local detailing rules ensuring sufficient ductility capacity at critical
locations of structural members are discussed in Sect. 2.2.3 As a final remark, it is
emphasized that attributes (v), (vi), and (viii) are directly related and achieved
through capacity design whose rationale is discussed in the next section. Further
discussion on capacity design considerations are provided in Sect. 2.2.4.
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1.2.6 The Rationale of Capacity Design Requirements

The concept of “capacity design” involves a set of rules, requirements, and verifi-
cation checks defining a hierarchical designation of the types of failure modes and
their location within the lateral load-resisting structural system to maximize seismic
input energy dissipation through ductile behaviour (allowance of structural damage
without global collapse). In general, this is achieved by judicial assignment of
strength at structural members against different failure modes to control the number
and sequence of plastic hinges (ductile local failures) and to minimize the proba-
bility of occurrence of brittle failures.

The rationale of capacity design can be readily visualized by means of a plain,
statically determinate chain structure comprising links of different strength shown
in Fig. 1.12. The strength capacity of this chain (i.e., the peak static external force
that the chain can resist) is equal to the strength F of its weakest link. If this specific
link is brittle, the chain fails in a brittle manner, that is, suddenly, without exhibiting
any significant inelastic deformation first. However, if the weakest chain link is
ductile, then the chain yields under an externally applied force F prior to breaking,
exhibiting (large) plastic deformation. In the case of seismic/cyclic dynamic
applied loads, such a failure entails (large) dissipation of seismic/kinetic energy.

It is noted that the non-yielding links of the chain may not be brittle: they can be
ductile, similar to the weakest link, though they will remain elastic due to their
higher strength and, thus, will not dissipate additional energy, under an externally
applied force F (corresponding to the “design seismic action”). This is because, in
the case of the above considered statically determinate chain, a single local failure
results in global failure no matter what the nature of the local failure is. However,
actual r/c buildings are complex structural systems with large degrees of redun-
dancy (static indeterminacy) comprising a large number of inter-connected struc-
tural members (“links”). Therefore, a significant number of local (ideally ductile)
failures is required for the development of a plastic mechanism. In this regard, in
the practical case of actual r/c structures, the aims of capacity design are

— to avoid brittle modes of failure; and

— of all the possible plastic mechanisms that can be potentially developed in a
given structure, to achieve the formation of the one which maximizes the
dissipation of the seismic input energy.

The above aims are accomplished by appropriately detailing certain
predetermined “critical” zones of r/c structural members (commonly, the ends of
beams and columns and the base of shear walls) to dissipate the input seismic
energy via ductile behaviour. A significant amount of energy is dissipated at each of
these ductile zones (plastic hinges) by means of hysteretic mechanisms until
potential local “failure” takes place due to excessive plastic deformations causing
severe loss of stiffness and/or strength. The remaining “non-critical” zones of
structural members are designed for sufficiently high yielding strength to remain
elastic under the design seismic action. As they are not meant to yield under the
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Fig. 1.12 Fundamental concept of the capacity design

design seismic action, they are typically, yet not necessarily, less ductile than the
critical zones (strength “hierarchy”). Therefore, capacity design establishes a
hierarchy of zomnes within structural members according to their strength to
“drive” yielding and plastic deformations at designated locations which:

1. are more capable for hysteretic energy dissipation through proper local detail-
ing for ductile behaviour (e.g., the ends of columns will always be less capable
for ductile behaviour than the ends of beams due to the negative influence of
compressive axial loads to ductility capacity- see also Sect. 2.2.3),

2. are less important to the global structural integrity (e.g., columns are more
important structural members than beams in carrying lateral and gravitational
loads. For example, a moment resisting framed r/c building will collapse if
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plastic hinges form at the ends of all columns at a single storey. However, this
would not be the case if plastic hinges formed at the ends of all beams at the
same storey- see also Sect. 2.2.4), and

3. are easier to inspect and repair in the aftermath of a major earthquake (e.g.,
retrofitting the bottom side of beams is easier and less costly than retrofitting the
top of beams).

In view of the above, the well-known capacity design rule of “strong columns-weak
beams” prescribed and quantitatively verified by all contemporary seismic design
codes of practice (including EC8-clause 5.2.3.3) can be readily justified and
constitutes a valid example underpinning the concept of capacity design.

Further, given that, in redundant (statically indeterminate) structures, stress is
redistributed within structural members whenever a new plastic hinge forms, global
instability/collapse occurs after a sufficient number of plastic hinges have formed
and a plastic collapse (statically under-determined) mechanism has been devel-
oped. In this context, capacity design ensures ultimately that, out of all the possible
plastic mechanisms, the most ductile ones (i.e., the ones involving formation of the
largest number of plastic hinges) develop by establishing a strength hierarchy of
potential energy dissipation zones within structures according to the above three
criteria. Therefore, capacity design further establishes, implicitly, a hierarchy of
plastic mechanisms according to their achieved ductility, that is, their ability to
dissipate the seismic input energy before collapse occurs.

In the remainder of this section, a number of important remarks are made closely
related to the notion of capacity design and the underlying requirements for
resisting the seismic input action by means of local and global ductile behaviour.

1.2.6.1 The Role of Plastic Hinges as the Structure’s “Fuses” Against
Failure

It is emphasized that, upon choosing to design a structure for a behaviour factor
q > 1 (and especially for relatively large behaviour factors: q > > 1), the designated
zones for energy dissipation must be activated (e.g., plastic hinges must form
towards the development of a desirable ductile collapse mechanism) under the
design seismic action following the capacity design framework. In this manner, it is
ensured that the (1—1/q)*100 % of the input seismic energy (under the assumptions
made in Sect. 1.2.4) is dissipated in a reliable fashion. Zero or partial activation/
yielding of the designated energy dissipation zones (e.g., due to accidental over-
strengthening of potential plastic hinge locations during construction) indicates that
the intended design for q > 1 was inconsistent and, thus, unsuccessful since

— the developed yielding mechanisms may be unreliable for energy dissipation,
— the inelastic deformation demands are not properly controlled and may lead to an
undesirable (premature or even non-ductile) collapse mechanism, and
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— the probability of global instability/collapse is not kept at sufficiently low levels
for the design seismic action, let alone for the case in which the design seismic
action level is exceeded (see also Sect. 1.2.6.4 below).

In this respect, plastic hinges (local mechanisms for energy dissipation through
ductile behaviour entailing structural damage) of an r/c building structure exposed
to the design earthquake can be viewed as the system’s “fuses” which must “burn”
(be activated). In case they do not, the probability that the whole system “burns”
(i.e., the structure collapses) becomes high under the design earthquake. This is a
critical issue for ensuring the life safety requirement for q > 1 and is similar to the
way contemporary cars ensure life safety in the case of a major collision: the
passengers’ cabin is designed to be stiff to minimize deformations and to possess
high yielding strength (strong link) compared to a designated surrounding “yielding
zone” (ductile link). During severe collisions, the yielding zone is allowed to
deform severely to dissipate the energy of the impact while the cabin, i.e., the
critical element for life safety, remains intact.

1.2.6.2 Is Overstrength a Desirable Attribute?

It can be readily inferred from the previous discussion on the principles of capacity
design that overstrength does not necessarily offer additional safety — as widely
believed in the “pre-capacity-design-era” some decades ago — in case of seismic
design for q > 1. In fact, it may actually have negative consequences. For example,
placing additional longitudinal reinforcement (beyond that calculated in design) in
the beams of an r/c framed building due to inadequate on-site supervision during
construction may increase the strength of the beams to the point that columns at
joints yield first. This cancels the intended “weak beam-strong columns” classical
hierarchy of capacity design and may potentially lead to less ductile collapse
mechanisms and, thus, to premature global instability.

It is thus emphasized that unevenly distributed accidental overstrength among
structural members, which may occur due to factors such as poor workmanship at
construction or poor quality control of material properties, should by any means be
avoided for structures designed for large q factors. This is because it can potentially
jeopardize the intended strength hierarchy of structural members and energy dissi-
pation zones established by capacity design provisions. Specifically, unevenly
distributed overstrength may render seismic design of r/c buildings:

— Inaccurate (plastic hinges may not form at the desirable ductile zones for energy
dissipation),

— Inconsistent (actual seismic loads due to the design earthquake are higher than
those considered in structural analysis as discussed in Sect. 1.2.4), and

— Unreliable (a plastic mechanism of reduced ductility may develop leading to
premature global instability).
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Therefore, strict on-site supervision is deemed essential to ensure that as-built
cross-sections are consistent with capacity design considerations which, in many
cases, are counter-intuitive compared to the common conception: “the stronger, the
better”. The latter is valid only for seismic design scenarios adopting q =1 (linear
behaviour under the seismic design loads) for which capacity design rules are not
enforced.

1.2.6.3 The “Forgiving” Nature of R/C: Inherent Ductility Capacity

Arguably, ductility capacity of r/c structural members and structures plays the most
crucial role in the practice of seismic design for behaviour factors q well above
unity in conjunction with capacity design considerations. It renders possible the
resistance of the (design) input seismic action by hysteretic energy dissipation
through the development of significantly large inelastic deformations without
premature local or global collapse. Associated with their inherent ductility capacity
is the “forgiving” nature of r/c structures in resisting loads beyond their linear
behaviour (after yielding) without collapsing, a fact that has become known to the
engineering community through empirical field observations. In this context, the
empirically witnessed “forgiving nature” of well-engineered r/c structures is a
manifestation of their ability to redistribute high levels of stresses induced by
externally applied loads whose intensity may exceed the nominal design values.
This ability stems from the ductility capacity with which the design engineer has
equipped structural members by means of proper local detailing rules.

Accordingly, the usefulness of making a clear distinction at design stage
between ductility demand |y, posed by the (design) seismic input action and
ductility capacity Wi, that structures are equipped with by the design engineer,
through proper local detailing of energy dissipation zones and through application
of capacity design rules, is reiterated (see also Sect. 1.2.1). From the design
viewpoint, ductility demand is “mapped” onto the behaviour factor q=qgem
adopted to reduce the input seismic loads and to define the amount of energy that
must be dissipated by the structure through inelastic/ductile behaviour for the
design seismic action. Further, ductility capacity is “mapped” onto the highest
possible behaviour factor maxq = qc,p that could be chosen to reliably resist the
design seismic action through ductile behaviour and energy dissipation. In this
regard, the fact that one may choose to adopt a relatively low behaviour factor, say
q=1.5, to design an r/c building does not necessarily mean that the ductility
capacity of this building and its ability to dissipate energy through reliable hyster-
etic energy dissipation mechanisms is equally low. The design engineer can still
take appropriate local detailing measures to ensure ductile behaviour at “critical”
zones of expected high stress demands, if so desired. In such cases, the “forgiving
nature” of r/c structures (i.e., their inherent ductility capacity) can significantly
contribute towards meeting the no-collapse design objective for input seismic
action levels greater than the design seismic action, as is further discussed in the
following section.
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1.2.6.4 The Role of Ductility Capacity to Resist Seismic Loads Beyond
the Design Earthquake

Although reasonably low (see Sect. 1.1.2), the probability of occurrence of an
earthquake that exceeds the nominal “design earthquake” is non-negligible, as
shown by recent destructive seismic events (Athens/Greece 1999, Kocaeli/Turkey,
1999, Christchurch/New Zealand 2011, L’Aquila/Italy 2012, Cephalonia/Greece,
2014). It can be argued that an r/c building structure designed for a behaviour factor
q=1 (i.e., linear behaviour under the design earthquake) may be capable of
resisting seismic loads corresponding to as high as an actual earthquake quite
stronger than the design earthquake without collapsing with the stipulation that
some basic detailing measures for local ductility at “critical” regions of structural
members are taken. This argument is based on extensive field observations and
empirical evidence in the aftermath of moderate-to-major seismic events involving
old under-designed (code-deficient) r/c structures. Specifically, well-engineered 1/c
structures, designed and constructed according to well-known “best practices”, are
far from being brittle. In fact, even without applying capacity design rules at a
member level, the structures possess sufficient inherent ductility capacity as a
whole (ability for hysteretic energy dissipation) which, along with the overstrength,
may correspond to an “available” qc,, behaviour factor larger than 1, provided that
relatively closely-spaced stirrups are placed at the ends of structural members.
Although no explicit quantitative research results are provided in the international
literature, the inherent ductility reserves of such designed structures may reach, in
the authors’ opinion, values in the range of qc,, = 1.5 < 2.0, thus being able to avoid
collapse for actual earthquakes up to 1.5-+2 times stronger than the design
earthquake.

On the contrary, an r/c structure designed for a large behaviour factor, say q =4,
will sustain significant plastic deformations under the design earthquake (e.g., up to
4 %o concrete compressive strain and 10 %o or more steel tensile strain at plastic
hinges) and it is unlikely that it will possess sufficient ductility capacity reserves to
meet the ductility demand of a stronger earthquake, say 1.5-2 times stronger than
the design one. This is because a capacity behaviour factor q.,, equal to about 6 + 8
(i.e., 4 x 1.5 to 4 x 2) or more may not be readily achievable in practice.

Therefore, it can be argued that, for seismic action levels beyond the design
earthquake, r/c structures designed for q =1 (or 1.5, depending on the interpretation
of EC8 — see end paragraph of Sect. 1.2.2 above) attain a higher probability of
meeting the non-collapse requirement (provided that some basic measures for local
ductility capacity are taken), compared to structures designed for large behaviour
factors (e.g., q=4) following the code prescribed detailing and capacity design
rules for ductile behaviour. However, in the authors’ opinion, it is preferable to
design, apart from the selected ductility class, for low values of behaviour factor, as
this provides additional strength to the structure (see also recommendations in
Sects. 1.4 and 3.4), with the exception of very stiff structures. Such considerations
ensure sufficient reserves of ductility capacity to resist seismic loads beyond the
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design earthquake within the context of the force-based design framework
presented in Sect. 1.2.4. It is further emphasized that very stiff r/c building
structures whose lateral load resisting system comprises a large number of strong
walls follow the motion of the ground as almost non-deformable rigid bodies under
earthquake excitations. In this case, ductility demand is probably lower and, thus,
ductility capacity is not a major design concern. Such structures need to be designed
for low behaviour factor to ensure that walls are sufficiently strong to resist the
seismic loads assuming linear behaviour. In this case, most likely, the accommo-
dation of tensile stresses at the foundation of walls becomes a critical design issue.

As a final remark, it is recommended that design/structural engineers bring to the
attention of the owners that designing for the maximum allowed behaviour factor
prescribed by current codes of practice entails the development of severe structural
damage for a future “major” seismic event. Such a design achieves only “partial”
protection against structural damage for the design seismic hazard and may incur
considerable repair costs and downtime, while the probability for an enforced
demolition in the aftermath of a seismic event exceeding the nominal design
earthquake is likely. Further, they should stress that, although an “absolute”
protection against the seismic hazard is unattainable, a “full” protection as defined
in Sect. 1.1.3 can be achieved, if so desired, by adopting a relatively low behaviour
factor value (e.g., q<1.5) within the standard force-based design framework
prescribed by seismic codes of practice. Reference to alternative quantitatively
equivalent ways to achieve improved structural safety margins for “major” seismic
events within the above framework is made in Sect. 2.3.1.3.

To conclude this section, it is emphasized that, in view of the above presented
material, a thorough appreciation of the seismic design philosophy underpinning
the current codes of practice is equally important to the implementation of code
prescribed analysis and detailing steps in elaborating structural designs that satisfy
the fundamental design objectives of Sect. 1.1.4. Developing such an appreciation
allows for forming well-qualified conceptual design layouts with adequate and
properly distributed stiffness, strength, and ductility properties in plan and in
elevation which significantly facilitates the purpose of meeting the code specific
design requirements.

1.3 The Concept of Performance-Based Seismic Design: A
Recent Trend Pointing to the Future of Code Provisions

1.3.1 The Need for Performance-Based Seismic Design

In recent decades, several catastrophic earthquakes incurring significant human and
economic losses (e.g., Loma Prieta/California 1989, Northridge/California 1994,
Kobe/Japan 1995, Izmit/Turkey 1999, Athens/Greece 1999, L’ Aquila/Italy, 2009,
Fukushima/Japan 2011) have questioned the sufficiency and the reliability of the
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partial protection against structural damage philosophy for earthquake resistance
(see Sect. 1.1.4). The latter is adopted by most current codes of practice and is
implemented through the force-based design procedure discussed in Sect. 1.2.4. It
involves the utilization of a considerable portion of the ductility capacity of
structures to resist a nominal “design earthquake” (especially in case the largest
allowable behaviour or force reduction factor is selected at design) by allowing for
a certain level of inelastic deformations (structural damage) to develop which
should not jeopardize the local or global structural stability. In this respect, the
successful implementation of the above seismic design philosophy, especially with
regards to the critical issue of collapse prevention, relies on two basic conditions:

— Sufficient site-specific seismological data exist to define the “design earthquake”
in a reliable manner (within a statistical framework), and

— Sufficient quality control applies to ensure consistency and to meet best practices
in all phases of the production and operation of r/c building structures, including
the design process, the construction, and the maintenance.

However, certain recent seismic events have made clear that the above conditions
cannot always be considered as fulfilled. Specifically,

(A) For many regions, limited or no historical evidence exists of earthquake events
having occurred in the distant past which might have been of significantly
higher intensity than recently recorded ones. Noticeably, several recent high
intensity earthquakes took place in regions classified to be of relatively low
seismic risk (e.g., Athens/Greece 1999, L’ Aquila/Italy 2009, Fukushima/Japan
2011, Christchurch/New Zealand 2011).

(B) There is a lack in the required quality control of building materials used and in
the on-site inspection during construction phase which ensure that cast-in-place
ductile r/c structures are built-as-designed. This is especially true in several
seismically prone developing countries for various historical, cultural, or even
political reasons.

The above two sources of uncertainty explain, to some extent, the significant
structural damage observed and human casualties incurred in recent destructive
earthquakes, even in cases of structures with considerable member ductility
(Fig. 1.13).

Besides the above listed points (A) and (B), there are further important practical
issues which question the appropriateness of adopting a partial protection against
structural damage seismic design philosophy, as detailed below:

— The high concentration of human population and activities within a relatively
small number of urban centers has led to high-density of well-localized large
investments in building structures which will unavoidably result in ever greater
economic losses in the case of major earthquake events well beyond the design
earthquake, due to expected structural damage or, even worse, to unexpected,
but likely to happen, building collapses.
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Fig. 1.13 Structural collapse of a parking station during the Loma Prieta earthquake (source:
http://ghestalt.egloos.com/2530520)

The rise in the World’s average living standards during the last few decades and
the perceived capabilities of today’s level of technology have led to a steadily
increasing intolerance for accepting the possibility of large economic loss due to
natural disasters such as earthquakes.

As the cost of materials decreases inversely proportional to labor costs, adopting
a partial protection against structural damage seismic design approach may not
be as cost-saving compared to a full protection against structural damage as in
past decades. Further, the availability of novel building materials (e.g., high-
strength r/c) and advancements in conceptual and architectural design provide
more options for aesthetically pleasing structures designed to remain linear
under the “design earthquake”.

Last but not least, it is reiterated that the State and/or pertinent regulatory
agencies set, via seismic codes of practice, the minimum allowable limits of
structural safety against the seismic hazard, leaving the choice for a higher safety
level open to the structure’s owner. Further, it is natural to expect that commu-
nities and non-expert individuals assume that contemporary code-compliant
“earthquake resistant” structures are “earthquake-proof” and should suffer zero
damage during earthquakes corresponding to the nominal “design earthquake”.
Therefore, why should the design structural engineer take the responsibility of
applying the minimum accepted level of seismic safety to a structure by adopting
the code-specified (maximum) value of behaviour factor? The choice of the
achieved safety level of a structure, entailing certain cost and “risk” consider-
ations, should normally be with the “client”, that is, with the owner.

During the past two decades, the above issues and concerns have led to the

development of a new earthquake-resistant structural design approach, which


http://ghestalt.egloos.com/2530520

1.3 The Concept of Performance-Based Seismic Design: A Recent Trend Pointing. . . 43

leaves space for more options in defining the behaviour or the performance of a
structure against different levels of seismic excitation (Fajfar and Krawinkler
2004). Termed performance-based seismic design (PBSD), this emerging approach
for structural design allows for owners of structures or competent authorities to
select as a design objective for a given structure a set of different structural
performance levels dependent on the level of seismic hazard and on the “impor-
tance” of the structure. PBSD further provides tools to design engineers to ensure
that these performance levels are met for each considered level of seismic input
action. PBSD has already been adopted by most contemporary codes of practice
regulating the seismic assessment and upgrading of existing code-deficient struc-
tures but is not yet widely considered sufficiently mature for the practical seismic
design of new ordinary structures.

The following section presents briefly the underlying philosophy of PBSD, while
the subsequent section discusses the most recent guidelines adopting the PBSD
approach for new structures which are expected to influence the next generation of
codes of practice.

1.3.2 Early Guidelines for Performance-Based Seismic
Design and Their Relation to the Traditional Design
Philosophy

Performance-based seismic design (PBSD) comprises a set of organized principles,
rules, methods, and criteria (qualitative and quantitative) aimed at designing struc-
tures with a specified seismic behaviour (performance) for one or more level(s) of
seismic input action. The need to develop such a design approach was triggered by
discussions and concerns raised in the US in the aftermath of certain destructive
earthquakes that took place in the late 1980s to mid-1990s that caused unexpectedly
high economic losses to major metropolitan areas (e.g., Loma Prieta/California
1989, Northridge/California 1994, Kobe/Japan 1995). It was then realized that,
even though the conventional partial protection seismic design philosophy (see
Sect. 1.1.4) as implemented in codes of practice (see Sect. 1.2) offers reasonable life
safety against major earthquakes, the cost of damage repairs, downtime, and
relocation of business and commercial activities in densely populated urban regions
of developed countries is unacceptably high. To this end, a demand for a flexible
design philosophy for earthquake resistance to achieve specific structural perfor-
mance for several different levels of seismic hazard emerged. Under the supervision
of the Federal Emergency Management Agency (FEMA) in the US, the above ideas
were put on paper in the Vision 2000 document back in 1995 (SEAOC 1995) and
have been evolving ever since in the form of guidelines and commentaries for
practicing engineers e.g., ATC-40, FEMA-273 (FEMA 1997), SAC/FEMA-350
(SAC/FEMA 2000), ASCE-31 (ASCE 2002), and ASCE-41 (ASCE 2007). These
series of guidelines focus on the seismic assessment of existing (older) code-
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deficient structures expected to exhibit severe inelastic behaviour under major
earthquakes in order to rationalize rehabilitation (retrofit and/or upgrade) decisions.
Nevertheless, the philosophy of PBSD is also pertinent to the design of new
structures, as is further explained below.

