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Preface

The book provides an insight on advanced methods and concepts for design and
analysis of structures against earthquake loading. It consists of 25 chapters covering
a wide range of timely issues in Earthquake Engineering. The goal of this Volume is
to establish a common ground of understanding between the communities of Earth
Sciences and Computational Mechanics towards mitigating future seismic losses.
Due to the great social and economic consequences of earthquakes, the topic is of
great scientific interest and is expected to be of valuable help to the large number
of scientists and practicing engineers currently working in the field. The chapters of
this Volume are extended versions of selected papers presented at the COMPDYN
2009 conference, held in the island of Rhodes, Greece, under the auspices of the Eu-
ropean Community on Computational Methods in Applied Sciences (ECOMASS).

In the introductory chapter of Lignos et al. the topic of collapse assessment of
structures is discussed. The chapter presents the analytical modeling of component
behaviour and structure response from the early inelastic to lateral displacements at
which a structure becomes dynamically unstable. A component model that captures
the important deterioration modes, typically observed in steel members, is calibrated
using data from tests of scale-models of a moment-resisting connection. This con-
nection is used for the two-scale model of a modern four-story steel moment frame
and the assessment of its collapse capacity through analysis.

The work of Adam and Jéager deals with the seismic induced global collapse of
multi-story frame structures with non-deteriorating material properties, which are
vulnerable to the P-A effect. The initial assessment of the structural vulnerability
to P-A effects is based on pushover analyses. More information about the collapse
capacity is obtained with the Incremental Dynamic Analyses using a set of recorded
ground motions. In a simplified approach equivalent single-degree-of-freedom sys-
tems and collapse spectra are utilized to predict the seismic collapse capacity of the
structures.

Sextos et al. focus on selection procedures for real records based on the Eurocode
8 (EC8) provisions. Different input sets comprising seven pairs of records (hori-
zontal components only) from Europe, Middle-East and the US were formed in
compliance with EC8 guidelines. The chapter deals with the study of the RC
bridges of the Egnatia highway system and also with a multi-storey RC building
that was damaged during the 2003 Lefkada (Greece) earthquake. More specifically,
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the bridge was studied using alternative models and accounting for the dynamic
interaction of the deck-abutment-backfill-embankment system as well as of the
superstructure-foundation-subsoil system. The building was studied in both the elas-
tic and inelastic range taking into consideration material nonlinearity as well as the
surrounding soil. The results permit quantification of the intra-set scatter of the seis-
mic response for both types of structures, thus highlighting the current limitations
of the EC8 guidelines. Specific recommendations are provided in order to eliminate
the dispersion observed in the elastic and the inelastic response though appropriate
modifications of the ECS8 selection parameters.

Assimaki et al. study how the selection of the site response model affects the
ground motion predictions of seismological models, and how the synthetic motion
site response variability propagates to the structural performance estimation. For
this purpose, the ground motion synthetics are computed for six earthquake sce-
narios of a strike-slip fault rupture, and the ground surface response is estimated
for 24 typical soil profiles in Southern California. Next, a series of bilinear single-
degree-of-freedom oscillators is subjected to the ground motions computed using
the alternative soil models and the consequent variability in the structural response
is evaluated. The results show high bias and uncertainty in the prediction of the in-
elastic displacement ratio, when predicted using the linear site response model for
periods close to the fundamental period of the soil profile.

The chapter of Kappos et al. addresses the issue of pushover analysis of bridges
sensitive to torsion, using as case-study a bridge whose fundamental mode is purely
torsional. Parametric analyses were performed involving consideration of founda-
tion compliance, and various scenarios of accidental eccentricity that would trigger
the torsional mode. An alternative pushover curve in terms of abutment shear ver-
sus deck maximum displacement (that occurs at the abutment) was found to be a
meaningful measure of the overall inelastic response of the bridge. It is concluded
that for bridges with a fundamental torsional mode, the assessment of their seismic
response relies on a number of justified important decisions that have to be made
regarding: the selection and the reliable application of the analysis method, the
estimation of foundation and abutment stiffnesses, and the appropriate numerical
simulation of the pertinent failure mechanism of the elastomeric bearings.