In the context of PBSD, a series of discrete levels of (potentially desirable by
owners) seismic performance of structures is defined qualitatively. These perfor-
mance levels correspond to different limit states of (tolerable) structural damage
described in detail. As an example, Table 1.4 lists the performance levels for the
seismic assessment and rehabilitation of existing code-deficient structures defined
in the FEMA-356 (FEMA 2000) pre-standard and in the Greek National Annex of
EC8-Part 3 (CEN 2004c; Hellenic Organization for Standardization 2009) which
will be put to force along with the already in force, Greek Code for Seismic
Interventions C.S.I. (Earthquake Planning and Protection Organization (EPPO)
2013).

For visualization purposes, the seismic performance levels of Table 1.4 are
pictorially represented in Fig. 1.14, for a typical r/c building with brittle (brick)
infill walls on a typical base shear vs. top storey displacement graph (see also
Fig. 1.5).

Further, PBSD considers appropriate structural analysis methods and prescribes
qualitative verification checks and criteria to ensure that the desirable (agreed)
performance level(s) are met for specific seismic hazard levels. The latter are
quantitatively determined in a statistical/probabilistic sense for each geographic
region. For example, suppose there are two site-specific seismic hazard levels of
concern for the design of new buildings: level 1 with 10 % probability of being
exceeded in 50 years corresponding to a seismic event with mean return period of
about 474 years, and level 2 with 2 % probability of being exceeded in 50 years
corresponding to a seismic event with mean return period of about 2500 years (see
Sect. 2.3.1.1). The PBSD design approach allows for a matrix of performance
objectives to be formed, as shown in Fig. 1.15.

Noticeably, the dual performance objective k + p essentially coincides with the
“traditional” basic design objectives for new structures incorporated in the current
codes of practice following the partial protection against structural damage delin-
eated in Sect. 1.1.4. Specifically, the following structural performance levels can be
readily mapped onto the current design objectives of code-compliant r/c buildings
(see also Fig. 1.16):

(a) Negligible or light damage to non-structural members for occasional earth-
quakes of low to medium intensity (>Level 1)- Immediate Occupancy perfor-
mance level,

(b) Substantial but likely to be repairable damage for the (rare, strong) “design
earthquake” of high intensity (Level 1)- Life Safety performance level,

(c) Severe damage driving structures close to collapse for (very rare, very strong)
seismic events beyond the “design earthquake” (Level 2).

Nevertheless, PBSD also allows for the explicit consideration of enhanced (more
stringent) performance objectives, such as j+o0 or i+n, to be met either by
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Table 1.4 Commonly considered seismic performance levels by codes and guidelines for existing

buildings

FEMA356

ECS8- part 3 (National Greek
Annex/C.S.1.)

Operational (OP)

Very light (practically zero) damage

Immediate Occupancy (10)

Light damage: Practically linear structural behaviour; no resid-
ual drift; original strength and stiffness is retained.

Immediate use after the
earthquake

Life Safety (LS)

Substantial damage to structural members: Building may be
beyond economical repair; some permanent drift; some residual
lateral strength and stiffness at all storeys is retained.

Life Safety

Collapse Prevention (CP)

Extensive severe damage: Building is near collapse; large per-
manent drifts; vertical members can bear gravitational loads.

Collapse Prevention

Immediate
Occupancy

Collapse
Prevention

Base shear

Top storey displacement

i B

0% Damage
Operational = Negligible impact on building

99%

Immediate Occupancy — Building is safe to occupy but posibly not useful
until cleanup and repair has occured
Life Safety = Building is safe during event but possibly not afterward

Collapse Prevention = Building is on verge of collapse, probable total loss

Fig. 1.14 Qualitative definition of seismic performance levels
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Seismic Hazard Level Structural Performance Level
Probability to  Mean return | Operational | Immediate Life safety Colapse
be exceeded period Occupancy prevention
in 50 years Zero or Damage only | Substantial, Extensive
negligible to non- yet repairable severe
damage structural damage to damage
members structural
members

[ — Gradually increased ductiity demand — “SU

Level 1 10% 474 i
Level 2 2% 2475

B Gradualy reduced peromance = —» W

ctives: j+0 or i+n to meet special
guirements (e.g., hospitals) or
lirements of the building's owner.

Fig. 1.15 Example of a performance objectives matrix for new buildings with two seismic hazard
levels following the PBSD framework

important structures (e.g., schools, hospitals, large occupancy public buildings
etc.), or by ordinary structures whose owners desire a higher level of safety against
seismic hazard. As a final note on the example matrix of Fig. 1.15, the (m) objective
is considered unattainable, while the (1) objective is unacceptable.

It is further emphasized that, as in the case of structural performance levels, the
PBSD approach can accommodate an arbitrarily large number of seismic hazard
levels. Consequently, an arbitrarily large number of performance objectives to be
satisfied by new structures via explicit analysis and verification checks can be
considered within a PBSD framework. In this regard, it is instructive to consider
the performance objectives matrix shown in Fig. 1.17, set forth in the SEAOC
document (SEAOC 1999) pre-standard seismic design recommendations for new
structures. This matrix incorporates four seismic hazard levels and considers four
performance levels which practically coincide with those identified in Fig. 1.14,
though the terminology used is slightly different.

The following observations can be made with regards to the “color-mapping”
used in SEAOC (SEAOC 1999):

— “Unacceptable” objectives are marked in red.

— The basic design objective (i.e., minimum for ordinary structures) requires four
performance targets to be satisfied marked in green. As in the case of the
performance matrix of Fig. 1.15, these “green” performance targets follow
closely the conventional design objectives adopted by current codes of practice
with the stipulation that a single nominal “design earthquake level” with 10 %
probability of being exceeded in 50 years is assumed. Therefore, it can be
argued that they reflect the “partial” protection against structural damage
philosophy for earthquake resistance, (see also Sect. 1.1.4 and Table 1.1). It
can be further claimed that code-compliant ric structures designed for the
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Immediate H ' Collapse
Occupancy Life Safety Prevention

Earthquake 0

(Frequent

earthquake, Unacceptable Unacceptable
Low intensity

earthquake)

Earthquake 1

(Strong Enhanced
earthquake, (for important
Design Stl‘uclures)
earthquake)

: o e Unacceptable

Earthquake 2

(Rare Enhanced Enhanced k
earthquake, (I (for special (for special : =
Very strong structures) structures)

earthquake)

Fig. 1.16 “Traditional” seismic safety design objectives

maximum allowed behaviour factor (q = maxq ;) prescribed by current codes
of practice (such as EC8) would, by and large, satisfy this set of basic perfor-
mance targets.

— The three performance targets marked in yellow represent we accept the change
but please change “that” to “than” and can be viewed as the minimum allowed
for “important” structures (see 4. in subsection 1.1.4). It can be argued that these
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“yellow” performance objectives correspond to roughly a “full” level of protec-
tion against structural damage assuming a nominal “design earthquake level”
with 10 % probability of being exceeded for which a practically linear structural
response (“Operational” performance level) is required. Furthermore, it can be
claimed based on heuristic arguments that code-compliant r/c buildings
designed for a relatively low behaviour factor (e.g., q < 1.50-1.75) would satisfy
this set of enhanced performance objectives provided that the usual levels of
overstrength are ensured (see also Sect. 1.2.3).

— The dual performance objectives marked in blue may be taken as the minimum
ones for “special” structures whose collapse and/or downtime would affect large
geographical areas and/or a considerable fraction of the total population of a
country (see also Sect. 1.1.3.1).

— Marked in black is the practically unattainable objective of an “absolute”
protection against seismic hazard, as described in Sect. 1.1.2. That is, no damage
for (almost) any seismic action.

The above observations point to the well-recognized fact (Fardis 2009) that the
traditional design objectives set by current codes of practice can be readily mapped
onto appropriately defined performance objective matrices obtained via the PBSD
philosophy. Moreover, they suggest, as exemplified above, that the PBSD approach
offers a framework in which the choice of a value of the behaviour factor (or force
reduction factor) can be rationalized and loosely mapped to expected structural
performance levels. However, given the uncertainties associated with the analytical
and experimental studies, it is still founded on rather qualitative criteria and
engineering judgment. This is because the common force-based linear response
spectrum methods of analysis and related verification checks (see Sects. 1.2.4 and
1.2.5) do not involve explicit assessment/verification of structural inelastic behav-
iour. Such behaviour is expected for seismic hazard levels corresponding to the
“rare” earthquake of Fig. 1.17 or above for code compliant r/c buildings designed
for q = qanow, and for seismic hazard level corresponding to the “very rare” earth-
quake of Fig. 1.17 or above for code compliant r/c buildings designed for values of
q approximating their overstrength.

The application of a full-fledged PBSD for new structures considering two,
three, or more performance objectives to be simultaneously met and involving
explicit verification checks and assessment of the actual structural behaviour
attained in terms of (inelastic) demands for different seismic hazard levels goes
beyond the current codes of practice. Therefore, this topic is not treated in this book.
It is important, however, to acknowledge that, in the case of seismic assessment of
existing structures, current codes of practice closely follow a performance-based
approach as described in the Greek Code for Seismic Interventions (Earthquake
Planning and Protection Organization (EPPO) 2013). Further, significant on-going
endeavors of the earthquake engineering communities on both sides of the Atlantic
to bring the PBSD approach for new structures closer to the everyday seismic
design practice are being undertaken. In the past few years, two documents
adopting a PBSD approach for both new and existing (code-deficient) structures
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Seismic Hazard Level Structural Performance Level

Qualitative | Probability to be | Mean return Fully
d ipti ded period Operational

Operational Life Safe Near Collapse

Frequent | 50%in30years | 43 Years | Basic O ) Unacceptable  Unacceptable Unacceptable

Essential
Occasional | 50% in 50 years | 72 Years Hazardous EERILEEITN  Unacceptable  Unacceptable
Objective

Safety Critical

Rare 10% in 50 years | 475 Years Objective Basic Objective [RFLERECHENE

Essential
Hazardous
Objective

Safety Critical

Very Rare | 10% in 100 years | 975 Years Not Feasible Ohjestve

Fig. 1.17 Performance objectives matrix for new buildings (SEAOC 1999)

became available, namely the American ATC-58 (ATC 2009) and the European
Model Code (fib [fédération international du béton] 2012) following the preceding
ASCE41-06 (ASCE 2007). It is expected that these documents will considerably
influence the next generation of seismic codes of practice world-wide and, there-
fore, they are briefly discussed in the following sub-section.

1.3.3 Recent Guidelines on Performance-Based Seismic
Design for New Structures (MC2010 and ATC-58)

Finalized in 2012, the so-called “Model Code 2010”, produced by fib (Federation
Internationale du Beton) (fib 2012), is the most recent document in Europe to
provide recommendations on the seismic design for both new and existing t/c
structures. It is meant to serve as a basis for the development of future codes of
practice, in a similar manner as the fib “Model Code 1990” served as the basis for
the current European code for r/c structures, namely Eurocode 2 (EC2) (CEN
2004b), which, however, does not include seismic design considerations covered
within EC8. The ‘model’ for EC8 was CEB Model Code (CEB (Comité Euro-
international du Béton) 1985). MC2010 adopts a full-fledged PBSD approach
(Fardis 2013). In setting the design objectives, four structural performance levels
(limit states) are considered which practically coincide with those of FEMA356
(Table 1.4). Further, four seismic hazard levels are identified which are very similar
to those adopted by SEAOC 1999 (Fig. 1.17). Thus, a four-by-four performance
objective matrix can be formed and, following the standard PBSD philosophy, the
owner of the structure may set the performance targets to be met by the structure as
a function of the level of seismic hazard and the nature or “importance” of the
structure. Similar to the matrix of Fig. 1.17, the design objective for ordinary
structures should observe the life safety performance for the “rare” earthquake
and immediate occupancy for the “occasional” earthquake as minimum
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requirements. MC2010 adopts a displacement-based seismic design approach and
favours dynamic response history analysis as the recommended (“reference’) type
of structural analysis for estimating (inelastic) deformation demands for the differ-
ent hazard levels considered. Verification checks based on displacement demands
and capacities of structural members are undertaken and the, possibly non-linear,
behaviour of structures is assessed and quantitatively verified. Furthermore,
MC2010 introduces the aspect of “time” in assessing structural performance taking
into account the inevitable decay/deterioration of structures with time and aiming to
provide guidance on a full life-cycle assessment of structures (Walraven and Bigaj
2011; Walraven 2013).

In 2012, the FEMA P-58 series of documents and related software tools became
available in the public domain (ATC 2012). FEMA P-58 is the product of a 10 year
effort undertaken by the American ATC (Applied Technology Institute) to provide
guidelines on the practical implementation of the probabilistic performance-based
earthquake engineering (PBEE) framework developed within the Pacific Earth-
quake Engineering Research Center (Moehle and Deierlein 2004). Similar to
MC2010, FEMA P-58 uses a PBSD approach to seamlessly address both the design
of new building structures and the assessment of existing ones, though it is not
restricted to r/c buildings alone. However, the scope of FEMA P-58 goes far beyond
the current structural design codes for earthquake resistance (even the so-called
“first generation” performance-based codes reviewed in Sect. 1.3.2) since the
“seismic structural performance/behaviour” is expressed in terms of potential losses
and consequences, such as repair/replacement cost, downtime, and casualties,
instead of the usual structural response terms, such as deformations and stress
resultants. By adopting such a non-engineering vocabulary to define structural
performance, FEMA P-58 aims to facilitate decision making by the intended
stakeholders (e.g., structure owners, authorities, etc.) on the desired level of pro-
tection against seismic hazard. To accomplish this aim, standard structural analysis
results are first coupled with “fragility functions” (damage analysis step) which
represent the probability that a certain level of physical damage in a structural
member is exhibited given specific values of structural response quantities (e.g.,
rotations at the end of r/c beams). Next, a loss analysis step is undertaken to
estimate, statistically, the performance of a structure (interpreted as an integrated
system of structural members/components) in terms of a “decision variable” (e.g.,
repair cost, fatalities) given the expected level of damage at each structural mem-
ber/component obtained from the damage analysis step.

The practical implementation of the adopted probabilistic PBSD methodology of
FEMA P-58 relies heavily on the use of a particular software tool along with an
expandable database, both freely available on-line through the ATC website, which
incorporates statistical data required for the damage and loss analyses steps.
Interestingly, the methodology allows for seismic performance assessment of new
code-compliant (r/c) buildings for a given level of seismic action represented by
means of any code-specified elastic response spectrum (i.e., green curve in
Fig. 1.10). This type of assessment is termed “intensity-based” and is, arguably,
the most closely related to the current codes of practice.
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The above brief qualitative description of MC2010 and FEMA P-58 suggests
that next generation seismic codes of practice will allow for enhanced flexibility in
setting case-dependent requirements and design objectives dependent on the build-
ing importance, occupancy, available resources, and level of seismic hazard.
Besides technical details, an important practical aspect to be introduced is that
the choice of the desired seismic performance will be made by the owners/end-users
of the structure or other stakeholders and not by the design engineer alone, taking
into account life-cycle performance issues and considering consequences (in terms
of replacement cost, down time, etc.) in the case in which a “rare” earthquake
scenario occurs. In support of that, analysis methods and verification checks will
ensure transparency and will take advantage of the knowledge accumulated over
the past few decades by researchers and field observations to assess that the
intended requirements are met in an explicit manner. The latter involves treating,
at least in terms of analysis methods, both newly designed buildings and existing
(code-deficient) structures in the same manner. Further, the time factor will be
taken into account aiming not only to assess new designs at the time they are
constructed, but also to predict their future performance accounting for deteriora-
tion and addressing sustainability and life-cycle performance issues.

The final section of this chapter makes certain recommendations on the inter-
pretation and use of current conventional codes of practice relying on the traditional
force-base prescriptive methodology for the design of new structures to achieve
enhanced seismic performance (i.e., level of protection against seismic hazard),
beyond that minimally prescribed.

1.4 On the Selection of a Desired Performance Level
in Code-Compliant Seismic Design of New R/C
Buildings

As detailed in Sect. 1.2, current seismic codes of practice for ordinary r/c building
structures adopt a force-based design approach based on linear types of analysis
using reduced values (50 % according to ECS) for all structural elements’ flexural
and shear stiffnesses and considering reduced design seismic loads by a force
reduction factor or behaviour factor q. The bulk of the prescribed verification
checks focus on a single design objective (life safety/low performance) for a
particular level of a “design seismic action” (typically having a probability of
10 % of being exceeded in 50 years and an average return period of about
475 years), while the actual structural performance (damage level) under the design
earthquake is not explicitly assessed.

The minimum possible value of the design seismic force reduction factor is
1 (minq=1). For q=1, the structure is designed to behave linearly under the
total (unreduced) design seismic load, that is, it (theoretically) suffers no structural
damage for the design earthquake (operational/high performance). Consequently,
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the inherent ductility capacity and overstrength remain (theoretically) unutilized
under the design earthquake and constitute safety reserves to resist higher-than-the-
design levels of seismic action without collapsing.

However, as already mentioned, codes of practice define only a maximum
allowed value for the design seismic force reduction (behaviour) factor qujow
depending on the (intended/targeted) ductility capacity (maxq= pc.p). For
q =danow, the maximum possible (allowed) utilization of the ductility capacity
takes place to resist the design seismic action by exhibiting severe inelastic behav-
iour without collapsing (life safety/low performance). In this regard, it is a common
practice for design engineers to choose = qajow, Without having the (written)
consent of the owner of the structure and without communicating what this choice
entails in case a future “design earthquake” occurs during the lifetime of the
structure.

This practice is not in line with the well-established performance-based seismic
design (PBSD) approach, briefly reviewed in Sect. 1.3, in which more objectives
involving a set of pre-determined performance levels for different levels of seismic
input action are prescribed. More importantly, in PBSD, the choice of design
objectives is made by the owner in consultation with the design engineer. Still,
the assumption that the design objectives of current codes of practice can be
mapped onto standard performance objectives within a PBSD approach, as detailed
in Sect. 1.3.2, renders possible the consideration of performance-based practices
within a force-based design approach. Thus, some of the limitations of the current
code-compliant seismic design practices may be circumvented. This can be better
understood by emphasizing that, although current codes of practice require struc-
tural analysis to be performed explicitly for only one level of a “design” seismic
action, it is up to the design engineer in agreement with the owner to select a
behaviour factor q smaller than the maximum allowed q ., Wwhich corresponds to
the basic objective (low performance) or to a partial level of protection against
structural damage. Therefore, in response to the very reasons that dictated the need
for a PBSD philosophy in the first place, listed in Sect. 1.3.1, it is herein
recommended that design engineers opt for “full” protection against structural
damage for the nominal design earthquake, unless the owner of the structure
consents to adopt “partial” protection.

In practical terms, “full” level seismic protection for ordinary r/c buildings is
achieved by adopting a relatively low behaviour factor q close to the roughly
estimated overstrength (e.g., q~1.5). The lateral load resisting system of code-
compliant r/c buildings designed for such values of q would practically respond
linearly (only very light local damage might occur) for (future) earthquake events
with 10 % probability of being exceeded in 50 years. In this regard, a need for
(limited) repairs to only non-structural components may be required after such an
earthquake event (immediate occupancy performance level). As a rule of thumb,
according to an extensive parametric research study carried out within the frame-
work of the Greek Seismic Code EAK2000 (Earthquake Planning and Protection
Organization (EPPO) 2000) for ordinary R/C buildings of up to eight storeys
(Avramidis and Anastassiadis 2002), the herein recommended enhanced level of
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structural safety against seismic design action can usually be accomplished by
including strong concrete walls whose total length along each principal direction
of the structure should be about twice the required length corresponding to a design
for q =3.5. Appropriate conceptual design considerations (see Sect. 2.1) need to be
followed in choosing the in-plan location of these walls along with close collabo-
ration with the architectural design team to ensure limited influence on the aes-
thetics and functionality of buildings (Avramidis et al. 2000, Avramidis and
Anastassiadis 2002).

It is quite interesting to note that, as shown in the aforementioned research study,
additional construction cost of designing different types of 4-storey to 8-storey r/c
buildings for a low behaviour factor (e.g., q = 1.5 — Full protection against struc-
tural damage for the nominal design earthquake), as compared to the maximum
allowed behaviour factor (e.g., q = 3.5 — Partial protection), ranges between 3 and
10 % of the total cost of the structure. For a fixed overstrength factor, this additional
cost depends significantly on the site-specific level of seismic hazard (see Sect.
2.3.1.1). The additional cost will be relatively low for low seismic hazard zones.
This is due to the fact that the detailing of a large number of r/c structural members
is normally dominated by the minimum reinforcement requirements for structures
located in low seismicity areas. Therefore, a uniform increase of seismic design
loads would not impart a proportional increase to the dimensions and reinforcement
of many structural members and, consequently, to the total cost of such structures.
Nevertheless, for slender r/c buildings with a relatively high total height over plan
dimensions ratio, as well as for buildings in high seismicity zones, significantly
large footings for certain r/c (wall) elements may be required in order to achieve full
protection against structural damage for the nominal design earthquake, to accom-
modate increased demands for compressive stresses to the supporting ground, and
to control overturning due to tensile stresses at the foundation level. In case the cost
of such footings become overly high and/or the bearing capacity of the supporting
ground is poor, or, more generally, in case the additional construction cost to
achieve a full level of protection against seismic hazard is not affordable, it is
still recommended to design for as low a behaviour factor as practically possible.
For instance, an “almost full” level of seismic protection against the seismic hazard
can be achieved by choosing values of the behaviour factor within the range of
1.75 < q < 2.5. Designing for such behaviour factors would still lead to signifi-
cantly enhanced seismic structural performance for the nominal design earthquake
compared to that achieved with the commonly prescribed maximum allowed
behaviour factors (i.e., q > 3.0 for r/c structures).

Perhaps the most important consequence of designing for low behaviour factors
to achieve high levels of structural seismic performance is that the design seismic
loads are primarily resisted by means of strength (strength dominated design)
without the need to utilize considerable fractions of the inherent ductility capacity
of r/c structures. For example, a structure designed for q = 1.5 has approximately
more than double the lateral strength of a structure designed for q = 3.5, since 3.5/
1.5~2.3. Therefore, significant reserves of ductility capacity remain to offer
enhanced structural safety in cases of increased seismic demands or of reduced
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structural capacity due to various “accidental” and unforeseen effects not explicitly
considered in codes of practice, such as:

— “Very rare” seismic events exceeding the nominal “design seismic action” level
(see also the discussion in sub-section 1.2.6.4),

— Local site amplifications of the earthquake induced ground motion beyond that
expected as captured by the design response spectrum due to poor soil classifi-
cation assumptions (see also Sect. 2.3.1.2),

— Lateral load resisting systems of reduced capacity compared to the “as designed”
structure (in terms of stiffness, strength, or ductility) due to poor workmanship of
cast-in-place r/c structures and/or poor quality control and inspection during
construction,

— Slab-to-slab or slab-to-column pounding of buildings with adjacent structures
during major seismic events.

Further important advantages of designing for full protection against structural
damage as opposed to partial protection within the common code-prescribed force-
based design framework (described in Sect. 1.2.4) are:

— Standard response spectrum based linear types of structural analysis and the
underlying finite element models used (see Sects. 2.4 and 2.3.2, respectively)
become more reliable in predicting the actual (extreme) structural behaviour
under the design seismic action.

— The construction of (strong) r/c walls, resisting the greater part of the lateral
inertial seismic loads in designing for low values of the behaviour factor, is
easier to achieve in practice and less prone to errors due to poor workmanship/
inspection compared to the construction of (ductile) moment resisting frames.

— R/c walls are more likely to be able to resist gravitational loads after being
severely damaged (near collapse stage) by extreme intensity earthquake events
compared to moment resisting frames (Fintel 1991, 1995).

— The demand by contemporary societies and local communities for reduced
structural damage, repair cost, and downtime in the aftermath of a seismic
event corresponding to the “design earthquake” is satisfied, while the risk for
human casualties becomes practically negligible.

As a final note, it is emphasized that, even if adopting a low behaviour factor q
(e.g., q=1.5) would normally relax the need to consider code-prescribed capacity
design rules, it is still highly recommended that all the required capacity design
verification checks and detailing rules are taken into account to achieve the
intended level of ductility corresponding to the ductility class of choice (see also
Sect. 3.1.3). Clearly, this discrete performance level result in an additional, yet
quite limited and in no case prohibitive, construction cost. This recommendation is
rather pertinent for moment resisting frame structural systems.

The following chapters provide further comments concerning the selection of a
desired level of seismic performance or protection against structural damage by
means of adopting appropriate values for the behaviour or force reduction factor
q. Specifically, Sect. 3.1.4 provides a flowchart for determining the maximum
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allowed behaviour factor (maxqaew) according to ECS8. Further, Sects. 2.3.1 and
2.4.1 discuss the influence of the behaviour factor value on choices made at the
preliminary design stage and on the structural analysis method to be adopted for
design, respectively.
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Chapter 2
Design of R/C Buildings to EC8-1: A Critical
Overview

Abstract This chapter provides practical recommendations for the preliminary
seismic design and the finite element modeling of reinforced concrete (r/c) building
structures assumed to behave linearly. It also discusses and provides commentary
on structural seismic analysis methods adopted by Eurocode 8 (EC8). Specifically,
the main principles of conceptual design for achieving well-qualified lateral load-
resisting structural systems for earthquake resistance are briefly reviewed. Further,
capacity design rules and local detailing practices for enhanced ductility capacity in
r/c buildings are presented. Different types of structural analysis methods com-
monly employed in code-compliant seismic design of structures are outlined and
focus is given to the EC8-prescribed equivalent linear analysis methods for forced-
based seismic design, namely, the lateral force method and the modal response
spectrum method. In this context, the EC8-compatible seismic design loading
combinations and the EC8 design spectrum for elastic analysis are also presented.
Moreover, the most commonly used finite element modeling practices for linear
analysis of r/c multi-storey buildings are detailed, including the modeling of floor
slabs, frames, planar walls, cores, and footings resting on compliant soil. Finally,
brief comments are included on the proper use and quality verification of commer-
cial seismic design software using benchmark structural analysis and design exam-
ple problems.

Keywords Conceptual seismic design ¢ Capacity design * Ductile detailing « EC8
response spectrum ¢ Design spectrum ¢ Loading combinations ¢ Finite element
modeling ¢ Lateral force method ¢« Modal response spectrum method ¢ Static
inelastic pushover method * Overstrength distribution « Benchmark problems

The seismic design process of a typical building structure comprises three phases,
as delineated in Fig. 2.1.

In phase A, a load-resisting structural system is defined by considering certain
conceptual design principles for earthquake resistance based on the given architec-
tural plans. Typically, this phase involves selecting the type of lateral load-resisting
system (e.g., moment-resisting frame system, wall system, dual system, etc.) and
finalizing its configuration. This is achieved by first considering several different
feasible layouts which take into account potential architectural and structural
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Fig. 2.1 Schematic sequence of phases and stages of the structural design process
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constraints, building regulations, construction management and cost-effectiveness
issues, as well as various other case-specific provisions. Next, the design structural
engineer chooses a small set out of these feasible layouts for further investigation
by relying heavily on his/her accumulated experience, expert judgement, and
personal design preferences. The chosen layouts are examined to sufficient detail
to make a quantitative comparison possible, and to finalize the configuration of the
lateral load-resisting system to be considered in the second phase (phase B) of the
seismic design process. To this aim, phase A involves undertaking only some
preliminary (approximate) analysis steps to determine the initial sizes of r/c struc-
tural members.

In phase B, a finite element model (also called a mathematical or computational
or structural analysis model; see elsewhere (Mac Leod 1995)) of the load-resisting
system adopted from phase A is first developed (Stage 1: Modeling in Fig. 2.1).
This is accomplished by relying on certain modeling assumptions and simplifica-
tions which are based on the in-depth knowledge of the analysis methods to be used.
This model includes the building foundation system and superstructure and should
take into consideration the compliance of the supporting ground, if deemed neces-
sary. Next, the finite element model is used to calculate the “effects” (i.e., internal
stress resultants/forces and deformations of structural members) of the design
“actions” (i.e., design loading combinations including the seismic design loads)
prescribed by the relevant design code regulations (Stage 2: Analysis in Fig. 2.1).
At the end of this second stage, certain verification checks against (primarily)
deformation-based criteria are made to ensure that the adopted dimensions of
structural members are adequate. If these criteria are met, structural members are
designed in detail (Stage 3: Detailed design in Fig. 2.1) to finalize their dimensions
and the required reinforcement using the results (calculated action effects) of the
analysis stage. The detailed design stage involves several verification checks to
ensure that adequate levels of strength and ductility are achieved by considering
appropriate longitudinal and transverse reinforcement at critical (energy dissipa-
tion) zones of structural members. Meeting these verification checks may require
modifications of the adopted dimensions in a number of r/c structural members and,
therefore, further re-analysis and re-design steps may be necessary to iteratively
optimize the design of the load resisting structural system.

Finally, phase C involves the preparation of all necessary construction drawings
and design plans incorporating the required reinforcement details and structural
member dimensions for the practical implementation building design.

From the above brief overview of the seismic design process of a typical r/c
building, it is seen that there are, at least, four stages involving critical choices and
decisions to be made by the design engineer based on his/her knowledge and
experience rather than on “black-box” types of calculation automated in commer-
cial structural analysis and design software. These stages are listed below starting
from those requiring more input on behalf of the designer in terms of experience
and expert judgment:
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Table 2.1 Mapping of seismic design process stages onto required knowledge on behalf of the
design engineer and pertinent clauses of EC8-part 1

Phases and stages of the seismic
design process

Required engineering knowledge

Main relevant
EC8-part 1 chapters
and clauses for r/c
buildings

Architectural plans

Phase
A

Conceptual design of the
load resisting system and
preliminary member sizing

Appreciation of the seismic
design “philosophy” underpin-
ning current codes of practice

Chapter 2 Perfor-
mance requirements
and compliance
criteria

Selection of the desirable struc-
tural performance level

§4.2.1 Basic princi-
ples of conceptual
design

§5.2 Design
concepts

Modeling of:

the load resisting structural
system and its foundation

the supporting ground

Knowledge and understanding of
the finite element method using
equivalent frame models as well
as 2-D finite elements

§4.2.3 Criteria for
structural regularity

§4.3.1 Modeling

§4.3.6 Additional
measures for
masonry infill walls

§4.3.109)P

the design loading
combinations

Access to ECI clauses and
understanding of the response
spectrum concept and its use in
seismic design

Chapter 3 Ground
conditions and seis-
mic action

§4.2.4 Load combi-
nation coefficients
for variable actions

§4.3.2 Accidental
torsional effects

Phase

Structural analysis and
deformation-based verifi-
cation checks

Knowledge of (static and
dynamic) structural analysis
methods involving finite element
models

§4.3.3 Methods of
analysis

§4.3.4 Displacement
calculation

Verification checks:

§4.42.2(2): 6<0.1

§4.4.3.2():
d,v <0.005 h

Final detailing of structural
members and verification
checks

Access to EC2-part 1 clauses and
knowledge of design and detail-
ing of r/c structures

§5.4 Design for
Ductility Class
Medium (DCM)
Buildings

§5.5 Design for
Ductility Class High

(DCH) Buildings

(continued)


http://dx.doi.org/10.1007/978-3-319-25270-4_2
http://dx.doi.org/10.1007/978-3-319-25270-4_3

2 Design of R/C Buildings to EC8-1: A Critical Overview 63

Table 2.1 (continued)

Main relevant
EC8-part 1 chapters
Phases and stages of the seismic and clauses for r/c
design process Required engineering knowledge | buildings

§5.6 Anchorage and
splices

§5.8 Concrete
foundations

§5.9 Local effects
due to masonry or
concrete infill walls
§5.10 Provision for
concrete diaphragms

§5.11 Pre-cast con-
crete structures

Phase | Final design and imple- Computer-aided design software
C mentation drawings (CAD)

— conceptual design of the lateral load-resisting system,

— development of the numerical (finite element) model,

— critical appraisal and verification of analysis results, and
— detailed design of structural members.

Further, Table 2.1 maps the required knowledge that the design engineer should
possess onto the main stages of the design process as discussed above and presented
in Fig. 2.1. The most relevant chapters and clauses of EC8 part-1 to be consulted in
each of the identified design stages are also included in Table 2.1.

The remainder of this chapter is organized into five sections following the design
process steps outlined in Fig. 2.1. In Sect. 2.1, the main principles of conceptual
design for achieving well-qualified lateral load-resisting structural systems for
earthquake resistance are briefly presented. Section 2.2 discusses certain (capacity)
design rules and local detailing practices for enhanced ductility capacity which
facilitate the preliminary sizing of structural members for ductile r/c buildings.
Further, Sect. 2.3 provides details on developing appropriate (finite element)
structural models and defining the EC8-compatible seismic design loading combi-
nations to be used in the analysis stage of the design process. Next, Sect. 2.4 focuses
on the different types of structural analysis methods commonly employed in the
code-compliant seismic design of structures. Finally, Sect. 2.5 includes a brief
discussion on the quality verification and proper use of commercial structural
analysis and design software which is an essential tool for elaborating reliable
designs of structures for earthquake resistance.
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2.1 Conceptual Design Principles
for Earthquake-Resistant Buildings

2.1.1 Desirable Attributes of the Lateral Load-Resisting
Structural System and Fundamental Rules

In the recent past, the structural layout of ordinary buildings had to be kept
relatively simple and straightforward from a structural analysis viewpoint to ensure
that the analysis and detailing steps undertaken by structural engineers were
accomplished in reasonable time in the absence of high computational power.
During the past two decades, the advent of powerful low-cost computers and
dependable commercial finite element-based analysis and design software have
built confidence among practicing structural engineers that “almost any structural
layout” can be readily and swiftly designed. In this regard, reduced time and effort
is spent in the first phase of the design process of common buildings (i.e., the
conceptual design of the load resisting structural system), since the second phase
(i.e., modeling, analysis, and detailing) is seen as a mere “computer data input”
problem. Thus, structural engineers may sometimes find themselves obliged to
design structures within tight timescales based on hastily conceived structural
layouts of questionable rationale and on their corresponding mathematical (com-
putational) models using three-dimensional linear finite element structural analysis
software. This approach is erroneous, especially when it comes to structures
subjected to seismic excitations. The reason is that the deficiencies of an inadequate
lateral load-resisting structural system inherently vulnerable to seismic input
action cannot be ameliorated or rectified at any later phase in the design and/or
construction process (i.e., not even by the most consistent and detailed structural
analysis and detailing steps). This is true irrespective of the adopted type of lateral
load-resisting structural system of the structural analysis method of choice. In fact,
a deficient structural layout adopted during the conceptual design stage can hardly
ever be brought to the same level of seismic performance with a structural layout
satisfying certain qualitative criteria and rules in line with the seismic design
philosophy adopted by the current codes of practice.

In this respect, it can be readily recognized that the conceptual design stage is the
one least dominated by the use of automated software. It relies heavily on the
experience, expertise, and subjective preference of the design engineer to accom-
modate the case-dependent architectural requirements. Certain research efforts for
the development of automated computational tools (relying on principles from the
field of Artificial Intelligence) to support and assist design engineers in composing
alternative structural layouts have been made in the past few decades (see,
e.g. (Avramidis et al. 1995; Berrais 2005)). However, such “knowledge-based
expert systems” have not yet reached a satisfactory level of maturity and are not
considered to be capable of offering enhanced solutions beyond the average level of
creativity of structural design experts. Despite being subjective in many respects,
there exist qualitative rules and criteria for facilitating the conceptual design phase.
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Most of these conceptual design rules have already been listed in Sect. 1.2.5 under
the first of the three essential classes of requirements for ductile structural behav-
iour under design seismic action, namely the maximization of dispersion of the
seismic input energy within the lateral load-resisting structural system. Further,
some of these rules are also related to the requirements for prevention of (prema-
ture) global structural instability/collapse and for maximization of the dissipation of
the seismic input energy via hysteretic behaviour. However, the last two require-
ments are more closely related to capacity design rules and structural member
detailing for ductility which are discussed in some detail in the next section.

Focusing on the specifics of EC8, the following list of desirable attributes that
structural layouts should observe to expedite the code-compliant seismic design
process is included in clause §4.2.1 of EC8- Basic principles of conceptual design
for earthquake resistant building structures:

— Structural simplicity,

— Uniformity, symmetry (regularity), and redundancy,

— Bi-directional resistance and stiffness,

— Torsional resistance and stiffness,

— Diaphragmatic behaviour at the storey level,

— Foundation capable of transmitting the superstructure forces to the ground.

Certain brief clarification notes highlighting the meaning and importance of the
above qualitative conceptual design rules follow.

Structural simplicity

A simple load resisting structural system in plan and elevation ensures that
unambiguously identifiable, continuous, and relatively short stress/load paths
exist through which all external loads applied statically (gravitational loads) and
dynamically (lateral inertial seismic loads) are transmitted from building super-
structure to its foundation and the supporting ground. Complex or indirect load
paths (e.g., due to columns supported by beams) may result in undue local stress and
strain concentrations and, thus, to increased local strength and ductility demands. In
the inelastic range of structural behaviour (which is expected to be severe for large
values of the behaviour factor q), such local ductility demands may not be ade-
quately captured by code-prescribed linear types of analysis methods. Conse-
quently, the code-compliant seismic design process becomes inherently less
reliable in accounting for and properly verifying the expected local ductility
demands for structural layouts of increased complexity. Therefore, safeguarding
simplicity and clarity of the lateral load resisting system at the conceptual design
stage is essential for reducing the inherent uncertainties associated with the anal-
ysis, detailing, and construction of earthquake resistant buildings complying with
the intended code-specific requirements.

Uniformity, symmetry and redundancy

It is well established through field observations, large scale experimental results,
and computational/analytical research work that building structures with even
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(uniform) and symmetric distribution of inertial (mass), stiffness, and strength
properties in plan and elevation generally exhibit favourable dynamic/vibration
response to severe strong ground motions compared to irregular structures with
non-uniform distribution of one or more of the above properties. Further, in uniform
and symmetric building structures, undue local concentrations of deformation/
ductility and stress demands in a small number of structural elements are prevented.
Specifically, “short column” formation is avoided by ensuring even stiffness dis-
tribution in plan and elevation, floor/slab rotations about the vertical (gravitational)
axis are limited since the center of gravity lies close to the horizontal shear
resistance center in plan (see also Fig. 2.2), and relative (differential) lateral and
vertical displacements among structural members are minimized. Note that mass
distribution is mainly related to the global geometrical shape of the building in plan
and elevation, (lateral) stiffness distribution depends on the location and size of
vertical structural members (columns, walls, and cores) in plan, while strength
distribution is mostly associated with the longitudinal steel reinforcement ratios in
structural members. Thus, in-plan symmetry does not necessarily imply in-plan
uniformity (regularity), which is primarily related to the “compactness” of the
building footprint (in-plan envelop). For example, H-shaped and cross-shaped
plans are symmetric, but they are not uniform since they may have large in-plan
recesses or elongated wings, respectively.

Redundancy allows for the development of alternative load paths upon plastic
hinge formations or other local modes of failure at structural members. Therefore,
redundancy is necessary to ensure redistribution of stresses which reduces the
adverse effects of local (unanticipated) failures at structural members and, thus,
the inherent uncertainty of the achieved seismic design. Further, redundancy
increases the overall exhibited global “overstrength” of the lateral load-resisting
structural system and its global ductility capacity.

Bi-directional resistance and stiffness

The horizontal design seismic action consists of two independent and simulta-
neously applied orthogonal components of the same order of magnitude. Therefore,
the vertical structural members should be ideally arranged along two orthogonal
axes (“principal axes”). Further, the overall level of lateral “resistance” of the
structure against the seismic action in terms of stiffness, strength, and ductility
should be similar along both principal axes.

Torsional resistance and stiffness

The torsional (rotational about the gravitational axis) seismic excitation compo-
nent is typically negligible. However, building structures subjected to horizontal
translational seismic excitations exhibit both translational and torsional displace-
ments. This is due to “structural” and/or “accidental” in-plan eccentricities, that is,
distances between the center of gravity and the horizontal shear resistance center at
each storey level due to lack of perfect in-plan symmetry and/or non-uniform mass
distribution of live gravitational loads. Therefore, the lateral load-resisting struc-
tural system should possess adequate torsional stiffness and strength. This is
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practically satisfied by ensuring that adequately stiff and strong vertical structural
members are aligned (symmetrically) on or close to the perimeter of buildings.

Diaphragmatic behaviour at storey level

Concrete slabs at each storey level of r/c buildings acting as rigid in-plane
diaphragms contribute significantly to a favourable seismic structural response
behaviour. This is because they minimize horizontal relative (differential) displace-
ments between structural members of the lateral load-resisting system at each
storey level and ensure that all points of each storey undergo a single rotation
about its gravitational (normal to the slab plane) axis. Further, they ensure that
vertical structural members are “tied together” and that the horizontal seismic
inertial forces are evenly distributed at these members according to their individual
lateral stiffness. This rigid-disk like “diaphragmatic” behaviour at each storey level
of buildings is achieved when slabs are compact, adequately stiff in their plane, and
have relatively small in-plan aspect ratios and few/small floor openings.

Adequate foundation

A stiff and strong foundation tying the base of all vertical structural members of
the superstructure together well in a grid-like layout is essential for a favourable
structural response to earthquake excitations. This is because it minimizes the
adverse effects of spatially incoherent ground motion, while preventing differen-
tial/relative settlements and horizontal translations at the foundation level. Further,
it minimizes potential relative translations and rotations about the horizontal axes at
the base of vertical structural members. Lastly, an adequately stiff and strong
foundation evenly distributes the lateral seismic forces (in the form of base shears)
concentrated primarily in the stiffer vertical structural members to the supporting
grounds For the same reasons, the consideration of basements with perimetric r/c
walls during the conceptual design stage is also recommended.