Pardalopoulos and Pantazopoulou investigate the spatial characteristics of a
structure’s deformed shape at maximum response in order to establish deformation
demands in the context of displacement-based seismic assessment or redesign of
existing constructions. It is shown that the vibration shape may serve as a diagnos-
tic tool of global structural inadequacies as it identifies the tendency for interstorey
drift localization and twisting due to mass or stiffness eccentricity. This chapter
investigates the spatial displaced shape envelope and its relationship to the three-
dimensional distribution of peak drift demand in reinforced concrete buildings with
and without irregularities in plan and in height. A methodology for the seismic
assessment of rotationally sensitive structures is established and tested through cor-
relation with numerical results obtained from detailed time history simulations.

The chapter of Cotsovos and Kotsovos summarises the fundamental properties of
concrete behaviour which underlie the formulation of an engineering finite element
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model that is capable to realistically predict the behaviour of (plain or reinforced)
concrete structural forms for a wide range of problems from static to impact loading,
bypassing the problem of re-calibration. The already published evidence that sup-
port the proposed formulation is complemented by four typical case-studies. For
each case-study, the numerical predictions are computed against experimental data
revealing good agreement.

The chapter of Wijesundara et al. investigates the local seismic performances of
fully restrained gusset plate connections through detailed finite element models of a
single storey single-bay frame that is located at the ground floor of the four storey
frame. The chapter presents a design procedure, proposing an alternative clearance
rule for the accommodation of brace rotation. Local performances of FE models are
compared in terms of strain concentrations at the beams, the columns and the gusset
plates.

Vielma et al. propose a new seismic damage index and the corresponding damage
thresholds. The seismic behavior of a set of regular reinforced concrete buildings
designed according to the EC-2/EC-8 prescriptions for a high seismic hazard level
are studied using the proposed damage index. Fragility curves and damage prob-
ability matrices corresponding to the performance point are then calculated. The
obtained results show that the collapse damage state is not reached in the buildings
designed according the prescriptions of EC-2/EC-8 and that the damage does not
exceed the irreparable damage limit-state for the buildings studied.

The application of discrete element models based on rigid block formulations to
the analysis of masonry walls under horizontal out-of-plane loading is discussed in
the chapter of Lemos et al. The problems raised by the representation of an irregular
fabric as a simplified block pattern are addressed. Two procedures for creating
irregular block systems are presented. One using Voronoi polygons and another
based on a bed and cross joint structure with random deviations. A test problem
provides a comparison of various regular and random block patterns, showing their
influence on the failure loads.

Papaloizou and Komodromos discus the computational methods appropriate
for simulating the dynamic behaviour and the seismic response of ancient mon-
uments, such as classical columns and colonnades. Understanding the behaviour
and response of historic structures during strong earthquakes is useful for the
assessment of conservation and rehabilitation proposals for such structures. Their
seismic behaviour involves complicated rocking and sliding phenomena that very
rarely appear in modern structures. The discrete element method (DEM) is utilized
to investigate the response of ancient multi-drum columns and colonnades during
harmonic and earthquake excitations by simulating the individual rock blocks as
distinct rigid bodies.

The study on the seismic behaviour of the walls of the Cella of Parthenon when
subjected to seismic loading is presented in the chapter of Psycharis et al.. Given
that commonly used numerical codes for masonry structures or drum-columns are
unable to handle the discontinuous behaviour of ancient monuments, the authors
adopt the discrete element method (DEM). The numerical models represent in detail
the actual construction of the monument and are subjected to the three components
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of four seismic events recorded in Greece. Time domain analyses were performed
in 3D, considering the non-linear behaviour at the joints. Conclusions are drawn
based on the maximum displacements induced to the structure during the ground
excitation and the residual deformation at the end of the seismic motion.