A more detailed list of practical guidelines and rules for facilitating the concep-
tual design for the earthquake resistance phase are provided in Table 2.2 (Penelis
and Kappos 1997). Though not compulsory for code-compliant seismic design, they
ensure the effectiveness and reliability of the current earthquake-resistant design
philosophy adopting a partial protection against damage for design seismic action.
That is, they allow for adopting relatively high values of behaviour factor ¢ in
conjunction with (equivalent) linear structural analysis methods, as detailed in Sect.
1.2.4. In general, they contribute to a favourable structural behaviour of the lateral
load-resisting system for the case of severe earthquake shaking under which
structures will exhibit strong inelastic behaviour, ensuring that inelastic response
will only take place in the superstructure where damage can be visually detected
and repaired. It is further emphasized that the above rules should be adopted even
when the structure is expected to exhibit insignificant inelastic behaviour under the
design seismic action (i.e., case of adopting relatively small values of behaviour
factor q, e.g., q < 1.75 — high level of seismic performance for the design earth-
quake), since they ensure favourable static/dynamic structural behaviour for
(almost) linear elastic structures as well.
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Table 2.2 Summary of the main conceptual design rules and principles for earthquake resistant

building layouts

Building footprint

Close to unity aspect ratio of outer building dimensions

Layout of load resisting system

Simple, clear, and highly redundant to ensure straightfor-
ward, continuous stress/load paths, and redistribution of
stresses upon plastic hinge formation

Geometry in plan

Compact plan configuration to ensure relatively uniform
mass distribution; approximate symmetry with respect to
two orthogonal (“principal”) axes; consideration of expan-
sion joints to “isolate” unavoidable elongated wings and/or
severe in-plan set-backs

Floor slabs

Avoidance of large floor openings and multi-level slabs in a
single storey to ensure rigid in-plane diaphragmatic behav-
iour of floor slabs; avoidance of “beamless” flooring sys-
tems (slabs supported directly by columns)

Geometry in elevation

Compact building envelop in elevation without significant
and abrupt set-backs to ensure uniform or smoothly
decreasing mass distribution along the building height;
avoidance of adversely large mass concentration at the top
storeys of buildings

Lateral stiffness and strength dis-
tribution in plan

Symmetric in-plan configuration of vertical structural
members (and especially of concrete walls and cores) with
respect to two orthogonal (“principal”) axes to ensure uni-
form in-plan lateral stiffness and strength distribution;
arrangement of adequately stiff elements on the building
perimeter and of walls along both principal axes; consider-
ation of expansion joints to avoid substantially asymmetric
in-plan layouts; avoidance of short-length beams and of
beams not directly supported by columns

Lateral stiffness and strength dis-
tribution in elevation

Smooth distribution of lateral stiffness and strength along
the height of buildings to ensure that no “soft” storeys

(of significantly reduced lateral stiffness) and/or “weak”
storeys (of significantly reduced lateral strength) exist; all
vertical structural members, especially walls and cores,
continue from the foundation to the top of the building
without interruption avoidance of large openings in concrete
walls and cores; avoidance of short columns

Foundations

Very stiff and strong foundation system tying together all
elements at a single level to avoid differential displacements
during seismic ground motions; use of strong tie-beams to
connect isolated footings (pads) in a grillage; use of strong
concrete walls to connect multi-level foundations or foun-
dations on significantly different soil conditions; use
perimetric r/c walls to ensure rigid box-like behaviour of
basements; consideration of special foundations (e.g.,
micro-piles) to support walls on soft soils

(Masonry) infill walls

Symmetric configuration in plan and elevation; continuous
arrangement in elevation with minimum offsets between
storeys; continuous along the full height of each storey in
order to avoid short column formation

(continued)
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Table 2.2 (continued)

Building footprint Close to unity aspect ratio of outer building dimensions
Expansion joints (seismic sepa- Adequate clearance between adjacent buildings in urban
ration gaps) environments to avoid collisions during strong ground

shaking (seismic pounding) especially for corner or last-in-
the-row buildings and for adjacent buildings of significantly
different total height and/or different storey levels; consid-
eration of measures to mitigate the effects of seismic
pounding (e.g., use of soft material to fill in insufficient
separation gaps)

Ductility Appropriate detailing of designated energy dissipation
zones of structural members for ductile behaviour; avoid-
ance of premature/brittle local failures and instability;
avoidance of forming “soft storey” collapse mechanisms;
application of the “strong columns/weak beams” capacity
design rule

2.1.2 Frequently Observed Deficiencies in Structural
Layouts

Structural layouts that do not possess one or more of the attributes discussed in the
previous sub-section due to poor conceptual design or unavoidable architecturally-
driven constraints may possess a reduced (global) ductility capacity. Arguably,
most partial or global building collapses observed in severe historical seismic
events are due to adverse effects caused by not complying with one or more of
the fundamental conceptual seismic design principles. In this respect, it is instruc-
tive to highlight the potential adverse effects of adopting structural layouts that do
not follow or significantly deviate from the desirable conceptual design principles
summarized in Table 2.2. To this aim, Table 2.3 lists the most commonly encoun-
tered deficiencies of structural layouts from the seismic design perspective and the
effects that these may have during severe earthquake shaking.
Special attention should be paid to the cases of buildings with:

— excessive asymmetry in the in-plan distribution of lateral stiffness which poses
extreme ductility demands on vertical structural members along the “soft” sides
of the building due to torsional displacement (Fig. 2.2),

— short columns which attract significant shear stresses and, thus, under severe
ground shaking, may be driven to brittle modes of failure (Fig. 2.3),

— a “soft” ground floor (“pilotis”, as it is commonly referred to, mainly in Med-
iterranean countries) which generates considerably high and localised ductility
demands that commonly lead to premature “storey” types of global plastic
mechanisms of reduced global ductility (Figs. 2.4, and 2.13).

The above are considered to be the most common deficiencies observed in practice
that result in significant and typically difficult to repair damages or even in partial or
total building collapse depending on the level of the induced seismic action.
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Table 2.3 Frequently observed deficiencies in structural layouts and potential adverse effects due

to poor conceptual seismic design

Deficiencies of structural layouts

Potential adverse effects

Over-complicated load resisting systems in
plan and/or elevation

Lack of clarity, simplicity, and/or continuity
in the stress/load paths

Non-compact geometry in plan (elongated
wings, large openings, inlets, and setbacks)

Reduced in-plane rigidity of slabs (lack of
diaphragmatic action), considerable mass
eccentricities

Significant inlets and/or setbacks in elevation

Unfavourable influence of higher modes of
vibration due to significant deviation from a
uniform mass distribution along the building
height

Unduly asymmetric positioning of r/c walls and
cores in plan (non-uniform stiffness distribu-
tion in plan)

Unfavourable concentration of ductility
demands to a small number of structural ele-
ments due to large torsional displacement of
slabs (Fig. 2.2)

Strong beams and weak columns in framed
systems (lack of capacity design provision or
implementation)

Plastic hinge formation at the columns leading
to “column” types of collapse mechanisms of
reduced global ductility (Fig. 2.14, Fig. 2.15)

Short column formation not taken into account
at design stage (e.g., due to openings in or
interruptions of infill walls)

Non-ductile column behaviour and/or local
brittle column collapse due to large shear
stress demands (Fig. 2.3)

Short beams connecting strong r/c walls with-
out provisions for special shear/transverse
reinforcement

Non-ductile beam behaviour and/or local
brittle collapse due to excessive shear stress
demands

Discontinuity of strong r/c walls and/or cores in
elevation

Unfavourable influence of higher modes of
vibration due to significant deviation from a
uniform stiffness distribution along the build-
ing height

Lack of infill walls at the ground floor
(“pilotis”, “soft” storey) of predominantly
frame load resisting systems

Undue concentration of ductility demands at
the ground storey leading to a premature “floor”
type of plastic mechanism (Fig. 2.4, Fig. 2.13)

R/c walls supported by columns at the ground
storey (e.g., “pilotis”) or at intermediate storeys

Undue concentration of ductility demands at a
single “soft” and/or torsionally flexible storey
leading to a premature “storey” type of plastic
mechanism

Abrupt variations of lateral strength in eleva-
tion (“weak” storey)

Undue concentration of local failures at “weak”
floors leading to “premature “floor” types of
collapse mechanism (see also Fig. 2.13)

Slabs on columns (beamless flat-slab structural
systems)

Reduced moment resisting capacity to lateral
seismic loads and brittle local punch-through
failures at the column-slab connections

Secondary supports of columns on beams

Undue local concentration of ductility and
strength demands to the supporting beams

Slenderness of structural members

Buckling of structural members under flexure
with time-varying axial loads

Multi-level foundations without strong
coupling

Differential settlements and lateral
displacements

Insufficient clearance between adjacent build-
ings in densely-built urban environments

Undue local strength demands at locations of
collision/pounding during the asynchronous
earthquake induced vibration of structures
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Frame structure in elevation:

Fig. 2.3 Short column due to ex post masonry infill walls (/eff) and to initial architectural facade
requirement (right)

Therefore, they should be avoided at first instance during the initial stages of
conceptual design. A further discussion on the observed damages in the aftermath
of major seismic events due to poor conceptual building design falls beyond the
scope of this book. The reader is referred elsewhere for additional information
(Arnold 2001, 2006; Bisch et al. 2012; Elghazouli 2009; Fardis et al. 2014;
Lindeburg and McMullin 2014; Penelis and Kappos 1997; Villaverde 2009).
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Fig. 2.4 Soft storeys (pilotis): r/c walls supported by columns and moment frames with no infills
in the ground floor

2.2 Ductile Behavior Considerations and Preliminary
Sizing of R/C Structural Members

2.2.1 The Fundamental Question at the Onset of Seismic
Design: What Portion of the Ductility Capacity Should
Be “Utilized”?

Arguably, the most critical decision that a design engineer needs to take in
consultation with the building owner in the initial stages of seismic design, as
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Fig. 2.5 Seismic design with and without utilization of the available ductility capacity

discussed in Sect. 1.4, concerns the desirable level of seismic protection against the
nominally defined “design earthquake” (or level of seismic performance). In fact,
this decision may significantly affect conceptual design considerations and prelim-
inary member sizing. Practically speaking, the following question arises within the
current framework of code-compliant seismic design (Fig. 2.5): Will it be allowed
for the utilization a significant portion of the ductility capacity of the structure to
resist the nominal “design earthquake action”?

— A negative answer to the above question entails that the structure will be
designed for relatively small values of the force reduction factor or behaviour
factor g. Therefore, design seismic loads will be relatively high and would
necessitate sufficiently large sized r/c structural members (mainly r/c walls) to
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accommodate the required longitudinal reinforcement ratios. Overall, the struc-
ture will be relatively stiff and will resist design seismic loads mainly through its
strength capacity, suffering light damages, if any. In this regard, there are two
practical implications in the design process.

 Firstly, taking special measures for ductile behaviour is not mandatory,
though it is reminded that a certain level of ductility capacity, inherent to
all r/c structures properly designed for earthquake resistance, will be
maintained. Further, an inherent level of overstrength will also be exhibited.
Nevertheless, it falls to the decision of the owner, and is recommended by the
authors (see also Sect. 1.4), to take certain additional measures in order to
bring ductility capacity to a level above the minimum required. This ductility
capacity will not be “activated” by future seismic events corresponding to the
nominal design earthquake. It will be reserved to resist potential future
earthquakes posing higher-than-the-design-earthquake demands.

» Secondly, the need for sufficiently large-sized structural members (mainly
r/c walls) should be taken into account in the preliminary (empirical/
approximate) dimensioning and sizing step when adopting small values
of the behaviour factor (high performance structure). In principle, the
initially chosen dimensions (especially those of the vertical structural
members: walls, cores, and columns) should be sufficient to contain the
expected amounts of longitudinal reinforcement required. In this manner,
the need for potential changes in structural member sizes after the analysis
and verification checks is minimized.

— An affirmative answer to the above question entails that the structure will be
designed for a large force reduction factor or behaviour factor
g. Consequently, design seismic loads will be significantly lower compared
to the previous case and so, potentially, will the sizes of the r/c structural
members and their required longitudinal reinforcement. Overall, the structure
will be more flexible, will have reduced strength against lateral loads and will
be designed to suffer local damages (plastic hinges) under the design earth-
quake. In this case,

e It is mandatory that special measures for local and global ductile behav-
iour are taken to ensure that the structure attains sufficient levels of
ductility capacity corresponding, at a minimum, to the adopted behaviour
factor value as elaborated in Sects. 1.2.2 and 1.2.3.

« Given the significant reduction to the design seismic loads through divi-
sion by the behaviour factor, equivalently reduced sizes for structural
members should be assumed during the preliminary (empirical/approxi-
mate) dimensioning step.

In view of the above, it is deemed essential to re-iterate that:

— the fact that r/c structures possess an inherent level of ductility capacity (which
may be readily enhanced by taking additional measures, as detailed later in this
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section) does not necessarily imply that this ductility capacity should always be
utilized to resist the design earthquake through a reduction of the design seismic
loads, and that

— seismic design of r/c structures for small values of q does not necessarily imply
that they are non-ductile, i.e., brittle.

In the remainder of this section, certain important considerations and practical
detailing rules in achieving earthquake resistant r/c building designs with ductile
behaviour are presented in continuation of the general discussion on the concept of
ductility included in Sect. 1.2. These rules and considerations ensure that a suffi-
ciently high level of ductility capacity is achieved to justify the adoption of
relatively large values of the behaviour factor (force reduction factor) g for r/c
building structures, if so desired.

2.2.2 Local and Global Ductility Capacity

Ductility is a key-concept in the response of yielding structures subject to earth-
quake ground motions. As discussed in Sect. 1.1.5, ductility is qualitatively defined
as the ability of a cross-section, a structural member, or a structure as a whole to
exhibit significant inelastic deformations under cyclic/seismic external loads with-
out losing large parts of its original stiffness and strength after each loading cycle.
In this respect, apart from the important distinction between ductility capacity and
ductility demand (see Sect. 1.2.1), it is also pertinent to distinguish between local
ductility (capacity or demand) related to a cross-section or a critical energy dissi-
pation zone within a structural member, and the global ductility (capacity or
demand) related to the whole building structure or one of the substructures com-
prising the lateral load resisting structural system.

In this regard, it is reminded that ductility capacity is quantitatively defined in
terms of displacement u (displacement ductility capacity p,) as the ratio of the peak
attainable displacement value u,,, beyond which it is assumed that the structure
collapses over the yielding displacement uy signifying the onset of inelastic behav-
iour (Fig. 2.6). That is,

Hy = utOf/MY’ (21)

The above definition applies for any type of displacement/deformation, including
the ductility capacity in terms of rotations 6 (rotation ductility capacity)

Ho = Oror/ 0y, (2.2)

and the ductility capacity in terms of curvature k (curvature ductility capacity):
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Fig. 2.6 Definition of ductility (in terms of displacements)
Hie = Kior/Ky. (2.3)

In Fig. 2.7, a single r/c cantilevered wall laterally loaded by a point load acting at its
tip is considered to clarify the difference between local (rotation) ductility capacity
and global (tip-displacement) ductility capacity.

In particular, under the assumptions that strength is constant along the height of
the wall (constant longitudinal reinforcement) and that no premature shear type of
failure occurs, yielding initiates (plastic hinge forms) at the base of the wall where
the moment diagram is maximized. Further, given that plastic deformations con-
centrate at the locations of yielding initiation (plastic hinges), plastic rotations 6
(or curvature x) within a certain distance Ly, from the base of the wall (plastic hinge
length) increase significantly faster compared to those observed beyond L,
(Fig. 2.7). Therefore, to resist collapse through ductile behaviour, the local rotation
ductility capacity pg (or curvature ductility capacity p,) within the plastic zone
length Ly must be considerably higher than pg (or p,) beyond L. Moreover, the
local ductility capacity pg (or p,) within the “critical” Ly, length is considerably
higher then the global tip-displacement ductility capacity p,. In general, the fol-
lowing relationship holds (Fardis 2009; Penelis and Kappos 1997; Penelis and
Penelis 2014)

ﬂg = 6[0[/9); > MM = u[u[/uy. (24)

Similarly, it can be readily understood that, in the case of laterally loaded pure
moment resisting frame structures of constant strength along their height, the
flexural deformation (curvature) of the beams at lower stories is more prominent
than at the higher stories (Fig. 2.8). Consequently, due to increased (inelastic)
deformation demands, the beam members at the lower floors yield for a signifi-
cantly lower base shear (sum of external lateral forces) than the one that drives the
top storey inelastic displacement to its maximum attainable value u,. In other
words, plastic hinges at beam members of the first few floors form well before the
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Fig. 2.7 Relation between local ductility pg and global ductility p, for a single r/c wall

global displacement ductility capacity is reached under a gradually monotonically
increasing base shear. Therefore, to achieve an overall ductile behaviour for frame
building structures, the local curvature ductility capacity y, of the beams at lower
floors must be significantly higher than the global top-storey displacement ductility
capacity p,. That is,

P = Ktot/Ky > Ky = ulOl/”)" (25)

The following section summarizes local detailing measures typically taken in r/c
buildings to ensure increased local ductility capacity at critical zones of structural
members, while Sect. 2.2.4 discusses the issue of achieving high values of global
ductility capacity of structures by means of capacity design considerations.

2.2.3 Factors Influencing the Local Ductility Capacity of R/C
Structural Members

The local ductility capacity at “critical” energy dissipative zones of r/c structural
members depends on the properties of the concrete and the reinforcing steel bars, as
well as on the reinforcement detailing. Specifically, local ductility capacity
increases by

— using concrete of higher compressive strength,
— using reinforcing steel of lower tensile strength for the longitudinal steel bars,
— using reinforcing steel of higher ductility and tensile post-yield stiffening,
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— reducing the ratio of longitudinal reinforcement under tension,

— increasing the ratio of longitudinal reinforcement under compression,

— increasing the level/effectiveness of concrete core confinement (e.g., by using
denser transverse reinforcement),

— increasing the achieved concrete-reinforcement bond,

— decreasing the axial load ratio,

— decreasing the level of sustained shear stresses.

Note that confinement of the “concrete core” (i.e., the part of the concrete inside
the “cage” formed by the longitudinal and the transverse reinforcement in typical
r/c structural members) to prevent its outward dilation is the most common detail-
ing measure for ensuring local ductile behaviour of r/c structural members. It is
accomplished by means of dense hoops or ties placed further to the transverse
reinforcement normally required to accommodate shearing stresses (see (Penelis
and Kappos 1997) for a detailed discussion on this topic). In this respect, consid-
erable local ductility capacity in r/c columns is achieved by adhering to the
following three qualitative detailing rules (see Appendix C for the complete EC2/
EC8-compliant detailing requirements of r/c structural members).

1. The spacing between hoops or ties along the length of columns should be kept
sufficiently small such that early buckling of longitudinal reinforcing bars is
prevented (Fig. 2.9), while a desirable level of concrete core confinement is
achieved.

2. The stirrups and hoops/ties used must link all the longitudinal reinforcing bars.
Further, they must end in “closed hooks” (forming an angle of about 45° with the
main stirrup/hoop pattern, as shown in Fig. 2.10) to prevent from opening-up
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Fig. 2.9 Longitudinal steel bar buckling and concrete cover spalling due to inadequate sparse
spacing of stirrups
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Fig.2.10 Lateral ties arrangements in columns (hatched area: confined concrete core; white area:
unconfined concrete susceptible to spalling)

under tensile forces and, thus, to prevent premature spalling of the concrete
cover and buckling of the longitudinal reinforcement, as shown in Fig. 2.11.
Further, closed hooks, along with a proper hoop pattern linking and tying all
longitudinal reinforcing bars together, increase significantly both the strength of
r/c and, more importantly, its ductility (Fig. 2.10).
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Fig. 2.11 Examples of premature column failures due to opening-up of inadequately end-detailed
hooks

3. The spacing between the longitudinal reinforcing bars linked by stirrups and
hoops should be sufficiently small (e.g., less than 20 cm) such that the assumed
confined cross-sectional area of concrete (hatched area in Fig. 2.10) is maxi-
mized. This is because the assumed confined concrete core area is defined by
parabolic “arcs” of confining stresses between consecutive bars, as shown in
Fig. 2.10, beyond which it is taken that concrete spalls in a similar manner as the
concrete cover lying outside the stirrups (Mander et al. 1988; Sheikh and
Uzumeri 1982). Clearly, smaller spacing of longitudinal bars results in parabolic
confinement arcs of smaller length and, thus, in a larger area of concrete whose
spalling is prevented. To this end, the use of a larger number of closely-spaced
longitudinal bars of small diameter should be preferred over the use of fewer
large diameter bars in practical detailing of r/c structural members for ductile
behaviour (Penelis and Kappos 1997).

It is further noted that similar detailing rules apply (see Appendix C) for the critical
zones of structural members where plastic hinges are anticipated to form (i.e., at the
ends of beams and at the base of walls) following capacity design considerations
elaborated in the following section.

As a final note, it is reminded that the above influencing factors and detailing
rules for ductile behaviour presuppose that local brittle types of failure due to
shearing stresses such as those shown in Fig. 2.12 do not develop and, therefore,
an overall sufficient level of strength is maintained by the structure during inelastic
deformations. Therefore, over-designing for flexure (e.g., by considering more
longitudinal reinforcement from that required/calculated) should be avoided or
should be taken into account when calculating the transverse/shear reinforcement
as it increases not only the peak moment potentially developed/demanded by a
future earthquake but also the demanded peak shearing force.
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Fig. 2.12 Brittle (shear) failure due to inadequate lateral reinforcement

2.2.4 Capacity Design Rules for Ductile Global Collapse
Mechanisms

In case a large value of behaviour/force reduction factor q is adopted in design,
several structural members must yield and deform far into the inelastic range under
the design seismic action for the structure to successfully withstand the input
seismic forces, as discussed in Sect. 1.2.6. In this regard, stringent detailing rules
along the lines delineated in the previous section (see also Appendix C) for local
ductility capacity at “critical zones” of structural members must be observed.
Furthermore, in this case, additional capacity design rules and considerations are
put in place to achieve sufficient global ductility capacity. Specifically (see also
Sect. 1.2.6),

— regarding individual structural members of the lateral load resisting system,
energy dissipation zones are pre-specified and driven to local ductile flexural
modes of failure (“plastic hinges”) by application of a judicial strength
hierarchy,
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— regarding the lateral load resisting structural system as a whole, a certain
sequence of plastic hinges is pre-specified to maximize the dissipation of the
input seismic/kinetic energy via hysteretic behaviour prior to the development of
“desirable” plastic mechanisms.

The aforementioned energy dissipation zones are sized and detailed appropri-
ately to exhibit ductile behaviour. That is, to undergo large plastic deformations
under the design seismic action without losing a large part of their moment bearing
capacity. Cross sections of structural members outside the “critical” yielding zones,
and especially cross sections neighboring these critical zones, are strengthened to
ensure that they behave elastically upon plastic hinge formation.

Considering the development of plastic mechanisms, mechanisms that demand a
relatively small amount of seismic energy to be dissipated in order to develop must
be avoided. These are the mechanisms that require only a few plastic hinges to
form. The “desirable” collapse mechanisms are those that maximize the required
seismic energy dissipation in order to develop. Typically, these mechanisms require
a maximum total number of potential plastic hinges to form before the structure
collapses.

2.2.4.1 Plastic Mechanisms for Frame Lateral-Load Resisting Systems

In the case of pure moment resisting frame structural systems, two “extreme”
examples of plastic (collapse) mechanisms are depicted in Fig. 2.13. The “desir-
able” plastic mechanism commonly referred to as the “beam-sway mechanism” is
the one targeted via capacity design rules and requirements in code-compliant
seismic design. At the other end rests the “storey-sway mechanism” due to a soft
and/or weak storey which seismic codes of practice aim to avoid by relying on both
capacity design and conceptual design rules (see Sect. 2.1). A third type of
mechanism is shown in Fig. 2.15 called a “column-sway mechanism”, which is
also, theoretically, achievable but should be avoided for reasons discussed below.

Beam-sway mechanism

The desirable beam-sway plastic mechanism develops upon plastic hinge for-
mation at the ends of all beams and at the base of the columns of the ground storey.
As shown in Fig. 2.13, the required rotation 6; at each one of the several plastic
hinges of the beam-sway mechanism is much smaller than the required rotation 6,
at the few plastic hinges of the storey-sway mechanism for the same top-storey peak
displacement u,,. Clearly, local ductility demands of the beam-sway mechanism
are significantly smaller. Furthermore, it is easier to accommodate ductility
demands of a beam-sway mechanism, since beams of typical building structures
carry negligible axial force compared to columns due to the diaphragmatic action of
floors. The low axial load level positively influences the local ductility capacity of
beams compared to that achieved by columns.
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Fig. 2.13 Moment frames: unfavourable “storey mechanism” to be avoided (/eft) and favourable
“beam mechanism” (right)
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Fig. 2.14 Moment frames:
consequences of
non-compliance with the
“strong columns — weak
beams” rule
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Nevertheless, it is pointed out that, in a beam-sway mechanism, the base of the
columns at the ground floor will eventually yield due to unavoidable high values of
locally developed moments. Therefore, it is recommended to increase the flexural
strength of the columns at the ground floor (beyond the strength required to
accommodate calculated moments from the structural analysis step) to “delay”
the formation of plastic hinges. Ideally, plastic hinges at the base of columns should
form last, upon yielding of all the beams.

Storey-sway mechanism

The “storey-sway mechanism” is avoided by application of the well-established
capacity design rule of “weak beams-strong columns” (Fig. 2.14) which needs to be
verified/checked quantitatively (e.g., § 4.4.3.2 of EC8). In particular, at every joint,
the column longitudinal reinforcement ratios should be computed such that the sum
of the flexural strength capacity (peak bending moments calculated based on the
longitudinal reinforcement) of columns is higher than the flexural strength capacity
of beams accounting for the potential overstrength factors.

Furthermore, a second capacity design rule applies to eliminate the possibility
that a premature shear (brittle) type of local failure occurs before plastic hinges
form. According to the latter rule, the transverse shear reinforcement in the “crit-
ical” zones of beams and columns is calculated based on the so-called “capacity
design shear forces” (e.g., § 5.4.2 of EC8). These shear forces are computed by
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unfavourable “column-
sway mechanism” to be

Fig. 2.15 Moment frames: I
avoided

assuming that the ends of all beams and columns converging at any particular joint
have yielded accounting for the potential overstrength factors. Notably, the capacity
design shear forces are commonly considerably higher than the shear forces derived
from the structural analysis step. As a final note, it is emphasized that the develop-
ment of a storey-sway mechanism must be avoided not only for the ground storey as
shown in Fig. 2.13 for the sake of exemplification, but also for each and every
storey of the building.

Column-sway mechanism

The “column-sway mechanism” involves plastic hinge formation at the ends of
columns at all stories (Fig. 2.15). Ensuring the reliable development of such a
mechanism is very challenging at design, if not unfeasible. This is because the
(time-varying during an actual earthquake) axial load carried by each column and,
consequently, the flexural strength of each column changes significantly at each
storey. In practice, the column-sway mechanism will most probably degenerate into
a “storey-sway mechanism” at the weakest storey. Further, designing for a column-
sway mechanism is not practical, since repairing plastic hinges at columns is
considered to be harder and more expensive than repairing plastic hinges at
beams. For these reasons, capacity design to achieve column-sway mechanism
should be avoided.

Avoiding local brittle failure at beams-column joints

Further to proper detailing of the ends of beams and columns converging to
joints, local and global ductile behaviour of moment resisting r/c frames involves
ensuring that the joints (joint panel zones) are designed such that they do not fail
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Fig.2.16 Beam-column joint types at the perimeter of a spatial frame: (a) interior joint of exterior
frame, (b) exterior (corner) joint with no or one lateral beam, (c) exterior joint of internal frame
with two-sided lateral beams

prematurely. To this end, it is noted that the seismic behaviour of beams-columns
joints depends on several factors, including their geometry and position in spatial
(three-dimensional) r/c frames (see also Penelis and Kappos 1997). Special care
needs to be taken for the design of the joints lying on the perimeter of r/c frames, as
shown in Fig. 2.16. Specifically, exterior (corner) joints having a single or no out-
of-plane converging beam (Fig. 2.16b) are particularly vulnerable to shear and,
therefore, brittle failure due to crushing along the joint diagonal. Still, joints with
beams converging from both out-of-plane sides such as those shown in Fig. 2.16a, c
enjoy significantly increased shear capacity.

In this regard, it can be deduced that capacity design is an effectively complex
procedure. Further, given that current seismic codes of practice do not distinguish
among different types of joints, it can be argued that the relatively simplistic code-
compliant capacity design requirements may lead to significant uncertainty in design
and to potentially unpredictable structural behaviour under extreme seismic loads. In
fact, recent comprehensive experimental and theoretical research work, such as (Park
and Mosalam 2009) and references therein, demonstrated that current design pro-
cedures may result in severe damage to the joint regions despite the use of the “weak
beam — strong column” design philosophy. The latter may be jeopardized during
severe earthquakes by the premature shear failure of the joint region itself. In this
respect, under certain conditions, the joints themselves might become the “weak link”,
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even in EC2- and EC8-compliant r/c structures (Tsonos 2007). To address this issue,
several procedures have been proposed in the literature, as reviewed in (Park and
Mosalam 2009) and (Penelis and Penelis 2014), to ensure that the initial formation of
plastic hinges as well as the subsequent extensive damage occurs at the ends of the
converging beam members, while columns and joints remain intact. It is envisioned
that such procedures will be incorporated into future versions of design codes to
achieve improved capacity design implementation.

2.2.4.2 Collapse Mechanisms for Dual Lateral-Load Resisting Systems

From a structural design viewpoint, pure frame lateral load resisting systems are not
recommended in high seismicity areas for more than three- or four-storey r/c
buildings. This is because rigid-jointed (moment resisting) frames are relatively
flexible and exhibit increased ductility/deformation demands under severe seismic
excitation, rendering them sensitive to second-order effects. Consequently, they
require careful local detailing during construction to achieve sufficient levels of
ductility capacity at critical zones which may not always be readily achievable in
practice. In this regard, it is usually preferable to choose lateral load-resisting
systems of increased stiffness and, thus, of reduced overall ductility/deformation
demands, by incorporation of r/c walls (Fintel 1991, 1995). As a rule of thumb, it is
generally easier in practice to construct a wall with sufficient flexural and shear
strength, rather than a ductile frame system.

A “ductile” behaviour of laterally loaded slender r/c walls (with sufficiently
large height over width ratio such that flexural modes of failure prevail) is consid-
ered to be achieved when a single energy dissipation zone (“plastic hinge”’) forms at
their base (Fig. 2.17-right panel). This is where the bending moment diagram is

N
-
|
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Fig. 2.17 Shear wall: brittle shear failure to be avoided (/eff) and favourable formation of plastic
hinge (zone) at the base (right)
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Fig. 2.18 Brittle shear failure of r/c walls at the ground floor of buildings to be avoided

maximized in typical slender walls. Moreover, walls should remain elastic along
the rest of their height.

This desired behaviour is assured by observing the following two capacity
design rules for ductile r/c walls (e.g., § 5.4.2.4 of ECS).

— Shear and flexural types of failure at storey levels above the ground storey must
be avoided. This is achieved by designing/detailing the cross-sections of walls
above the ground storey for higher shear and flexural strength capacity than
those required from the structural analysis step.

— Shear type of failure at the base of the wall must be avoided (Fig. 2.18). This is
achieved by placing sufficient transverse/shear reinforcement to sustain the
levels of shearing forces developed upon the base of the wall that has yielded
(capacity shear).

Figure 2.19 shows are the two possible plastic collapse mechanisms for typical
combined (dual) frame-wall lateral load resisting structural systems. Notably, both
require that the base of the wall yields, as well as the ends of the beams connected to
the wall, where bending moment diagram is maximized due to lateral loads applied
at each storey level. However, the leftmost mechanism involving the formation of
plastic hinges at the ends of columns instead of beams (rightmost mechanism) is
less preferable. This is because the seismic energy dissipation capacity of plastic
hinges at columns is reduced due to the sustained axial force.

2.2.4.3 A Reminder of the “Limits” of Capacity Design

Conforming to all the aforementioned capacity design requirements and rules, such
as the “strong columns — weak beams” rule, is perhaps the most efficient way (and
certainly the code-prescribed way) to achieve the targeted “no-collapse” require-
ment for the design seismic action for “low seismic performance” code-compliant
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Fig. 2.19 Dual system (r/c wall — moment frame structure): unfavourable (however: acceptable
for long span beams) and preferred plastic mechanisms (left and right, respectively)

building structures. This is because capacity design rules allow for utilizing the
ductility capacity of the structure to resist the design seismic loads in a controlled
manner, avoiding local and global instability/collapse. However, it is emphasized
that designing to meet the “no-collapse” requirement via ductile behaviour (e.g., by
developing plastic hinges following the beam-sway mechanism pattern) involves
repairing a large number of (beam) structural members where plastic hinges form
after a severe seismic event. The repair cost of these damaged structural members
required to bring the structure to the same overall level of seismic performance it
observed before the seismic event can be quite significant. In fact, this cost may be
important even in the aftermath of more frequent (less intense) earthquakes than the
“design earthquake” during which some of the designated energy dissipation zones
may still yield (be damaged) to a certain extent. These issues should be accounted
for (within a probabilistic context) by the owner of the structure in deciding on the
targeted level of seismic performance (i.e., the adopted value of the behaviour
factor q) at the onset of the design process.

The above discussion points to the question raised at the beginning of the current
section and, in this regard, it closes the decision-making loop on what should be a
desirable level of seismic protection against the design earthquake. The answer may
not be straightforward within the current (traditional) seismic design approach
followed by codes of practice (see also Sects. 1.3 and 1.4). However, it does affect
conceptual design and preliminary sizing of structural members and, therefore, it
was deemed essential to be included here in order to inform phase A of the seismic
design process (see Fig. 2.1 and Table 2.1). The remaining sections of this chapter
follow phase B of the seismic design process.
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2.3 Structural and Loading Modeling for Seismic Design
of R/C Buildings Using Linear Analysis Methods

Upon completion of the conceptual design phase during which the preliminary
sizing of structural members takes place, the seismic design process proceeds with
the analysis phase. The first stage of the analysis phase involves the development of
the mathematical or computational model of the building structure to be used in the
next, structural analysis stage. Routine “modeling” of ordinary building structures
for seismic design includes:

— defining the design seismic loading combination comprising the design seismic
action and the permanent, plus a fraction of variable gravitational loads; and

— developing a numerical finite element (FE) model which can adequately serve
the purpose of determining the seismic effects (deformations and stress resul-
tants) for the detailing of the load resisting system of the building structure.

Section 2.3.1 discusses several important issues arising in defining the
EC8-compliant design seismic action. Section 2.3.2 presents the general structural
modeling requirements prescribed by EC8. Lastly, Sect. 2.3.3 provides guidance
and practical recommendations for the development of adequate FE models to be
adopted in the context of routine seismic design of multistorey r/c buildings
according to EC8, using linear methods of analysis.

2.3.1 ECS8-Compliant Loading Modeling for Seismic Design

In the context of EC8-compliant force-based seismic design, equivalent linear types
of analysis are routinely employed in which the design seismic action is defined by
means of an inelastic pseudo-acceleration spectrum (see also Sect. 1.2.4). This
spectrum is termed the “design spectrum for elastic analysis” in clause §3.2.2.5 of
ECS, hereafter the design spectrum. It attains reduced ordinates compared to the
elastic pseudo-acceleration response spectrum (termed the “horizontal elastic spec-
trum” in clause §3.2.2.2 of EC8) depending on the assumed behaviour (or force
reduction) factor q. The lateral seismic design base shear is proportional to the
design spectrum ordinates and to the inertial/mass properties of the structure.
Therefore, lateral seismic loads are determined by means of the design spectrum
and the nominal gravitational loading combination (gravitational permanent plus
variable actions according to Eurocode O (CEN 2002) from which the inertial
properties of the structure can be derived and accounted for in the analysis stage.
The thus defined seismic loads are further combined with the nominal gravitational
loading combination acting simultaneously with the lateral seismic loads. In the
case of buildings with structural members susceptible to undue local vertical
vibrations (e.g., horizontal cantilevered structural members or beam supporting
columns; see §4.3.3.5.2 of EC8), the vertical component of the ground motion
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needs to be accounted for as well, yielding additional seismic loads in the vertical
(gravitational) direction (§3.2.2.3 of ECS). Finally, the EC8-prescribed loading
modeling for seismic design is complemented by certain additional considerations,
such as the site seismic hazard from which the “design seismic action” is specified
and the assumed directions along which the seismic action is applied.

In general, EC8, complemented by the National Annexes and Eurocode 0 (CEN
2002), describes most aspects of the seismic loading modeling with sufficient
clarity for practitioners to follow. Therefore, the following paragraphs of this
section provide only brief comments on certain issues related to (i) the definition
of the design seismic action in terms of peak ground acceleration within a proba-
bilistic context, (ii) the EC8 design spectrum, (iii) the relation between the design
peak ground acceleration and the behaviour factor q, and (iv) the EC8 prescribed
inertial structural properties for seismic design and the seismic loading combina-
tion. Other aspects of loading modeling (e.g., direction of seismic action, in plan
points of action for the lateral seismic loads in the lateral force method, etc.) are
discussed in subsequent sections and chapters focusing on the EC8 prescribed linear
analysis methods and their practical implementation (Kappos 2002).

2.3.1.1 Reference Seismic Action agg, Design Seismic Action o, and,
Importance Factor y;

According to clause §2.1(1)P of ECS, the “reference” level of the seismic intensity
for the no-collapse requirement is defined in terms of the peak (horizontal) ground
acceleration value o, recorded on rock and having a return period Tg of 475 years
(denoted by Tncr), or a probability Pr of 10 % (denoted by Pncr) to be exceeded
within a time period t. (“exposure time”) equal to 50 years (see also Sect. 1.1.4).
Further, for the damage limitation requirement, a reduced seismic action is taken,
represented by a peak ground acceleration value with a return period Ty g equal to
95 years, or a probability Pp; g of 10 % to be exceeded in 10 years.

The above correspondence between the return period Tg and the probability Pr
relies on modeling the occurrence of an earthquake within a time interval as a
discrete random variable following the Poisson distribution. In particular, the
Poisson model involves the following three assumptions:

— the number of earthquake events in one time interval is independent of the
number of earthquake events in any other past or future time interval;

— the probability of an earthquake event in a short time interval is proportional to
the duration of this time interval; and

— the probability of observing more than one earthquake event during a short time
interval is negligible.

Under the above assumptions, it can be shown that the probability Py that a certain
value of ground acceleration o, will be exceeded within a given “exposure time” t.
in years (note that EC8 uses the symbol Ty to denote exposure) is expressed by
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Pr = 1 — exp(—Pit.), (2.6)

in which P, is the probability that a is exceeded in one year (annual probability of
exceedance). Further, the return period of the considered o, is Tg = 1/P;. Therefore,
by solving Eq. (2.6) for the return period, it is possible to obtain the following
relationship (clause §2.1(1)P of EC8)

“In(1 — Pg) -y
e —— T =
! & IR Tn — Py

(2.7)
By substituting t. = 50 years and Pr = Pycr = 10 % in the last equation, one obtains
a return period of Tr = Tncr = 475 years (no-collapse requirement of ECS8). The
value of the peak ground acceleration on rock ground conditions corresponding to
the Tncr return period (reference peak ground acceleration aogr of EC8) is site
specific and can be obtained from National (or regional) seismic hazard maps
(clause §3.2.1 of EC8). Such maps are developed by relying on probabilistic
seismic hazard analysis (McGuire 1995). For illustration purposes, the seismic
hazard maps included in the National Annexes to EC8 of Greece and of The
Netherlands are given in Fig. 2.19, characterized by significantly different levels
of seismicity. Note that the reported peak ground acceleration values in these
hazard maps correspond to the reference return period Tncg =475 years of EC8
for rock ground conditions (ground type A as of ECS8), and, thus, they can be
directly used in conjunction with EC8 code. A more detailed Seismic Hazard Map
of Europe has also been produced in the framework of the European Project
SHARE, though still with no direct reference to the corresponding National
Annexes (Giardini et al. 2013).

However, seismic hazard maps may be developed for peak ground acceleration
corresponding to any return period Tgr. Therefore, caution needs to be exercised by
practitioners to ensure that an EC8-compatible reference seismic action is adopted
in undertaking EC8-compliant seismic design, especially in regions outside the
European Continent (Fig. 2.20).

The EC8 design seismic action, oy, is defined as the product of the reference
seismic action o,g times the importance factor y;. That is,

g = Y dgR. (2.8)

Practically, the value of the importance factor y; is associated with the intended use
and occupancy of building structures and their potential consequences for collapse
due to severe ground shaking (see also Sect. 1.1.4). Based on such criteria,
buildings are classified into four classes given in Table 4.3 of EC8 (§4.2.5).
Conventional ordinary occupancy r/c buildings fall into importance class Il for
which yy=1 by definition (clause §4.2.5(5)P of ECS). Therefore, for “ordinary
buildings”, the design seismic action equals the reference seismic action having
10 % probability of being exceeded in 50 years or a return period of 475 years.
Lower or higher than y;=1 values are used for less critical or more critical
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Fig. 2.20 Seismic hazard maps included in the National Annexes to EC8 of Greece (left) and of
The Netherlands (right)

structures, respectively. As a final remark, it is noted that, from a theoretical
viewpoint, a change to the value of the importance factor is equivalent to changing
the return period of the considered design seismic action o, compared to the
reference seismic action og (clause §2.1(4) of ECS).

2.3.1.2 The Design Spectrum for Elastic Analysis

The horizontal elastic response spectrum S. is defined analytically in clause
§3.2.2.2(1)P of EC8 as a function of the natural structural period T. Its shape is
characterized by four distinct period dependent branches demarcated by the corner
periods Ty, Tc, and Tp, as follows (Fig. 2.21a and Fig. 3.1 of ECS8):

— Short natural period branch (T <Tg) corresponding to very stiff structural
systems where spectral ordinates increase with increasing T;

— Medium natural period branch (Tg <T <Tc) of constant spectral ordinates
(“plateau”);

— Long natural period branch (T < T < Tp) of decreasing spectral ordinates with
increasing T; and

— Very long natural period branch (T > Tp) corresponding to very flexible struc-
tural systems of constant peak relative displacement ordinates S-(27/T)>.

Apart from the design peak ground acceleration a,, the amplitude of the EC8 elastic
response spectrum depends on the soil amplification factor, S, and on the linear
(viscous) damping dependent factor, 1. This is indicated in the peak value (plateau)
of the elastic response spectra normalized by the design peak ground acceleration
o, included in Fig. 2.21. For 5 % ratio of critical viscous damping commonly
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Fig. 2.21 Normalized horizontal EC8 elastic spectrum recommended for ground type “C” (Type
1 (a) and Type 2(b)) and corresponding design spectra for various values of the behavior factor q

assumed for r/c structures and adopted hereafter, the damping factor takes on the
“reference” value n=1 (clause §3.2.2.2(3) and (4) of ECS).

The values of the soil amplification factor S and the corner periods Ty, T, and
Tp are site-specific and depend on the properties of the local supporting ground and
seismological considerations. Specifically, EC8 classifies the supporting ground
into five different “basic” ground types (“A” to “E”) plus two “special” ones
(Table 3.1 in clause §3.1.2 of ECS8) based on certain quantitative local soil related
criteria. Ground type “A” corresponds to rock and is the “reference” ground type for
which S=1.

Further, two different spectrum types (type 1 and 2) are defined accounting for
the surface-wave magnitude M of the earthquake that contributes the most to the
site seismic hazard within a probabilistic seismic hazard analysis (clause §3.2.2.2
(2)P of EC8). Type 2 spectrum corresponds to M < 5.5. Recommended values for
all five basic ground types and for types 1 and 2 spectra are provided in Tables 3.2
and 3.3 in clause §3.2.2.2 of EC8. In Fig. 2.21a, b, the type 1 and 2 elastic response
spectra normalized to the design peak ground acceleration for ground type “C” are
included, respectively. It is seen that type 2 spectra representing typical intra-plate
seismo-tectonic environments observe higher spectral ordinates within a narrower
band of natural periods shifted towards shorter periods compared to type 1 spectra.
The latter spectra correspond to typical interplate seismic events dominating



96 2 Design of R/C Buildings to EC8-1: A Critical Overview

seismic structural design in most regions of South Eastern European countries (e.g.,
Italy, Greece, Turkey) and many other high seismicity areas worldwide.

The ECS8 design spectrum for elastic analysis Sq is analytically expressed as
(§3.2.2.5 of EC8)

2 T /25 2
S|IZ+—(=2-2)], o<T<T
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where:

— Yi0gr (=0,) is the peak (horizontal) ground acceleration corresponding to the
design seismic action (for importance factor y;= 1, the value of o, has 10 %
probability of being exceeded in 50 years, as discussed in Sect. 2.3.1.1);

— S is the soil amplification factor (reference value S =1 for rock ground “A”);

— Tg and T¢ are the corner periods defining the second constant acceleration
branch (“plateau’) of the design spectrum;

— Tp is the corner period signifying the beginning of the constant peak relative
displacement (S4(2n/T )2) response range;

— P denotes a lower bound for the design spectrum normalized by o, having a
recommended value of 0.20 and

— q is the behaviour (or force reduction) factor (see Sect. 1.2.2).

The EC8 design spectrum S in Eq. (2.9) is a piecewise continuous function of T
obtained by dividing the three branches of the elastic spectrum S, for T > Ty by the
behaviour factor q and by reducing the theoretical “zero period” spectral ordinate
S<(T=0) by 2/3. Additionally, a minimum bound is applied to the two right-most
branches along the natural period axis.

Therefore, by setting q =1 and by replacing the 2/3 ratio of the first branch in
Eq. (2.9) by 1, one retrieves the EC8 elastic response spectrum for 5 % damping.
This is further illustrated in Fig. 2.21 where four EC8 design spectra obtained by the
type 1 and type 2 elastic response spectra for ground “C” are plotted for four values
of the behaviour factor q. Note that these design spectra are “pinned” at a S4(T = 0)/
0y =2/3-S¢(T = 0)/a, value which remains the same for any behaviour factor. In
fact, for large behaviour factors, the first branch of the design spectrum may have a
negative slope (decreasing spectral ordinates with increasing natural period) which
is never the case for the elastic response spectrum. It is further noted that a lower
bound of #=0.2 applies for very long natural periods.

The significance of the behaviour factor q in code-compliant seismic design has
been highlighted in Sect. 1.4 and further comments and recommendations are
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included in the next chapter on the practical implementation of EC8 code. The
following sub-section clarifies the notional and practical difference between
increasing the design seismic action and reducing the behaviour factor in
EC8-compliant seismic design.

2.3.1.3 Modification of the Design Seismic Action vis-a-vis
the Behaviour Factor

By examining the analytical expression of the EC8 design spectrum in Eq. (2.9), it
is seen that, for a given soil amplification factor S, the amplitude of the design
seismic loads (which are proportional to the design spectrum ordinates) increases

— (a) either by increasing the importance factor y; and, therefore, the design
seismic action ag = Yr dgg,
— (b) or by reducing the behaviour factor g.