The chapter of Dolsek studies the effect of both aleatory and epistemic
(modelling) uncertainties on reinforced concrete structures. The Incremental Dy-
namic Analysis (IDA) method, which can be used to calculate the record-to-record
variability, is extended with a set of structural models by utilizing the Latin Hy-
percube Sampling (LHS) to account for the modelling uncertainties. The results
showed that the modelling uncertainties can reduce the spectral acceleration capac-
ity and significantly increase its dispersion.

The chapter of Taflanidis discusses the problem of the efficient design of addi-
tional dampers, to operate in tandem with the isolation system. One of the main
challenges of such applications has been the explicit consideration of the nonlinear
behavior of the isolators or the dampers in the design process. Another challenge
has been the efficient control of the dynamic response under near-field ground
motions. In this chapter, a framework that addresses both these challenges is
discussed. The design objective is defined as the maximization of the structural
reliability. A simulation-based approach is implemented to evaluate the stochastic
performance and an efficient framework is proposed for performing the associated
design optimization and for selecting values of the controllable damper parameters
that optimize the system reliability.

Mitsopoulou et al. study a robust control system for smart beams. First the struc-
tural uncertainties of basic physical parameters are considered in the model of a
composite beam with piezoelectric sensors and actuators subjected to wind-type
loading. The control mechanism is introduced and designed to keep the beam in
equilibrium in the event of external wind disturbances and in the presence of mode
inaccuracies using the available measurement and control under limits.

Panagiotopoulos et al. examine through simple examples the performance and
the characteristics of a methodology previously proposed by the authors on a
variationally-consistent way for the incorporation of time-dependent boundary con-
ditions in problems of elastodynamics. More specifically, an integral formulation
of the elastodynamic problem serves as basis for enforcing the corresponding con-
straints, which are imposed via the consistent form of the penalty method, e.g. a
form that complies with the norm and inner product of the functional space where
the weak formulation is mathematically posed. It is shown that well-known and
broadly implemented modelling techniques in the finite element method such as
“large mass” and “large spring” techniques arise as limiting cases of this penalty
formulation.

Sapountzakis and Dourakopoulos study the nonlinear dynamic analysis of beams
of arbitrary doubly symmetric cross section using the boundary element method.
The beam is able to undergo moderate large displacements under general bound-
ary conditions, taking into account the effects of shear deformation and rotary
inertia. The beam is subjected to the combined action of arbitrarily distributed or
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concentrated transverse loading and bending moments in both directions as well
as to axial loading. To account for shear deformations, the concept of shear de-
formation coefficients is used. Five boundary value problems are formulated and
solved using the Analog Equation Method. Application of the boundary element
technique yields a nonlinear coupled system of equations of motion. The evalua-
tion of the shear deformation coefficients is accomplished from the aforementioned
stress functions using only boundary integration.

The chapter of Papachristidis et al. presents the fiber method for the inelastic
analysis of frame structures when subjected to high shear. Initially the fiber approach
is presented within its standard, purely bending, formulation and it is then expanded
to the case of high shear deformations. The element formulation follows the as-
sumptions of the Timoshenko beam theory, while two alternative formulations, a
coupled and a decoupled are presented. The numerical examples confirm the accu-
racy and the computational efficiency of the element formulation under monotonic,
cyclic and dynamic/seismic loading.

A simplified procedure to estimate base sliding of concrete gravity dams induced
by an earthquake is proposed in the chapter of Basili and Nuti. A simple mechan-
ical model is developed in order to take into account the sources that primarily
influence the seismic response of such structures. The dam is modelled as an elastic-
linear single-degree-of-freedom-system. Different parameters are considered in the
analysis such as the dam height, foundation rock parameters, water level, seismic in-
tensity. As a result, a simplified methodology is developed to evaluate base residual
displacement, given the dam geometry, the response spectrum of the seismic input,
and the soil characteristics. The procedure permits to assess the seismic safety of
the dam with respect to base sliding, as well as the water level reduction that is
necessary to render the dam safe.

Papazafeiropoulos et al. provided a literature review and results from numerical
simulations on the dynamic interaction of concrete dams with retained water and
underlying soil. Initially, analytical closed-form solutions that have been widely
used for the calculation of dam distress are outlined. Subsequently, the numerical
methods based on the finite element method, which is unavoidably used for compli-
cated geometries of the reservoir and/or the dam, are reviewed. Numerical results
are presented illustrating the impact of various key parameters on the distress and
the response of concrete dams considering the dam-foundation interaction.