Interestingly, the above two operations may have the same quantitative (numerical)
impact on the stress resultants computed from a linear analysis for which the
structure needs to be designed (i.e., for which structural members are detailed).
However, operations (a) and (b) bear a completely different qualitative meaning. In
case (a), the design seismic loads increase by increasing the linear seismic demand
(design seismic action) either by increasing the exposure time of the structure to the
seismic hazard t., or, equivalently, by increasing the considered return period Tg
(see also discussion in Sect. 2.3.1.1). Nevertheless, the level of the expected
inelastic deformations that the structure will undergo under the increased design
seismic action level remains the same. In case (b), the structure undergoes smaller
inelastic deformations and, therefore, achieves a higher seismic performance under
the same design seismic action level.

The above qualitative difference can perhaps be better understood in the context
of performance-based seismic design (Sect. 1.3). Focusing on Fig. 1.17, case
(a) corresponds to a downwards column-wise change to the structural performance:
the structure performs the same but for a more intense (less frequent) earthquake
event. Case (b) corresponds to a row-wise change towards higher seismic perfor-
mance for the same seismic intensity level. Interestingly, in both cases, enhanced
seismic structural behaviour is achieved within the performance based seismic
design framework.

2.3.1.4 Inertial Properties for Seismic Design and Seismic Loading
Combination

Lateral seismic forces imposed on structures due to strong ground motion are mass
proportional. Therefore, apart from the intensity of the ground motion (expressed in
terms of the design spectrum), nominal (design) mass/inertial structural properties
need to be specified as well to determine seismic effects. According to EC8 (clause
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§3.2.4), the mass/inertial properties for seismic design are obtained by considering
the characteristic value Gy of all j permanent gravity loads (e.g., self-weight of
structural and permanent non-structural elements, fixed equipment, finishing, etc.),
but only a fraction of the characteristic value Qy of all i variable gravity loads (e.g.,
loads due to occupancy, movable equipment, etc.) in the following combination of
actions:

Z (Gr.j)“ + ”Z (WeiQxi), (2.10)

] 1

where the symbol Z implies “the combined effect of all k actions” and the symbol
k

“+” implies “to be combined with” following the standard notation adopted within
the Eurocode series. In the above expression, yg; is a combination coefficient for
variable action i given as (clause §4.2.4 of EC8)

VE,i = PW2i, (2.11)

where, yy; is the combination coefficient of the quasi-permanent value of the i
variable action, y,;Qy ;, and @ < 1 is a coefficient that may further reduce the quasi-
permanent value of variable action depending on the type of variable action and the
storey occupancy in a building structure.

The combination coefficients yy; are given in Eurocode 0 (CEN 2002) Annex
Al, and may be as low as 0.3 for ordinary occupancy residential and office
buildings recognizing that, during an earthquake, a relatively small fraction of the
characteristic value of the variable actions will be acting combined with the action
of the full permanent loads. In fact, the quasi-permanent value of a variable action
y,Qy is considered to be “almost always” exceeded during the life-time of a
structure within a probabilistic/statistical context. Moreover, recommended values
for the ¢ coefficient are included in Table 4.2 of ECS8 (§4.2.4) which can be as low
as 0.5 allowing for up to 50 % reduction of the considered mass of the building
contributed by the quasi-permanent gravity variable loads.

As a closure to this section, it is deemed essential to note that the seismic action
is classified as an “accidental” action to Eurocode 0 (CEN 2002) and that the “total”
design action combination, which includes permanent and variable actions together
with the seismic action, is given by (clause §6.4.3.4 of EN1990:2002)

S (G )+ P+ " A + S (w2, Q) (2.12)

] 1

in which Agp is the design seismic (accidental) action and P denotes the
prestressing action, if it exists. In view of Egs. (2.10), (2.11), and (2.12), it is
important to note that the ¢ enters only in the definition of the gravity loads used to
obtain the inertia property of the building structure and therefore influences the
value of Agp. However, it is not used in combining the quasi-permanent variable
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actions in the total seismic loading combination of Eq. (2.12). In other words, if
¢ # 1 is adopted, the mass of the building used to define the design seismic action
Agp will not be consistent with the gravity loads applied to the structure in
combination with the design seismic action in the analysis stage.

2.3.2 ECS8-Compliant Modeling of Superstructure,
Foundation, and Supporting Ground

The gravity and lateral load-resisting (or load-bearing) structural system of r/c
building structures comprises the superstructure and the foundation. Its mission is
to safely transfer externally applied loads (e.g., gravity loads primarily applied to
floor slabs, lateral loads due to wind pressure, lateral inertial loads due to horizontal
seismic excitations, etc.) to the supporting ground. Apart from floor slabs, the
superstructure of a typical contemporary r/c building designed for earthquake
resistance can include beams, columns, walls, and cores, as schematically shown
in Fig. 2.22. Further, the foundation system may include simple pad footings, strip
footings, deep beam grillages, or even monolithic mat-slab (raft) foundations to
support the vertical structural members (columns, walls, and cores).

One-dimensional finite elements (e.g., two-node Euler-Bernoulli beam/column
element) and sometimes two-dimensional finite elements (e.g., four-node rectangu-
lar shell elements for plate bending or plane stress) together with appropriate finite
element meshing schemes are routinely incorporated to represent the material,
structural, and inertial properties of the above structural members and to define
their fopology and connectivity in typical numerical/computational finite element
(FE) models. Furthermore, for the case of ordinary r/c building structures subject to
seismic excitation, soil compliance can be accounted for, if deemed necessary, by
FE models by introducing elastic support conditions at the foundation level. More
sophisticated numerical/modeling techniques for capturing explicitly the dynamic
soil-foundation-structure interaction phenomenon (e.g., use of two-dimensional/
three dimensional finite elements or boundary elements to model the supporting
ground) are rarely considered in the seismic design of structures concerned in this
book and, thus, are left out of the ensuing discussions.

Focusing on the superstructure FE modeling of a typical r/c building, a better
insight into the involved considerations and requirements can be gained by exam-
ining structural members and structural sub-systems on an individual basis. In a
nutshell, beams are horizontally oriented and exhibit primarily uni-directional
flexural behaviour along the vertical (gravitational) plane due to vertical and lateral
loads. Due to their orientation and monolithic connection with the floor slabs,
beams bear negligible loads along their longitudinal direction (axial loads). Further,
they are taken to have flanged cross-sections, either T-shaped or L-shaped.

On the antipode, columns bear significant axial loads, since they are vertically
oriented, and undergo significant bi-directional flexure under seismic excitation.
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Fig. 2.22 Typical structural components of multistory r/c buildings

The cross-sectional dimensions of beams and columns are an order of magnitude
smaller than their longitudinal dimension (length) and, therefore, are viewed as
“one-dimensional” members in space.

Reinforced concrete walls are vertically oriented planar (“two-dimensional”)
structural members with elongated cross-sectional dimensions (aspect ratios >1/4)
such that their width (longest cross-sectional dimension) is of the same order of
magnitude with the storey height. They exhibit primarily either flexural behaviour
(flexural-typelslender walls) or shear behaviour (shear-type/squat walls).
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Cores are assemblies of two or more planar walls having either open-loop or
closed-loop (tube-like) cross-sections. Vertically oriented lintel braces may be
included along one open side of cores with open-loop cross-sections. Cores can
be viewed as spatial (“three-dimensional”) structural members in space, since their
“envelop” cross-sectional dimensions are usually of the same order of magnitude
with the storey height.

It is noted that planar r/c walls and r/c cores are commonly used in areas of high
seismicity to increase the lateral stiffness of building structures and, when existent,
are important members of the seismic load-resisting system of a building structure
designed to exhibit ductile behaviour. Therefore, they should be distinguished from
infill or architectural walls which exhibit non-ductile material behaviour and are
normally considered as “non-structural” elements in code-compliant seismic design
of structures. Notably, the contribution of infill walls in resisting seismic forces is
neglected in the majority of seismic codes.

Moment resisting frame (MRF, pure frame or simply frame) structural
sub-systems form due to the monolithic (though not necessarily perfectly rigid)
connection of beams and columns achieved in cast-in-place and in properly
engineered pre-cast r/c buildings (see Figs. 2.22 and 2.33).

Further, dual structural sub-systems form by coupling walls and/or cores
together with columns and/or frames via beam members at each floor level (see
Figs. 2.22 and 2.41).

Moreover, planar coupled wall (or simply wall) structural sub-systems form by
coupling together two or more planar walls via strong coupling beams, not neces-
sarily at (only) the floor levels.

Several such sub-systems of the same or different types linked together in space
via beams monolithically embedded within floor slabs (at least in cast-in-place r/c
structures) form the superstructure of the (gravitational and lateral) load resisting
system in r/c buildings.

In light of the above, it is seen that the development of a typical computational
(FE) model to efficiently represent/capture the properties of the combined
superstructure-foundation-soil system involves several simplification steps and
assumptions with regards to

— the material behaviour of concrete and steel (e.g., linear-elastic or elasto-plastic
stress-strain relationships, etc.);

— the structural behavior of r/c structural members (e.g., axially inextensible
members, perfectly rigid in-plane slabs or diaphragms, etc.)

— the connectivity of r/c structural members (e.g., perfectly/semi- rigid frame
connections, level of in-plane stiffness of floor slabs, etc.);

— the cross-sectional properties of r/c structural members (e.g., second moment of
area for flanged beams/planar walls/cores, torsional stiffness of cores, etc.);

— the distribution of inertia/mass properties in the structure (e.g., mass concentra-
tion at the center of gravity of floors, distribution across many nodes, etc.); and

— the soil properties (e.g., spring constant values of elastic foundations, inclusion
of rotational springs, etc.).
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However, codes of practice provide only limited guidance for practitioners with
regards to the development of proper FE models for seismic analysis, as this is
considered to be a subjective issue of personal preference and cumulative experi-
ence, while it is closely related to the capabilities of available commercial software.
ECS8 is no exception. It only provides brief, primarily qualitative, comments and
requirements addressing the above modeling issues for building structures (clause
§4.3.1 of EC8). These general EC8 requirements are listed in the following para-
graphs and complemented by some additional comments. Further, a summary of
recommended assumptions and modeling techniques made to address the most
common modeling requirements for EC8 compatible linear analysis is given in
Table 2.4.

Table 2.4 Common requirements and assumptions in structural (elastic and inertial) modeling of

r/c building structures

Common modeling aspects and requirements

Common modeling assumptions made

Full or partial diaphragmatic action of r/c floor
slabs

Perfectly rigid, within their plane (either hor-
izontal or inclined), slabs for full diaphrag-
matic action

Deformable, within their plane, slabs for par-
tial diaphragmatic action (see Sect. 2.3.3.1)

R/c moment resisting frames

Frames with semi-rigid joints

Perfectly rigid-jointed frames (see
Sect. 2.3.3.2)

Planar r/c walls and r/c cores above the ground
level (in the superstructure) and below the
ground level (basement)

Use of equivalent frame models comprising
one-dimensional linear finite elements

Use of alternative equivalent linear models

Use of linear two dimensional finite elements
(see Sects. 2.3.3.3 and 2.3.3.4)

Concrete cracking effects in r/c members in
equivalent linear analyses

Modification of structural members properties
(stiffness reduction of beams, columns, walls,
and cores) using empirical reduction factors-
§4.3.1(7) of EC8 (see Sect. 2.3.2.1)

Infill wall contribution to lateral load resistance

Completely ignore contribution

Modeling by means of equivalent linear brac-
ing bars (see Sect. 3.3)

Supporting ground compliance

Foundation beams and slabs resting on

linear elastic springs (Winkler springs)

a continuous elastic medium

two or three-dimensional finite elements (see
Sect. 2.3.3.5)

Inertial/mass properties concentrated at the
level (height) of floor slabs

Floor masses lumped at a single node (center
of mass) of each floor with two horizontal
translational plus one rotational about the
vertical axis dynamic degrees of freedom

Floor masses lumped at many nodes on each
floor with two horizontal translational
dynamic degrees of freedom



http://dx.doi.org/10.1007/978-3-319-25270-4_3

2.3 Structural and Loading Modeling for Seismic Design of R/C Buildings Using. . . 103

Adequate modeling of stiffness and inertial property distribution (§4.3.1(1)P of
ECS8)

The need to ensure that the adopted structural building model “adequately”
represents the distribution of its elastic properties (stiffness) and its inertial prop-
erties (mass) such that all significant deformation shapes and inertia forces are
properly accounted for under the seismic action is highlighted. This is an important
consideration, especially in the case of adopting the modal response spectrum
method of analysis which takes into account the higher than fundamental modes
of vibration (see Sects. 2.4.2 and 2.4.3). The additional requirement for adequate
strength distribution representation if a non-linear analysis method is adopted for
design purposes is also posed. A brief discussion on material non-linear FE
modeling options is included in Sect. 2.4.1.2 where inelastic methods of analysis
are reviewed. In the remainder of this section, the assumption of linear material
behaviour is made in developing FE models for EC8-compliant linear types of static
or dynamics analysis (see also Sect. 2.4.2).

Joint rigid offsets (§4.3.1(2) of EC8)

It is a requirement that the structural model accounts for the contribution of
“joint” regions (where two or more structural members are connected) to the
deformability of the building. Thus, the end zones of beams and columns in
frame structural systems must be explicitly modeled as rigid depending on the
geometry of the joint. A detailed discussion on this issue is provided in
Sect. 2.3.3.2.

Diaphragmatic action of floor slabs and mass modeling/discretization (§4.3.1
(3) and (4) of ECS8)

“In general the structure may be considered to consist of a number of vertical and
lateral load resisting systems, connected by horizontal diaphragms.” (§4.3.1(3)).
This consideration is in perfect alignment with previous discussions in view of
Fig. 2.22. Floor slabs can be modeled as horizontal diaphragms “binding together”
vertical structural members (e.g., uncoupled walls and cores) and sub-systems (e.g.,
frames and dual systems) at the level of each floor with the aid of beams.

“When the floor diaphragms of the building may be taken as being rigid in their
planes, the masses and the moments of inertia of each floor may be lumped at the
center of gravity.” (§4.3.1(4)). Apart from being quite favourable in terms of
seismic structural response of buildings (see Sect. 2.1), the in-plane stiffness of
floor diaphragms significantly facilitates modeling and analysis, as it allows for
lumping all inertial properties of the building at the center of gravity of floors.
Therefore, only three dynamic degrees of freedom per floor need to be considered:
two translational along two orthogonal horizontal axes and one torsional about the
gravity axis (see Sect. 2.3.3.1). This consideration expedites the modal analysis step
and the interpretation of mode shapes. Nevertheless, a rigorous verification of
diaphragm rigidity according to EC8 requires FE modeling using
two-dimensional finite elements, since “The diaphragm is taken as being rigid, if,
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when it is modeled 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.” (§4.3.1(4)). Modeling details and practical recommendations on this
issue are included in Sect. 2.3.3.1.

Use of planar structural models (§4.3.1(5) of EC8)

The use of (two) planar structural models along (two) “principal” directions of
buildings instead of spatial (three-dimensional) models is allowed for the seismic
design of regular in plan buildings or of buildings conforming to the, largely
qualitative, conditions of clause §4.3.3.1(8) of EC8. A detailed discussion and
practical recommendations on this issue are provided in Sect. 2.3.2.2.

Accounting for the effect of concrete cracking (§4.3.1(6) of ECS8)

The adopted values of the stiffness properties of r/c structural members should
correspond to the initiation of yielding of the reinforcement. Therefore, appropri-
ately reduced stiffness values compared to those corresponding to uncracked
structural members should be adopted in the analysis stage. A detailed discussion
and practical recommendations on this issue are provided in Sect. 2.3.2.1.

Assumption of reduced stiffness properties for r/c structural members (§4.3.1
(6) and §4.3.1(7) of ECS8)

In clause §4.3.1(6) of ECS, it is stated that the adopted values of the stiffness
properties of r/c structural members should account for the effect of concrete
cracking and should correspond to the initiation of yielding of the reinforcement.
“Unless a more accurate analysis of the cracked elements is performed, the elastic
flexural and shear stiffness properties of concrete and masonry elements may be
taken to be equal to one-half of the corresponding stiffness of the uncracked
elements.” (§4.3.1(7)). The use of “effective” stiffness properties corresponding
to cracked r/c members (at the onset of reinforcement yielding) is interweaved with
the use of “equivalent” linear analysis for seismic design (see also Sect. 1.2.4).
However, it is noted that EC8 does not make any particular reference to the need for
reducing the axial and torsional stiffness of structural members, while it suggests
the same level of reduction of flexural and shear stiffness for all different types of
r/c members. Both these assumptions need careful consideration and are discussed
in some detail in Sect. 2.3.2.1.

Accounting for infill walls effect in structural models (§4.3.1(8) of ECS)

In clause §4.3.1(2) of EC8, the need to account for non-structural elements
influencing the response of the load-resisting structural system of r/c buildings is
emphasized. Masonry infill walls, though significantly stiff within their plane, are
not normally taken to contribute to load-resistance under the design seismic action,
as they are brittle and usually prone to non-ductile failure at even lower than the
nominal design earthquake levels of seismic action (at least for an adopted q factor
equal or close to the maximum allowable value). However, the adverse effects of
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non-uniform distribution of infill walls in plan and elevation need to be taken into
account in certain cases, as specified in clauses §4.3.1(8) and §4.3.6 of ECS. Further
details on this matter are provided in Sect. 3.3.

Foundation and supporting ground compliance (§4.3.1(9) of ECS8)

“The deformability of the foundation shall be taken into account in the model,
whenever it may have an adverse overall influence on the structural response.”;
“Foundation deformability (including the soil-structure interaction) may always be
taken into account, including the cases in which it has beneficial effects.” (§4.3.1
(9)). The issue of whether and in which cases the effects of soil compliance and,
even more, the soil-structure interaction phenomenon have positive effects on the
seismic response of structures is open to research and is certainly not readily
predictable in advance. Therefore, it is generally recommended to include the
foundation and soil compliance in the overall structural model with due consider-
ation of the distinct features of static and dynamic soil-structure interaction. More
details on practical ways to accomplish this are provided in Sect. 2.3.3.5.

Inertial/Mass properties for seismic design (§4.3.1(10) of ECS8)

“The masses shall be calculated from the gravity loads appearing in the combi-
nation of actions indicated in 3.2.4. The combination coefficients yg; are given in
4.2.4(2).” (§4.3.1(10)). This issue has already been discussed in Sect. 2.3.1.4 and is
only included here for the sake of completeness of the EC8 modelling requirements.

Guidance and recommendation on typical discretization FE schemes and model-
ing techniques for ordinary r/c buildings in accordance with the general ECS8
modeling requirements are provided in Sect. 2.3.3. In the remainder of this section,
special attention is focused on two practical issues arising in the modeling stage of
the seismic design, as these can have a significant impact on the (linear) analysis
results and, therefore, on the final design. The first issue relates to the stiffness
reduction in r/c structural members due to concrete cracking. The second issue
relates to whether two-dimensional (planar) FE models can be adopted instead of
three-dimensional (spatial) models in the context of equivalent linear analysis. In
the following two paragraphs, certain comments and practical recommendations are
given in relation to the above two issues.

2.3.2.1 Stiffness Reduction of R/C Members for Linear Analysis (§4.3.1
(6) and (7) of EC8)

As already discussed in Sects. 1.1.5.4 and 1.2.4 and noted in clause §4.3.1(6) of
ECS, it is reasonable to assume that r/c structural members are cracked in
performing “equivalent” linear types of analysis using an inelastic spectrum to
define the seismic input action. Therefore, “effective” or “secant” stiffness values
should be considered which are typically found (e.g., by lab testing) to be signif-
icantly lower than the theoretical stiffness properties calculated from the uncracked
gross section properties of r/c members. That is,
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the flexural rigidity (EI),

— the shear rigidity (GAy),
the axial rigidity (EA), and
— the torsional rigidity (GJ),

where

E is the modulus of elasticity,

G is the shear modulus,

A is the member cross-sectional area,

A, is the member shear area,

I is the moment of inertia (second moment of area), and

J (or Iy) is the torsional moment of inertia (polar moment of area).

It is further noted that, in the context of (linear) seismic analysis and design, the
overall stiffness of the r/c load-resisting structural system (and of its adopted
computational model) significantly influences its dynamical properties and ulti-
mately the design seismic effects. In particular, structural stiffness has a profound
effect on the value of the fundamental and the higher natural periods of the structure
which, in turn, influence the seismic loads obtained from the design spectrum of
Eq. (2.9), for which the structure needs to be designed. Further, the stiffness of the
load resisting structural system depends heavily on the stiffness properties of its
individual constituent r/c structural members. Therefore, care should be exercised
in the adopted values of effective/reduced r/c member stiffness properties account-
ing for concrete cracking. These values should not be unrealistically low, since this
will significantly increase the natural period of the structure and, thus, may under-
estimate the design seismic loads (see Fig. 2.21), leading to non-conservative
designs. Conversely, if relatively large values for secant stiffness properties are
adopted, excessively high design seismic loads may be reached, leading to cost-
ineffective designs.

According to EC8 (clause §4.3.1(7), the flexural rigidity (EI) and the shear
rigidity (GA;) should be reduced by 50 % in cracked members compared to the
uncracked values (unless a rigorous analysis is undertaken), assuming that such
reduced stiffnesses correspond to the initiation of yielding of the reinforcement
(clause §4.3.1(6)). The above default reduction to stiffness properties is considered
to be relatively small compared to what is observed in relevant experimental tests
(Fardis 2009). As such, it yields conservative (safe-sided) designs in the context of
force-based seismic design, though it may underestimate deformations. The latter
issue is not considered to be important, as EC8-prescribed deformation-based
verification checks (see Sect. 3.2) are usually not critical for the majority of
ordinary r/c building structures.

Furthermore, the assumption that the same level of flexural and shear stiffness
reduction, i.e., 50 %, applies to all different types of r/c members, combined with
the additional assumption that axial and torsional member deformations have
negligible influence on bending and shear stiffness, significantly expedites the
design process from a practical viewpoint, as the same structural (FE) model used
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for “equivalent” linear seismic analysis (assuming cracked r/c members) may also
be used for (linear) analysis under gravity loads (assuming uncracked r/c members),
i.e., for the ultimate limit state basic design combination for permanent and variable
actions (no accidental/seismic). This is because stress resultants obtained from
linear analysis for static externally applied loads (i.e., support settlements or
temperature effects are considered) depend only on the relative stiffness contribu-
tion of each structural member (i.e., relative stiffness values assigned to each finite
element in the model), and not on the absolute stiffness values.