Motivated by the earthquake response of industrial pressure vessels, Karamanos
et al. investigate the externally-induced sloshing in spherical liquid containers. Con-
sidering modal analysis and an appropriate decomposition of the container-fluid
motion, the sloshing frequencies and the corresponding sloshing (or convective)
masses are calculated, leading to a simple and efficient method for predicting the
dynamic behavior of spherical liquid containers. It is also shown that considering
only the first sloshing mass is adequate to represent the dynamic behavior of the
spherical liquid container within a good level of accuracy.

Jha et al. introduce a bilevel model for developing an optimal Maintenance
Repair and Rehabilitation (MR&R) plan for large-scale highway infrastructure ele-
ments, such as pavements and bridges, following a seismic event. The maintenance
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and upkeep of all infrastructure components is crucial for mobility, driver safety
and guidance, and the overall efficient functioning of a highway system. Typically,
a field inspection of such elements is carried out at fixed time intervals to determine
their condition, which is then used to develop optimal MR&R plan over a given
planning horizon.

Frangopol and Akiyama present a seismic analysis methodology for corroded
reinforced concrete (RC) bridges. The proposed method is applied to lifetime seis-
mic reliability analysis of corroded RC bridge piers, and the relationship between
steel corrosion and seismic reliability is presented. It is shown that the analytical
results are in good agreement with the experimental results regardless of the amount
of steel corrosion. Moreover, after the occurrence of crack corrosion, the seismic
reliability of the pier is significantly reduced.

Life cycle cost assessment of structural systems refers to an evaluation procedure
where all costs arising from owing, operating, maintaining and ultimately disposing
are considered. Life cycle cost assessment is considered as a significant assessment
tool in the field of the seismic behaviour of structures. Therefore, in the chapter by
Mitropoulou et al. two test cases are examined and useful conclusions are drawn
regarding the behaviour factor ¢ of EC8 and the incident angle that a ground motion
is applied on a multi-storey RC building.

Bal et al. examine vulnerability assessment procedures that include code-based
detailed analysis methods together with preliminary assessment techniques in order
to identify the safety levels of buildings. Their chapter examines the effect of four
essential structural parameters on the seismic behaviour of existing RC structures.
Parametric studies are carried out on real buildings extracted from the Turkish
building stock, one of which was totally collapsed in 1999 Kocaeli earthquake.
Comparisons are made in terms of shear strength, energy dissipation capability
and ductility. The mean values of the drop in the performance are computed and
factors are suggested to be utilized in preliminary assessment techniques, such as
the recently proposed P25 method that is shortly summarized in the chapter.

The aforementioned collection of chapters provides an overview of the present
thinking and state-of-the-art developments on the computational techniques in the
framework of structural dynamics and earthquake engineering. The book is targeted
primarily to researchers, postgraduate students and engineers working in the field.
It is hoped that this collection of chapters in a single book will be a useful tool for
both researchers and practicing engineers.

The book editors would like to express their deep gratitude to all authors for the
time and effort they devoted to this volume. Furthermore, we would like to thank
the personnel of Springer Publishers for their kind cooperation and support for the
publication of this book.

Athens Manolis Papadrakakis
June 2010 Michalis Fragiadakis
Nikos D. Lagaros
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Seismic Response of RC Framed Buildings
Designed According to Eurocodes

Juan Carlos Vielma, Alex Barbat, and Sergio Oller

Abstract In order to ensure that a structure does not collapse when subjected to
the action of strong ground motions, modern codes include prescriptions in order
to guarantee the ductile behavior of the elements and of the whole structure. Obvi-
ously, it would be of special importance for the designer to know during the design
process the extent of damage that the structure will suffer under the seismic action
specified by the design spectrum and also the probability of occurrence of differ-
ent states of behaviour. The incremental nonlinear static analysis procedure used in
this paper allows formulating a new, simplified, seismic damage index and damage
thresholds associated with five limit states. The seismic behavior of a set of regular
reinforced concrete buildings designed according to the EC-2/EC-8 prescriptions
for a high seismic hazard level is then studied using the proposed damage index and
damage states. Fragility curves and damage probability matrices corresponding to
the performance point are calculated for the studied buildings. The obtained results
show that the collapse damage state is not reached in the buildings designed accord-
ing the prescriptions of EC-2/EC-8 and also that the damage does not exceed the
irreparable damage limit state.

Keywords Non-linear analysis - Ductility - Overstrength - Objective damage index -
Seismic safety

1 Introduction

The main objective of the seismic design is to obtain structures capable to sus-
tain a stable response under strong ground motions. Some of the aspects of the
current seismic analysis procedures allow adapting the non-linear features into an

J.C. Vielma (=)
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202 J.C. Vielma et al.

equivalent elastic analysis and, obviously, the formulation of these procedures is
essential in assuring a satisfactory earthquake resistant design. The advances in
the field of nonlinear structural analysis and the development of improved com-
putational tools enabled to apply more realistic analysis procedures to new and
existent buildings, taking into account the main features of their seismic non-linear
behaviour, like constitutive nonlinearities (plasticity and damage) and geometrical
nonlinearities (large deformations and displacements). Non linear analysis proce-
dures have been used in previous studies to assess the seismic design of buildings
designed according to specific design codes [1-3]. The static incremental non-linear
analysis (pushover analysis) can be performed by using a predefined lateral load dis-
tribution corresponding to the first mode shape. The dynamic analysis can be applied
using a suitable set of records obtained from strong motion databases or from design
spectrum-compatible synthesized accelerograms. Recently, Performance-Based De-
sign required the definition of a set of limit states. These limit states are frequently
defined by engineering demand parameters, among which the most used are the in-
terstory drift, the global drift and the global structural damage. These parameters
define damage thresholds associated with the limit states, which allow calculating
fragility curves and the damage probability matrices used in the seismic safety as-
sessment of the buildings. In this work, the seismic safety of regular reinforced
concrete framed buildings is studied using both the static and the dynamic non-
linear analysis. The static analysis consisted in using pushover procedure and the
dynamic analysis was performed by means of incremental dynamic analysis (IDA).
The analyses were performed using the PLCd computer code [4] which allows incor-
porating the main characteristics of the reinforcement and confinement provided to
the cross sections of the structural elements. A set of 16 reinforced concrete framed
buildings with plan and elevation regularity was designed according to EC-2 [5]
and EC-8 [6]. The results obtained from their non-linear analysis allowed calcu-
lating the global ductility, the overstrength and the behaviour factors. The latter
were compared with the values prescribed by the EC-8. The global performance of
the buildings was evaluated using an objective damage index based on the capac-
ity curve. Finally, with the damage thresholds obtained from non-linear analysis,
fragility curves and damage probability matrices were computed.

2 Seismic Response Parameters

Among the seismic response parameters studied in past works, global ductility, over-
strength and behaviour factor are the most important; they can be calculated by
applying deterministic procedures based the non-linear response of the structures
subjected to static or dynamic loads. Although it is difficult to find a method to
obtain the global yield and the ultimate displacements [7], a simplified procedure
is applied in this work. The non-linear static response obtained via finite element
techniques is used to generate the idealized bilinear capacity curve shape shown in
Fig. 1, which has a secant segment from the origin to a point that corresponds to
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Fig. 1 Scheme for determining displacement ductility and overstrength

a 75% of the maximum base shear [8,9]. The second segment, which represents
the branch of plastic behaviour, was obtained by finding the intersection of the
aforementioned segment with another, horizontal segment which corresponds to the
maximum base shear. The use this compensation procedure guarantees that the en-
ergies dissipated by the ideal system and by the modelled one, are equal (see Fig. 1).
For a simplified non-linear analysis, there are two variables that characterize the
quality of the seismic response of buildings. The first is the global ductility p, de-
fined as
Ay
Ay

and calculated based on the values of the yield drift, A,, and of the ultimate drift,
A,, which are represented in the idealized capacity curve shown in Fig. 1.