Nevertheless, despite being convenient for design purposes, it should be noted
that considering a uniform flexural and shear stiffness reduction for all types of
structural members is not realistic, since the extent of concrete cracking during
cyclic inelastic deformation is smaller for members carrying large axial forces (e.g.,
columns) compared to members under (almost pure) flexure (e.g., beams). In this
regard, EC8 (clause §4.3.1(7)) does allow for the adoption of more elaborate
stiffness properties if a more accurate analysis of the cracked elements is performed
without providing any further suggestions with regards to the nature of such an
analysis. To this end, it would be rational to relate the level of stiffness reduction to
the targeted seismic performance level, as this is expressed via the behaviour (force
reduction) factor q within the ECS8-prescribed force based seismic design. In
particular:

— if a high seismic performance level is targeted (i.e., a relatively low value of the
behaviour factor q is adopted in design), the structure undergoes insignificant, if
any, inelastic deformation under the design seismic action and, thus, relatively
small stiffness reduction/degradation at structural members can be assumed due
to limited extent of concrete cracking; while

— if alow seismic performance level is targeted (i.e., a relatively large value of the
behaviour factor q close to the maximum allowable is adopted in design), the
structure undergoes significant inelastic deformation under the design seismic
action and, thus, significantly higher, compared to the previous case, stiffness
reduction/degradation at structural members needs to be assumed.

The above reasoning suggests that the adopted values for effective stiffness
properties corresponding to cracked members (i.e., flexural, shear, axial, and
torsional rigidity) should depend on the value of the behaviour factor q. However,
at present, no research work along these lines is found in the open technical
literature. In this respect, the cracked member (secant) stiffness at yield for several
types of r/c members reported in (Priestley et al. 2007) can be adopted as being a
function of axial loading.

As a final remark, it is noted that EC8 does not make any recommendation with
regards to effective/secant values for the axial and torsional rigidities of structural
members. It is recommended that the axial rigidity of cracked members remains the
same as that for the uncracked members. It is further emphasized that the torsional
stiffness of structural members has a non-negligible influence on seismic effects,
assuming that spatial (three-dimensional) FE models are used in the analysis, as
recommended in the next section. For example, the assumed value of torsional
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stiffness in the modeling of r/c cores may influence design seismic effects in all
structural members of an r/c building (see Sect. 2.3.3.4). Given that torsional
stiffness is significantly reduced due to cracking, a reduced value in the uncracked
torsional stiffness (i.e., to the member torsional moment of inertia, It) of the order
of 90 % is herein recommended (Fardis 2009).

2.3.2.2 On the Use of Planar Structural FE Models for Linear Analysis
(§4.3.1 of ECS8)

Due to the practically unavoidable asymmetries in stiffness and inertial property
distribution within building structures, a certain level of “coupling” between trans-
lational and rotational response will always occur. The practical implications of this
coupling may be better understood by considering a three-dimensional linear FE
model of a regular building structure with vertical structural members and
sub-systems aligned parallel along two orthogonal horizontal axes X and
Y. Assuming that floor slabs behave as rigid diaphragms, each floor is assigned
two horizontal translational dynamic degrees of freedom along X and Y and one
rotational (torsional) degree of freedom about a vertical (gravitational) axis passing
through the floor center of gravity (§4.3.1(4) of EC8). An asymmetric stiffness
distribution and/or mass distribution in-plan would cause translational-rotational
mode coupling (see also Appendix B). Specifically, floor diaphragms would rotate
about a vertical axis under horizontal seismic action along the X or Y direction.
Consequently, these floor rotations will result in translations of structural members
along the Y or X directions, respectively. Clearly, such mode coupling effects
(or “torsional effects”), that is, horizontal translations along the perpendicular
direction to the direction of the seismic action, can only be accounted for in an
explicit manner by considering a spatial (three-dimensional) FE model. The sever-
ity of the torsional effects depends heavily on the level of observed in-plan
asymmetry (or eccentricity, as defined in Appendix B).

Still, in clause §4.3.1(5) of ECS8, the consideration of two planar models (one
along each “principal direction” X and Y) is allowed to be used for “equivalent”
linear types of analysis for

— (@) regular in-plan buildings satisfying the conditions of §4.2.3.2; and for
— (b) buildings of up to 10 m high having uniformly distributed infill walls and
rigid in plane floor slabs (clause §4.3.3.1(8) and (9) of EC8).

In case (b), the analysis results (seismic effects) are multiplied by a “corrective”
factor equal to 1.25. Further, in both cases, the torsional effects are implicitly taken
into account by multiplying the seismic design effects (stress resultants) in each
structural member determined by the planar models by a factor dependent on the
location of structural members in-plan and on the type of linear analysis
method used.

It should be recognized that allowing for the use of planar models together with
the above semi-empirical modifications aims to facilitate practical EC8 compliant


http://dx.doi.org/10.1007/978-3-319-25270-4_BM1
http://dx.doi.org/10.1007/978-3-319-25270-4_BM1

2.3 Structural and Loading Modeling for Seismic Design of R/C Buildings Using. . . 109

seismic design. However, the adoption of two planar models vis-a-vis a single
spatial model may underestimate significantly the seismic effects obtained by
means of linear dynamic analyses (Anastassiadis et al. 2003; Athanatopoulou and
Avramidis 2008). Furthermore, nowadays, the majority of contemporary structural
analysis software packages can readily perform static linear and/or modal response
spectrum analysis for linear three-dimensional models. In fact, the case of planar
(two-dimensional) models is commonly treated as a “special case” for which
additional restraints along the transverse direction are imposed or, equivalently,
elimination of dynamic degrees of freedom along one horizontal direction needs to
be defined. Moreover, a proper verification check for torsional effects involves,
either way, the consideration of linear static analysis in spatial three-dimensional
structural models, since locations of accidental eccentricities need to be included in
the model even for building structures with two orthogonal horizontal axes of
symmetry (see also Sect. 3.1.1.1). Even more, the very development of planar
models along two “principal” directions may be quite challenging, or even
non-feasible, in the case of vertical structural members or structural sub-systems
not aligned along two orthogonal horizontal axes. For all the above reasons, it is
recommended that the use of planar (two-dimensional) FE models is avoided for
the seismic design of rlc buildings. Instead, spatial (three-dimensional) models are
adopted which can explicitly account for torsional effects and coupling of
torsional-translational response.

2.3.3 Common Structural FE Modeling Practices
of Multistorey R/C Buildings for Linear Methods
of Analysis

In the context of force-based seismic design using “equivalent” linear analysis
methods, structural (FE) modeling does not necessarily aim for a “realistic” repre-
sentation of the actual behaviour of the structural system subject to the nominal
design seismic action (after all, under such a level of excitation, unless a small
behaviour factor is adopted, the actual structure is expected to yield and to respond
inelastically, while the considered analysis and FE models assume linear-elastic
behaviour). Rather, FE models aim to achieve dependable (and conservative to a
certain extent) analysis results (seismic effects) such that EC8-compliant detailing
of structural members can take place to achieve the prescribed design objectives.
Still, the FE models used in the analysis need to comply with the EC8 modeling
requirements presented in the previous Sect. 2.3.2.

In this context, a better appreciation of the actual requirements for an adequate
structural FE model for equivalent linear analysis can be gained by considering an
overview of the common structural analysis steps taken for routine seismic design
of ordinary r/c buildings. To this aim, consider a typical multistorey r/c building
comprising floor slabs and various load-bearing structural sub-systems, as shown in
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Fig. 2.23 Bending (a) and diaphragmatic (b) behavior/function of floor slabs in r/c buildings

Fig. 2.22. Most gravity loads (permanent and variable as defined in Sect. 2.3.1.4)
and all seismic inertial loads (assuming mass properties are lumped in one or more
locations on each slab) are acting upon the floor slabs. Therefore, floor slabs in r/c
building structures perform a dual function (see also Fig. 2.23):

— they transfer via bending (flexural) behaviour externally applied gravity loads to
the supporting beams, columns, walls, and cores, being monolithically
connected to them; and

— they transfer via diaphragmatic (membrane) behaviour in-plane applied loads,
including the lateral seismic inertial loads to the load-resisting sub-systems (e.g.,
frames, walls, etc.).

Based on the above two independent functions of floor slabs (i.e., bending/
flexural and diaphragmatic/membrane structural behaviour), FE modeling and
analysis of conventional r/c buildings is commonly undertaken in two independent
steps:

— (1) At first, slabs are analyzed only for gravity loads independently from other
structural members, assuming they are supported by non-deformable (rigid)
members (see Fig. 2.23a). For simple slab geometries, simple methods of linear
structural analysis are considered, often involving the use of tables given in
standard structural engineering handbooks. For more complicated slab geome-
tries involving in-plan setbacks and openings, linear static FE analysis is
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Fig. 2.24 Floor slab of complex geometry discretized using plate/shell finite elements

required using two-dimensional plate-bending or shell finite elements (see, e.g.,
Fig. 2.24). The obtained slab reactions from the above analysis are applied in the
next step as vertical loads acting on the supporting structural members and
sub-systems.

— (2) In the second step, the remaining load-resisting structural system is loaded by
the slab reactions plus all other actions of the considered design load combina-
tion, such as: gravity loads from infill walls acting directly onto beams, lateral
seismic loads distributed among structural sub-systems based on their relative
lateral stiffness (assuming perfectly rigid diaphragmatic slab action), tempera-
ture effects, etc. A typical load-resisting system comprises various vertical
members (i.e., columns, walls, and cores) coupled together by beams. The latter
are assumed to have flanged T-shaped or L-shaped cross-sections, being mono-
lithically connected to slabs. The above load-resisting system is “solved” under
the considered loads to determine deformations and stress resultants in all
structural members using any of the two EC8-prescribed linear analysis methods
(see Sect. 2.4.2).

Note that in the previous step (2), floor slabs are assumed to act as rigid
diaphragms within their plane. The case of modeling in-plane flexible slabs is
briefly discussed in Sect. 2.3.3.1 below. Regarding the modeling of flanged
beams and columns, linear one-dimensional Euler-Bernoulli beam finite elements
in three-dimensional space are used. Certain details on beam-column connectivity
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Fig. 2.25 Modeling of strong shear-type r/c walls using 2D finite shell elements and of a U-shape
r/c core using 1D beam/column finite elements according to the equivalent frame modeling
technique

issues in frame systems are included in Sect. 2.3.3.2. However, walls and cores may
only be adequately modeled via one-dimensional beam elements under certain
conditions. In case these conditions are valid, walls and cores are modeled via
equivalent frame models relying on the wide-column analogy and, thus, the
resulting three-dimensional FE model of the load-resisting system of the building
superstructure comprises only one-dimensional beam elements. In routine seismic
design practice, the use of equivalent frame models to represent walls and cores is
acceptable in terms of accuracy for structural members with primarily flexural
behaviour (i.e., height to width ratio greater than 2) and without having significant
geometrical setbacks and openings or exhibiting significant torsional deformations.
In case of walls and cores for which one or more of the above empirical conditions
are violated, two-dimensional (planar) finite elements are employed in the model-
ing. In such cases, the resulting three-dimensional FE model of the load-resisting
system of the building superstructure comprises both one-dimensional beam ele-
ments and two-dimensional shell or plane stress elements (see, e.g., Fig. 2.25).
Refined conditions on the range of applicability of equivalent frame models to
represent walls and cores are discussed in Sects. 2.3.3.3 and 2.3.3.4.

In the following paragraphs of this section, guidance and remarks are provided
on common modeling practices followed and practical issues arising in the
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development of linear finite element (FE) models to be used in the seismic design of
multistorey r/c buildings. When possible, the recommended modeling approaches
are illustrated by means of self-explanatory figures for the proper modeling of

— floor slabs acting as in-plane rigid or flexible diaphragms;

— r/c rigid or partially rigid jointed frames comprising beams and columns;
— r/c planar walls and planar dual systems (coupled walls with frames);

— r1/c cores; and

— 1/c footings and foundation beams resting on compliant soil.

2.3.3.1 Modeling of Floor Slabs

Floor slabs in cast-in-place r/c buildings are monolithically connected with the
supporting beams, columns, walls, and cores. They distribute and transfer horizon-
tal seismic (inertial) loads to the lateral load-resisting system of the building.
Furthermore, they contribute in maintaining the floor geometry in-plan and ensure
that sufficient horizontal in-plane stiffness exists such that beams are stressed under
bending within only one plane (the vertical but not the horizontal).

Floor slabs are commonly assumed to act as rigid diaphragms in their plane.
However, in reality, floor slabs have neither infinite in-plane stiffness nor strength,
so care must be exercised when using the rigid diaphragm assumption. Therefore,
the level of in-plane flexibility of floor slabs needs to be verified and, if deemed
appropriate, to be appropriately accounted for.

In practice, the rigid diaphragm assumption is heuristically considered to be
valid for floors of “compact” geometry/shape in-plan (e.g., Fig. 2.26). For

Slabs with compact shape (= Rigid floor diaphragm assumption)

O

Slabs with non-negligible in-plane deformation

opening

Fos il

Fig. 2.26 Compact and non-compact plan configurations of floor slabs
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Fig. 2.27 In-plane deformability (left) and diaphragmatic behaviour (right) in elongated plan
configurations

significantly elongated, “winged”, or “flanged” floor plans or for slabs with large
openings, the rigid diaphragm assumption may not be realistic and may lead to
inaccurate or even non-conservative values of seismic effects in certain structural
members.

However, such conditions based on purely geometric considerations need to be
complemented and informed by structural criteria. In this regard, it is noted that the
rigid diaphragm assumption may be accurate even for buildings with elongated
floor plans as long as all the vertical structural members attain the same lateral
stiffness as shown in Fig. 2.27. It is also worth noting that floor slab in-plane
deformability primarily influences the response of low-rise buildings.

The only verification condition specified by EC8 on the floor slab rigid dia-
phragm assumption is included in clause §4.3.1(3), stating, “The diaphragm is
taken as being rigid, if, when it is modeled 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 displace-
ments in the seismic design direction.”, which is of limited practical use. In
practice, design engineers decide on the basis of their personal expertise whether
the rigid diaphragm assumption holds or the in-plane flexibility of floor slabs should
be explicitly accounted for. The latter should always be the case if

— floor slabs are required to be proportioned and detailed for seismic action effects
and, therefore, in-plane stress distribution needs to be computed, or if

— part of the slabs are supported by monolithically connected pre-stressed beams
and, therefore, the stress field developed in the vicinity of these beams due to
significant axial compressive forces needs to be reliably determined.
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Modeling of floor slabs as rigid diaphragms

In modern commercial FE structural analysis software, the rigid diaphragm
action of floor slabs is modeled by considering appropriate kinematic constraints
applied to nodes belonging to a particular diaphragm (slab). These kinematic
constraints are expressed by means of a set of equations “coupling” nodal displace-
ments, or equivalently, nodal static degrees of freedom (DOFs), to ensure that all
nodes translate within the diaphragm plane and rotate about an axis normal to this
plane such that the distances among them remain the same. In this manner, the
diaphragm moves as a rigid body in its plane without any in-plane deformations
(strains) developing. However, out-of-plane diaphragm deformations related to
transverse flexure/bending of the slab are free to develop under transverse (e.g.,
gravity) loads.

The above rigid diaphragm constraint is commonly implemented to any single
slab in a FE model of a building structure by introducing an “auxiliary” (virtual)
node at the center of gravity of the slab known as the “master” node. This node is
assigned only three independent DOFs (out of the possible six nodal DOFs in space)
with respect to the local x,y,z orthogonal coordinate system of the slab, with z axis
being normal to the slab plane, as shown in Fig. 2.28.

Specifically, three DOFs, two translational along axes x and y and one rotational
about the z axis, are assigned to the master node. All other (“slave”) nodes of the FE
mesh belonging to the slab are assigned all six independent DOFs. Let Uy, Uy,
and R, be the nodal displacements of the master node under some external loading
that corresponds to the assigned DOFs, as indicated in Fig. 2.28. The corresponding
(in-plane) nodal displacements due to the considered external load of all slave
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Fig. 2.28 The rigid diaphragm kinematic constraint concept
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nodes belonging to the slab are related to those of the master node through the
following set of equations:

Uxd = Ugm + Aszm ) Uyd = Uym — AxRyy ) R4 = Ry, (213)

where Ax =X, — Xq and Ay =y, — V4, and (X, Ym), (X4, Yq) are the coordinates of
the master node and the slave node, respectively. The above equations implement
the rigid diaphragm kinematic constraint and need to be satisfied simultaneously
with the nodal equilibrium equations within the stiffness method formulation of
matrix structural analysis. In typical r/c building structures, floor slabs are horizon-
tally aligned (the local z axis coincides with the gravitational axis), and thus all
DOFs refer to the global orthogonal coordinate system X, Y, Z where Z lies along
the gravitational axis. Each floor slab is assigned a master node and the dependent
DOFs (the ones coupled by the set of rigid diaphragm equations at each floor) can
be eliminated from the system of nodal equilibrium equations expressed in terms of
the global coordinate system using standard static condensation techniques (Chopra
2007). Eventually, only the DOFs of the master nodes remain and, therefore, the
rigid diaphragm constraint concept leads to a substantial reduction in the total DOFs
or, equivalently, to the number of independent equilibrium equations that governs
the deflection of the building for static lateral loads or the motion of the building for
horizontal strong ground motion. Hence, it significantly expedites dynamic analy-
sis, as the size of the required eigenvalue problem to be solved is only 3 N, where N
is the number of storeys.

In case of inclined slabs in which the local z axis does not coincide with the
global gravitational axis Z (see, e.g., Fig. 2.29a), the diaphragm constraint equa-
tions can still be written in the local coordinate system as above, but then an
appropriately defined rotation matrix needs to be applied to transform the master
nodal displacements in space from the local to the global coordinate system. As a
final remark, it is noted that slabs may not always span the full plan of a building
and, therefore, “partial floor diaphragms” need to be considered (see, e.g.,
Fig. 2.29b).

Fig. 2.29 Inclined diaphragm (/eft), partial diaphragm (right)
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Accounting for in-plane flexibility of floor slabs

In case the in-plane flexibility of a floor slab needs to be accounted for,
two-dimensional finite elements along with an appropriate FE mesh needs to be
considered. Typically, simple plane stress finite elements would suffice to capture
the membrane (diaphragmatic) behaviour of slabs. However, shell finite elements
have to be used in case the transverse flexural (plate bending) behaviour due to
loads acting normal on the slab plane needs to be accounted for as well.

In flexible diaphragm modeling, the coarseness of the FE mesh to be adopted is
case-specific and depends heavily on the intended scope of the undertaken analysis
and the results/outcomes sought. A fine discretization of each particular slab is
required in order to capture in detail the in-plane stress distribution developed
within the slab under seismic (horizontal) excitation (see, e.g., Figs. 2.30 and
2.31b). This requirement arises in the case in which the identification and quanti-
fication of local potentially undue in-plane stress concentrations are sought at
critical regions of slabs, such as close to slab openings (e.g., Fig. 2.31b), near the
inner edge of in-plan setbacks (e.g., Fig. 2.30), along the common edge of two
building “wings”, or in the vicinity of supporting pre-stressed concrete beams. It is
noted that such fine FE meshing necessitates the consideration of compatible (fine)
FE discretization of the supporting beams, as depicted in Fig. 2.30. By noting that
beams are modeled by one-dimensional beam elements (see Sect. 2.3.3.2), special
care is needed to ensure the proper “coupling” (connection) of the beam elements
with the two-dimensional plane stress elements at common nodes of the FE grid
(Fig. 2.30).

It is emphasized that seeking to determine in-plane stress concentrations in floor
slabs with high accuracy via significantly fine FE meshing, unless sufficiently
justified, is generally unnecessary in routine code-compliant seismic design using
linear analysis methods. In fact, it may hamper the seismic design process, as it
increases the computational demands: each additional node in the FE mesh intro-
duces 6 DOFs. Furthermore, due to the unavoidable fine discretization of the slab
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Fig. 2.30 Plane stress finite element discretization of in-plane flexible floor slab
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Fig. 2.31 Detailed and simplified finite element models for in-plane flexible diaphragm modeling.
(a) Sectional plan of structural system. (b) Discretisation of the diaphragm with a fine mesh of
finite elements. (¢) Discretisation of the diaphragm according to a proposed simplified model.
(d) Deformed shape of the floor slab

supporting beams, the subsequent proportioning/detailing procedure of each beam
becomes involved and requires special post-processing subroutines. In this respect,
there is scope in adopting less refined modeling approaches which can capture the
influence of the in-plane slab flexibility at a minimum increase of computational
cost and post-processing effort. One such approach is to discretize the slab using a
very coarse mesh of two dimensional plane stress finite elements considering only
the nodes of the vertical elements at the slab level, as shown in Fig. 2.31c. It has
been demonstrated that such coarse meshing yields acceptable results in the context
of seismic analysis (Doudoumis and Athanatopoulou 2001).
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Further, it is important to note that, in flexible diaphragm modeling, the mass at
each floor level needs to be distributed to match the actual distribution of mass over
the plan area. This is in contrast to rigid diaphragm modeling, in which lumped
mass properties at the center of rigidity of each level can be used.

As a final note, it is worth mentioning that the output from FE models are
element stresses, and forces and displacements at the element nodes. However,
not all FE analysis programs allow for designing of slabs on the basis of stress fields
and only a few of them allow the user to define sections across a diaphragm so that
resultant design forces are calculated over a series of nodes.

2.3.3.2 Modeling of Beams, Columns and Frames

Beams and columns are modeled using classical one-dimensional two-node finite
elements with six degrees of freedom per node characterized by the cross-sectional
area A, the moments of inertia I, and I33 with respect to the local axes 2 and 3 of
the cross-section, respectively, the effective shear areas Agz and Ag, along the
direction of the local axes 3 and 2, respectively, and the torsional moment of inertia
I;; with respect to the centroidal axis 1 (Fig. 2.32). Care is needed to account for the
orientation of beams and columns in space by appropriately defining their local 1, 2,
3 axes which do not usually coincide with the global X-Y-Z reference coordinate
system.

Local axis 2 Local axis 1 Local axis ;lr

=

T |Local axis 3

Global
coordinate
system \"A

Local axis 2

Positive Moment and Shear in 1-2 plane  Positive Moment and Shear in 1-3 plane

Fig. 2.32 Classical one-dimensional two-node finite beam/column element (Positive sign con-
vention shown is the one adopted in numerical example problems of Chap. 4)
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The cross-sectional geometry and mechanical properties of columns are straight-
forward to determine. However, the beams of cast-in-place r/c buildings are
monolithically connected to floor slabs and, therefore, they are taken to have a
flanged cross-section, either T-shaped (if the slab extends to both sides of the beam)
or L-shaped (if the beam lies at the perimeter of the floor slab). The “effective”
flange width of r/c beams is specified in detail in EC2 and is usually assumed to be
constant throughout the length of the beam. Therefore, mechanical properties,
constant along the length of beams, can be readily determined for flanged T- or
L-shaped cross-sections. It is worth noting that the flexural rigidity El,,, the shear
rigidity GAg3, and the axial rigidity EA are theoretically “infinite” for beams
supporting perfectly rigid slabs. This condition is achieved in a numerically stable
manner by enforcing the rigid diaphragm constraint equations to the beam nodes,
that is, treating the nodes of beams belonging to a certain rigid diaphragm as “slave”
or “constraint” nodes, as shown in Fig. 2.28.

The beam-column connections (joints) of cast-in-place r/c structures are char-
acterized by a high level of rigidity which depends on the shape and dimensions of
the joint and, in turn, on the shape and dimensions of the cross-sections of the
converging members. Appropriately representing the rigidity of joints in rigid-
jointed frames (or moment resisting frames) is an important modeling issue for
the purpose of seismic design and is required to be accounted for (clause §4.3.1
(2) of EC8). This is because joint rigidity significantly influences the overall lateral
stiffness of frame lateral load-resisting structural systems and, therefore, the natural
periods and seismic design forces of buildings.

To this end, a reasonable modeling approach is to assume the whole joint as
being rigid. This implies that the part of a one-dimensional beam finite element
used to model a beam lying within the physical region of a joint with a column, i.e.,
the part from the centerline of the column to the outer face of the column, is
considered rigid (“wide-column” model). Similarly, the part of a one-dimensional
beam finite element used to model a column lying within the physical region of a
joint with a beam, i.e., the part from the centerline of the column to the outer face of
the column, is considered rigid (“deep-beam” model). Modern structural analysis
software offers the option of one-dimensional beam element with rigid ends of
arbitrary length (“rigid offsets”) which significantly facilitate the implementation of
wide-column and deep-beam models. However, considering rigid offsets for all
converging structural members assuming that the whole joint is rigid (see, e.g.,
Fig. 2.33) may lead to an overestimation of the actual lateral stiffness of a frame
subject to the design earthquake, because it ignores the significant non-linear
deformations and stiffness degradation of the joint region that are expected to
occur under extreme shaking.

In this respect, a modeling option that is often deemed preferable is to assign
rigid end offsets only to the weakest (most flexible) structural member converging
to each joint. Capacity design considerations suggest that the weakest members
converging to each joint would normally be the beams as shown in Fig. 2.34a, and
thus the “wide-column” model. For the more unusual case of frame systems with
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(a) (b)

Fig. 2.33 Rigid-joint concept for r/c frames

deep beams, rigid offsets can be assigned to the end of columns, as illustrated in
Fig. 2.34b (“deep-beam” model).

An alternative modeling option accounting for frame joint rigidity is to assign
rigid offsets to all converging structural members to a joint, but of reduced
(“effective”) length compared to the actual joint geometry by the same factor, say
V4, as shown in Fig. 2.34c (“wide-column, wide-beam” model). Considering case-
specific parametric analysis to quantify the sensitivity of the overall stiffness of the
lateral load-resisting system of a building (and, thus, the code-prescribed design
seismic loads) is recommended to ensure a reasonable value of the aforementioned
reduction factor (see also Sect. 2.4.4.2). Notably, “effective” rigid end offsets are
incorporated into ASCE/SEI 41-06 Supplement No.1 based on the proposed ratio of
column to beam moment strength, ZM./~M,, (Elwood et al. 2007).

In this context, useful insights on the influence of the length of rigid offsets to the
overall stiffness of frames can be gained by considering the flexural stiffness of a
simple beam element under reverse bending as a function of the rigid offset length
b/2 in both ends (Fig. 2.35a). The relationship between end moment M and end
rotation 0 is M = 6EI8/[L(1 — b/L)*], where L is the distance between the center-
lines of the two supporting columns and b is the column width, i.e., twice the rigid
offset length. For b=0, the well-known moment-rotation relationship
M,_o=6EIO/L is retrieved for a beam without any rigid offset. Therefore, by
plotting the ratio y=M/My_o=[1/(1 —b/L)*] x 100 % versus (Fig. 2.35b, the
significant influence of the length of rigid offsets to the flexural stiffness of the
beam can be readily quantified. Similar case-specific plots can be readily devised by
practitioners to build confidence in fine-tuning rigid offset lengths of beams and
columns (and other) important modeling parameters.
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Fig. 2.34 Modeling of rigid joints in frame structures (to simplify the sketch of the floor, slabs are
omitted). (a) Beam joined by bulky columns: “wide-column model” (preferable seismic design).
(b) Columns joined by deep beams: “Deep-beam model” (unfavourable connection of perimeter
beams to the weak axes of the columns). (¢) Columns and beams of similar stiffness: “Wide-
column, deep-beam model”

Special attention in frame joint modeling is also needed in the case in which the
centerlines of two beams or/and two columns converging to a joint do not intersect.
In this case, the common node is placed on the centerline of one of the intersecting
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members and the rigid ends of the elements are connected to this joint with an
eccentricity (see Fig. 2.36). To this end, note that most modern analysis programs
offer rigid-end offset beam elements and, therefore, allow beams and columns to be
modeled by a single finite element shown in Fig. 2.36b. In the case of eccentric
connections in space, rigid offsets should be allowed to be non-collinear with the
axis of the beam element. A possible finite element to address this problem is
schematically shown in Fig. 2.36c.

Further, Fig. 2.37 illustrates the way such an element is incorporated into joint
modeling. Note that, as distributed loads on a beam (e.g., the reactions of supported
slabs) may act all the way from its left to its right node, rigid offsets non-collinear
with the element axis should be capable of being assigned loads (Fig. 2.36 c).

From the structural analysis viewpoint, it is worth noting that the computer
implementation of rigid offsets is achieved either by using beam element stiffness
matrices which already incorporate the rigid-end offsets within their element
stiffness matrix, or by imposing appropriate sets of constraint equations (coupling
the otherwise independent DOFs) analogous to the one considered in Eq. (2.13) for
the rigid diaphragm implementation. Modeling of the rigid end offsets manually
using virtual short beam elements of very large (“infinite””) values for the stiffness
properties should be avoided, as it may cause conditioning problems and numerical
errors in the solution of the underlying system of nodal equilibrium equations (i.e.,
inversion of the global stiffness matrix) for nodal displacements.

As a final remark, it is noted that, when end rigid offsets are present in a member,
design effects (cross-sectional internal forces and moments) are determined at the
end-sections of the elastic length of the member, i.e., at the faces of the left and right
supports for beams, and at the base and top of the clear height of columns.
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Fig. 2.36 Modeling connection eccentricities in frame structures (to simplify the sketch of the
floor, slabs are omitted). (a) Connection eccentricities in plane frame. (b) Simple beam/column
element with collinear rigid offsets. (¢) Generalized beam/column element with 3D rigid offsets

2.3.3.3 Modeling of Planar Walls

Arguably, the most accurate finite element (FE) modeling practice to capture the
response of structural walls subject to static and/or dynamic loads involves the use
of two-dimensional plane stress or even shell elements arranged in a properly
defined FE mesh (Fig. 2.38b). In this manner, all important degrees of freedom at
connecting nodes are explicitly accounted for. The required mesh density is case-
dependent and is typically chosen by means of a “convergence” analysis to ensure
that the desired level of accuracy is achieved. However, in routine seismic design
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Fig. 2.37 Three-dimensional model of column-beam connection in r/c buildings with floor slabs.

(a) Geometry of column-beam connection. (b) Incorrect model. (¢) Beam with I35 of T-section. (d)
Beam with I3; = L33 + Steiner. (e) 3D model of the column-beam connection
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practice of ordinary/conventional building structures, there is scope in avoiding
using such refined FE models since these models typically involve:

— Excessively tedious and time-consuming input data preparation process com-
pared to the alternative option discussed below,

— Post-processing difficulties concerning wall proportioning and detailing on the
basis of stress fields rather than on stress resultants, especially in the case of
multi-modal response spectrum analysis,

— Inconsistent (and unjustifiably high) level of accuracy given the large number of
over-simplifying/gross assumptions commonly made in code-prescribed seismic
analysis and modeling of ordinary r/c buildings, and

— Challenges arising in connecting the one-dimensional elements modeling the
beams at each floor level to the two-dimensional shell elements which may
require special local meshing to avoid the development of spurious local
stresses.

At a preliminary (conceptual) design stage, some of the above issues may be
bypassed using simple “panel element” models involving coarse FE mesh with only
one finite element per storey to model structural walls (Fig. 2.38c). However, such
models are too rough to be used for the main structural analysis stage. To this end,
simplified FE meshes comprising only one-dimensional (frame/beam) elements,
often called “equivalent frame models” (Fig. 2.38d), have been introduced by
(MacLeod 1977) to model structural walls as an alternative to more refined FE
models incorporating two-dimensional shell elements (MacLeod 1990; Stafford-
Smith and Girgis 1984). These simplified models are widely used, as they strike an
acceptable balance between accuracy and efficiency in capturing the behaviour of
slender walls exhibiting predominantly flexural/bending deformation (Fig. 2.39).
Conveniently, the majority of structural walls in earthquake-resistant buildings are
designed and expected to exhibit such behaviour under seismic loads.

The basic concept underlying the equivalent frame model consists in the replace-
ment of planar walls by one-dimensional frame/beam elements, often called
“equivalent columns”, positioned at the centerline (i.e. vertical centroidal axis) of
the actual wall and assigned section properties corresponding to the true geometry
of the wall (Fig. 2.38d). These equivalent columns are connected to the beams at the
floor levels by rigid arms (virtual perfectly rigid in flexure and in tension/compres-
sion one-dimensional beam elements) whose length reflects the actual width of the
wall. Similar modeling techniques as described in the previous section can be
applied to define the rigid arms, that is, by using either beam elements incorporating
end rigid offsets to their element stiffness matrix or by applying nodal constraints.

Clearly, the fundamental underlying principle of the above modeling technique
for walls is the Bernoulli assumption that plane sections remain plane and normal to
the deformed neutral axis. This is indicated for a simple coupled wall system in
Fig. 2.39 in which separate equivalent columns are used to model each wall
individually. Evidently, this assumption tends to become less realistic as the height
to width ratio h/b of the wall decreases. Therefore, as a general rule of thumb, the
equivalent frame model may be applied with acceptable accuracy for high-rise,
slender, bending/flexural type of walls with a ratio h/b of at least 4 (i.e. h/b>4). It
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Fig. 2.39 Equivalent frame model for two walls coupled by lintel beams

should not be used to model low-rise, squat, shear types of walls with h/b <2. For
intermediate geometries, a local parametric sensitivity analysis is recommended to
be undertaken to gauge the accuracy of equivalent frame models (see also
Sect. 2.4.4.2).

In Fig. 2.40, an equivalent frame model example is shown for a typical “stepped
wall”, while in Fig. 2.41, the application of the equivalent frame modeling tech-
nique to various real-life structural systems is exemplified.

2.3.3.4 Modeling of Cores

Cores in r/c buildings are spatial substructures composed of two or more (typically
three or four) planar shear walls commonly positioned in-plan around staircases
and/or elevators. Cores are, in general, desirable in earthquake resistant design of
buildings providing significant lateral and torsional stiffness to the overall load
resisting structural system. However, r/c cores exhibit a considerably different
mechanical behaviour compared to planar walls, let alone beams and columns
and, therefore, use of one-dimensional FE beam elements to achieve reasonable
models for routine seismic design of structures is a challenging task. In fact,
modeling of r/c cores may involve significant assumptions and, thus, may become
an important source of uncertainty in the analysis of multistorey buildings.

Accurate computational modeling for cores involves discretization using
two-dimensional shell finite elements, including all six degrees of freedom at
each node (Fig. 2.42). The density of the finite element mesh depends on the
accuracy desired in each particular case and is typically determined by means of
standard converging (“sensitivity”’) FE analyses
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Fig. 2.40 Equivalent frame model for stepped walls

However, for the same reasons listed in the previous Sect. (2.3.3.3), the use of
detailed finite element models for the seismic analysis of conventional buildings is
not preferred in the every-day practice of seismic design. Therefore, as for planar
walls, simplified “equivalent frame models” comprising one-dimensional beam
elements are frequently used in the context of code-prescribed linear analysis
methods (see Sect. 2.4.2). In fact, different equivalent frame models for r/c cores
have been proposed in the literature and integrated into various structural analysis
software used extensively by practitioners worldwide (Mac Leod and Hosny 1977;
Xenidis et al. 1993). Arguably, the most widely accepted equivalent frame model
for U-shaped cores is shown in Fig. 2.43. It treats the three “wings” of the core as
individual planar frames and relies on the Bernoulli hypothesis by considering the
core to be a cantilever thin-walled beam with a U-shaped cross-section. It is based
on the following practical rules:

— each individual wing (“flanges” and “web”) of the core is replaced by an
equivalent column positioned at the centerline of the wing and assigned proper-
ties, as shown in Fig. 2.43; and

— the equivalent columns are linked together at the floor slab levels by “virtual”
rigid arms, i.e., beam elements perfectly rigid in flexure but not in torsion.

It is emphasized that the above model becomes less accurate as the ratio of the
core outer dimensions in-plan over its total height increases (Avramidis 1991).
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r/c building core

Furthermore, particular attention must be focused on assigning the torsional stiff-
ness property GJ of rigid arms such that the overall torsional behaviour of the core
acting as an open-loop thin-walled cantilever beam is properly captured. For
example, in order to adequately model the torsional stiffness of the U-shaped
core of Fig. 2.42, the torsional stiffness of the web rigid arms needs to be assigned
a finite value that corresponds to the actual geometry of the core, as illustrated in
Fig. 2.43 (as opposed to all other stiffness properties of the rigid arms, which should
be assigned very large artificial values) such that the independent deformation of
the rigid arms corresponding to the two “flanges” of the core is only partially
restricted, as shown schematically in Fig. 2.44. In this manner, the actual out-of-
plane torsional warping of the core can be reasonably captured. If, by mistake, the
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Fig. 2.45 Possible alternatives for the equivalent frame modeling of a complex building core

rigid arms of the web are modeled as perfectly rigid in torsion, all three rigid arms at
each storey level will remain in the same plane, thus making the frame model
unrealistically stiff against torsion. This would further cause significant errors to the
estimated values of bending moments developing at the beams linked to the core
flanges at each floor level.

It is worth noting that topology issues with regards to the potential positioning of
the columns in equivalent frame models for multi-cell cores are often encountered
in practice. In particular, for a given multi-cell core, more than one alternative
configuration of an equivalent frame model may be defined with regards to the
location and number of column elements used and, consequently, the mechanical
properties of each column. For example, in Fig. 2.45, four possible choices for the
number and locations of the equivalent columns for an open two-cell core are
shown.
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Fig.2.46 Suggested beam element properties for a 4-column equivalent frame model of a typical
open two-cell core

Further, possible reasonable member properties for a particular four-column
model representing a simple open two-cell core are given in Fig. 2.46 (Xenidis
et al. 2000). In this simplified model, a finite value is assigned to the torsional
stiffness of the rigid arm representing web A to account for the warping of the core
section in an approximate manner. In such cases, it is recommended that sensitivity
analysis is undertaken with regards to the topology and the properties of the
elements of equivalent frame models for r/c core as further discussed in
Sect. 2.4.4.2.

2.3.3.5 Modeling of Footings and Foundation Beams on Flexible
Ground

As previously discussed, it is recommended that foundation and the influence of the
supporting ground are included in the numerical (FE) model of the superstructure
used to determine the gravitational and seismic effects. In routine earthquake
resistant design of conventional structures, soil compliance is typically modeled
by introducing elastic support conditions at the relevant support nodes. This
consideration relies on the so-called Winkler model in which the supporting ground
is represented by means of point springs for simple pad footings (e.g., Figs. 2.47 and
2.48) or by means of continuously distributed springs underneath strip footings,
horizontal foundation beams and mat-slabs (e.g., Figs. 2.49 and 2.50).

The linking of the superstructure finite elements to the support nodes relies on
the rigid-joint-idealization approach already discussed in detail for the case of
beam-column connection modeling (see Sect. 2.3.3.2). Typical examples of con-
nectivity in FE meshes of vertical structural elements to foundation nodes are given
in Figs. 2.47, 2.48, 2.49, and 2.50 without additional comments.

Further, Fig. 2.51 shows a generalized finite element for modeling beams resting
on flexible soil allowing for connecting to vertical structural elements with arbitrary
eccentricity (Morfidis and Avramidis 2002). As a final remark, it is noted that, in
case the effects of fully coupled dynamic soil-structure interaction need to be
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Fig. 2.49 Modeling of column/wall-foundation beam connection on flexible soil using beam
elements on continuous elastic support

considered, the soil strata below and around the foundation is modeled explicitly
using the finite element or other numerical techniques used in geotechnical engi-
neering to represent explicitly the soil properties. Such considerations fall beyond
the scope of this text and are not treated.

2.4 Structural Analysis Methods for Seismic Design of R/C
Building Structures

Stress and deformation analysis involving numerical (finite element) structural
models is accomplished using well-established computational methods. For static
(time-invariant) external loads, the standard direct stiffness method of structural
analysis is commonly used. For dynamic/seismic (time-varying) external loads,
analysis methods of structural dynamics such as the response spectrum-based mode
superposition method and the various numerical schemes for direct integration of
the dynamic equations of motion are employed (Chopra 2007). Further, depending
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Fig. 2.51 Generalized beam finite element on continuous elastic (Winkler) foundation with 3D
rigid offsets for modelling eccentric column-foundation beam connections
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on the intensity of the considered external loads, a given structure may deform
either elastically or elasto-plastically. In the latter case, the structure exhibits
non-linear inelastic (hysteretic) behaviour due to material non-linearity. Therefore,
the following four different types of analysis are readily identified depending on the
nature of the external loads (static or dynamic) and the material behaviour (elastic
or inelastic):

Elastic static analysis (e.g., lateral force method)

— Elastic dynamic analysis (e.g., modal response spectrum method)
Inelastic static analysis (e.g., non-linear pushover method)

— Inelastic dynamic analysis (e.g., non-linear response history method)

Moreover, the severity of the axial loads carried by structural members and the
level of structural deformations may require the consideration of second-order
theory (or at least inclusion of the P-A effects) to approximately account for the
potential geometrically non-linear behaviour.

For each of the above listed types of analysis, which may or may not account for
geometric non-linear phenomena, one or more analysis methods may be applicable.
In this regard, the question of “what is the most appropriate analysis method for ric
buildings exposed to seismic loads?” becomes pertinent. Section 2.4.1 addresses
this question by taking into account the expected structural seismic performance
(i.e., severity of inelastic behaviour under a specific level of the seismic action)
beyond code-compliant seismic design. Section 2.4.2 lists the types of analysis
allowed by the EC8 for the design of new ordinary (conventional) structures. Next,
Sect. 2.4.3 includes remarks and recommendations for the practical implementation
of the most common analysis methods of ECS, including the inelastic static analysis
method (detailed in Appendix A). Finally, Sect. 2.4.4 discusses the need to verify
the distribution of overstrength across a structure in support of capacity design
approaches and to conduct parametric sensitivity analyses to quantify potentially
important sources of uncertainty in finite element modeling.

2.4.1 Selection of Structural Analysis Methods for Seismic
Design

It can be argued that, since code-compliant r/c building structures are usually
designed to yield under a design earthquake, an inelastic dynamic analysis method
such as the non-linear response history analysis (NRHA) should always be used for
seismic design. However, this type of analysis poses a number of challenges to the
everyday practice of seismic design which may not be easily addressed by practi-
tioners. Specifically, NRHA involves direct integration of the equations of motion
in the time domain for a given input seismic ground motion record in terms of
acceleration (accelerogram). These equations of motion are derived upon appro-
priate modeling of the non-linear hysteretic (inelastic) material behaviour under
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cyclic loading (see further Sect. 2.4.1.2) and of any potential geometric
non-linearity due to gaps, discontinuities, friction, and second-order phenomena.
In this regard, the following main practical difficulties arise in applying NRHA for
the seismic design of new ordinary structures:

— Given the significant variability of the peak response of yielding structures
subject to recorded seismic accelerograms, there may be a lack of a sufficient
number of site-representative seismic records for design purposes. Note that this
issue can be addressed by using various record selection algorithms, e.g.,
(Katsanos and Sextos 2013) and/or by employing scaling/modification schemes
applied to recorded or artificial accelerograms, e.g., (Giaralis and Spanos 2009).
However, such considerations extend beyond the usual capacity of structural
design engineers as they require access to sufficiently large databases of
recorded accelerograms and to specialized software, along with the expertise
and experience to use such software properly.

— There exists a limited number of dependable hysteretic laws capable of ade-
quately capturing the inelastic behaviour of r/c structural members and of the
supporting soil in spatial (three-dimensional) finite element models available in
commercial software. Further, such hysteretic relationships involve a plethora of
parameters for each class of structural members (and soil types) which may not
be readily known/available to the design engineer (see also Sect. 2.4.1.2)

— There is limited knowledge and guidance for practitioners with regards to
allowable seismic demand limits for r/c structural members under different
dynamic load combinations. In more general terms, the verification, interpreta-
tion, and utilization of NRHA numerical results (i.e., time traces of structural
response quantities such as inelastic rotations at plastic hinges of critical zones
within various structural members) for design purposes requires considerable
experience and specialized expertise. The cost of such specialized consultancy
services in the routine seismic design of ordinary structures is not practically
justified.

— Dependable commercial software which may undertake NRHA within reason-
able time and monetary constraints applicable for the seismic design of ordinary
r/c building structures is scarce.

Furthermore, as has been discussed in Sects. 1.3 and 1.4, a building owner may
decide, in consultation with the design engineer, to adopt a higher seismic perfor-
mance level for the nominal design seismic action than the minimum life safety
(LS) performance level commonly targeted by the current (traditional) codes of
practice. This is achieved by ensuring different levels of stiffness, strength, and
ductility and, therefore, a given structure may be allowed to exhibit lower levels of
inelastic behaviour for the design seismic action up to “almost” elastic or even
purely elastic behaviour. Clearly, in the last two cases, undertaking NRHA is
unecessary, as a linear elastic dynamic analysis would be sufficient.

In this respect, for new structures, the selection of the most appropriate analysis
method, and, consequently, of a suitable computational (finite element) structural
model, depends primarily on the targeted/desired level of seismic performance to
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Table 2.5 Range of applicability of struct