The second variable is the overstrength Rg of the building, which is defined as
the ratio of the yielding base shear, V), to the design base shear, V; (see Fig. 1)

p= ey

V.
Rg =2

=V 2

3 Local and Objective Damage Index

A local damage index is calculated using the finite element program PLCd with a
constitutive damage and plasticity model that enables correlation of damage with
lateral displacements [10, 11]

e
175

3)
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where || P™|| and || P{"|| are the norm of current and elastic values of the internal
forces vectors, respectively. Initially, the material remains elastic and D = 0, but
when all the energy of the material has been dissipated || P"|| — O and D = 1.

It is important to know the level of damage reached by a structure for a certain
demand. This is possible if the damage index is normalized with respect to the max-
imum damage which can occur in the structure [12]. This objective damage index
0<D 01;) i = 1 achieved by a structure at any point P is defined as

Kp
D (1_K>“
ph =L =ppt = ° o)
%7 D¢ 1—pu 1—pu

For example, for the point P, which might be the performance point resulting
from the intersection between inelastic demand spectrum and the capacity curve
(obtained from pu-shover analysis), it corresponds a stiffness K p. Other parameters
are the initial stiffness K¢y and the displacement ductility u, calculated using the
yield displacement A} which corresponds to the intersection of the initial stiffness
with the maximum shear value (see Fig. 2).

4 Non-linear Response

Non-linear incremental static and dynamic analysis are performed using PLCd finite
element code [4,13,14]. PLCd is a finite element code that works with two and three-
dimensional solid geometries as well as with prismatic, reduced to one-dimensional
members. It provides a solution combining both numerical precision and reasonable
computational costs [15, 16] and it can deal with kinematics and material nonlinear-
ities. It uses various 3-D constitutive laws to predict the material behaviour (elastic,
visco-elastic, damage, damage-plasticity, etc. [17]) with different yield surfaces
to control their evolution (Von-Mises, Mohr-Coulomb, improved Mohr-Coulomb,
Drucker-Prager, etc. [18]). Newmark’s method [10] is used to perform the dynamic
analysis. A more detailed description of the code can be found in Mata et al.
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[15, 16]. The main numerical features included in the code to deal with compos-
ite materials are: (1) Classical and serial/parallel mixing theory is used to describe
the behaviour of composite components [19]. (2) The Anisotropy Mapped Space
Theory enables the code to consider materials with a high level of anisotropy, with-
out the associated numerical problems [20]. (3) The Fiber-matrix debonding, which
reduces the composite strength due to the failure of the reinforced-matrix interface,
is also considered [21].

Experimental evidence shows that inelasticity in beam elements can be formu-
lated in terms of cross-sectional quantities [22] and, therefore, the beam’s behaviour
can be described by means of concentrated models, sometimes called plastic hinge
models, which localize all the inelastic behaviour at the ends of the beam by means
of ad-hoc force-displacement or moment-curvature relationships [23, 24]. But, in
the formulation used in this computer program, the procedure consists of obtain-
ing the constitutive relationship at cross-sectional level by integrating on a selected
number of points corresponding to the fibers directed along the beam’s axis [25].
Thus, the general nonlinear constitutive behaviour is included in the geometrically
exact nonlinear kinematics formulation for beams proposed by Simo [26], consid-
ering an intermediate curved reference configuration between the straight reference
beam and the current configuration. The displacement based method is used for
solving the resulting nonlinear problem. Plane cross sections remain plane after
the deformation of the structure; therefore, no cross sectional warping is consid-
ered, avoiding including additional warping variables in the formulation or iterative
procedures to obtain corrected cross sectional strain fields. Thermodynamically con-
sistent constitutive laws are used in describing the material behaviour for these beam
elements, which allows obtaining a more rational estimation of the energy dissipated
by the structures. The simple mixing rule for composition of the materials is also
considered in modelling materials for these elements, which are composed by sev-
eral simple components. Special attention is paid to obtain the structural damage
index capable of describing the load carrying capacity of the structure.

According to the Mixing Theory, in a structural element coexist N different com-
ponents, all the components undergo same strain; therefore, strain compatibility
is forced among the material components. Free energy density and dissipation of
the composite are obtained as the weighted sum of the free energy densities and
dissipation of the components, respectively. Weighting factors K, are the partici-
pation volumetric fraction of each compounding substance, K; = %, which are
obtained as the quotient between the g-th component volume, ¥, and the total vol-
ume, V' [13-16].

Discretization of frames was performed with finite elements whose lengths vary
depending on the column and beam zones with special confinement requirements.
These zones are located near the nodes where the maximum seismic demand
is expected, and are designed according to the general dimensions of the struc-
tural elements, the diameters of the longitudinal steel, the spans length and the
storey heights. Frame elements are discretized into equal thickness layers with
different composite materials, characterized by their longitudinal and transversal
reinforcement ratio (see Fig. 3). Transverse reinforcement benefits are included by
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Fig. 3 Discretization of the RC frame’s elements

means of the procedure proposed by Mander et al. [27]. This procedure consists in
improving the compressive strength of the concrete depending on the characteristics
of the longitudinal and transversal reinforcement.

S Design of Buildings

A set of regular reinforced concrete moment-resisting framed buildings (MRFB)
designed according to EC-2 and EC-8, characterized by a variable number of storeys
(3, 6,9 and 12) and spans (3, 4, 5 and 6) were selected, in order to cover the low
and medium vibration period ranges and also to take into consideration the structural
redundancy. Inner and outer frames are defined for each building structure according
to the corresponding load ratio (seismic load/gravity load).

The frame members are analyzed designed and detailed following the EC-2 and
EC-8 prescriptions for high ductility class (behaviour factor of 5.85). The seismic
demand is established for the soil type B (stiff soil) and for a peak ground accelera-
tion of 0.3 g. The geometric characteristics of the typical frames are given in Fig. 4.

5.1 Non-linear Static Analysis

To evaluate the inelastic response of the four structures, pushover analyses were
performed applying a set of lateral forces corresponding to seismic actions of
the first vibration mode. The lateral forces are gradually increased starting from
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Fig. 4 Plan and elevation view of the framed buildings

12 storey framed buildings

207

zero, passing through the value which induces the transition from elastic to plastic
behaviour and, finally, reaching the value which corresponds to the ultimate drift
(i.e. the point at which the structure can no longer sustain any additional load and
collapses). Before the structure is subjected to the lateral loads simulating seismic
action, it is first subjected to the action of gravity loads, in agreement with the com-
binations applied in the elastic analysis. The method applied does not allow for

evaluation of torsional effects, being the used model a 2D one.
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Based on the idealized bilinear curve in Fig. 5, a global ductility of 6.35 is ob-
tained, a higher value than that considered in the EC-8 seismic design code, which
is 5.85. From Fig. 5, overstrength is also calculated, obtaining a value of 2.27. This
means that the moment resisting buildings designed according to the EC-2 and EC-8
have a ductile response to seismic forces, as well as an adequate overstrength.

Figure 6 shows the computed values of the overstrength for the outer and inner
frames of the studied buildings, plotted in function of the number of storeys. The
results demonstrate clearly that the influence of the number of spans, equivalent to
consider different numbers of resistant lines, is very low, except for the case of the 6
storey buildings. For the other buildings, the overstrength values are closer to each
other. It can be also seen that the computed values of the combined overstrength
factors are greater than the value which the EC-8 prescribes for the design of ductile
framed buildings.
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Fig. 7 Distribution of local damage-index at collapse displacement

The local damage index is calculated using Eq. (3) and the results are shown
in Fig.7 for the inner frames of the 3 and 6 storey buildings, for the collapse dis-
placement. In this figure, each rectangle represents the magnitude of the damage
reached by the element. It is important to observe that for the low rise buildings
(N = 3) the maximum values of the damage corresponds to the elements located
at both ends of the first storey columns; this damage concentration corresponds to
a soft-storey mechanism. Instead, high rise buildings (N = 6, 9 and 12) show their
maximum damage values at low level beams ends, according to the desired objec-
tive of the conceptual design which is to produce structures with weak beams and
strong columns.

Figure 8 show the interstory drifts at collapse. It is important to note the differ-
ence among the interstory values for the three levels building, which reaches very
high value at the ground level (Fig. 8a). This feature is a consequence of the soft-
story mechanism characterized by the concentration of the damage in the columns
of this story. The interstory drifts of the 6, 9 and 12 levels buildings reach values
near 4%, without a predominant value in a specific story. From the non-linear static
analysis, the objective damage index is computed using Eq. (3).

Figure 9 shows the evolution of the objective damage index respecting the nor-
malized roof drift, computed for all the frames of the 3 storey building. The curves
are similar to those obtained for the frames of the same number of stories.

5.2 Non-linear Dynamic Analysis

In order to evaluate the dynamic response of the buildings, IDA (Incremental
Dynamic Analysis) procedure was applied [28], which consists in performing
time-history analyses for actual ground motion accelerograms or for artificially
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Fig. 8 Interstory drifts at the collapse

synthesized accelerograms scaled in such a way to induce increasing levels of in-
elasticity in each new analysis. A set of six artificial accelerograms, compatible with
the soil type B of EC-8 design spectrum, were generated. Figure 10 shows the elas-
tic design spectrum and the 5% damping response spectra computed from the set of
artificial accelerograms.

Peak accelerations equal to the basic design acceleration is assumed in the anal-
ysis. From this value, the record is scaled until a plastic response is reached by
the structure; this procedure continues until achieving the collapse displacement.
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For each value of scaled acceleration, a maximum value of the structural response
is calculated. The IDA curves are obtained by plotting a maximum characteristic
of the severity of the earthquake in function of a maximum value of the structural
response. In this case, we represented the spectral acceleration for a 5% damping
ratio against the roof drift. The collapse is reached when the capacity of the struc-
ture drops [29-31]. A usual criterion is to consider that collapse occurs when the
slope of the curve is less than the 20% of the elastic slope [28, 31, 32]. Figure 11
show the IDA curves computed for the 3-spans outer frames of the 3, 6, 9 and 12
storey buildings. Note that the collapse points of the frames are closer to the values
obtained from the static pushover analysis, validating the collapse threshold values.

Table 1 summarizes the computed average values of the collapse points for all
the studied cases, computed by means of the dynamic analysis.
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Table 1 Normalized roof

Number Dynamic analysis
displacement (%) at the of storeys  Static analysis (average)
collapse of the structures 3 751 251

6 2.63 2.63

9 2.48 2.62

12 2.35 2.39

The dynamic analysis is useful to assess the collapse point of the buildings. For
the behaviour factors ¢, the following equation has been proposed [2]:

_ g (Collapse) (5)

A g (Design—yield)
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Table 2 Computed Number of

by O e SOTSYS  Gequarion_deode "
3 17.40 585 297
6 10.79 585 1.84
9 15.07 585 2.57
12 15.12 585 2.58

where ag(collapse) and dg(Design—yiela) are the collapse and the yield design peak
ground acceleration, respectively. The former is obtained from the IDA curves and
the latter is calculated from the elastic analysis of the building. Average values of
the computed behaviour factor q of the studied buildings are show in Table 2; these
values correspond to the dynamic response obtained for the set of six synthesized
accelerograms, and are compared with behaviour factors prescribed by the design
codes.

The computed behaviour factors show that seismic design performed by using
the EC-2 and EC-8 leads to structures with satisfactory lateral capacity, when they
are subjected to strong motions, regardless of the building height. The relationship
between the calculated and the prescribed behaviour factors is close to three for the
case of low rise buildings.

6 Seismic Safety of the Buildings

Studying the seismic safety of the buildings designed according to the Eurocodes
requires to define and compute the engineering demand measure (EDM). It is usual
to select the interstory and the global drifts as EDM; in this article, the latter was
selected. In order to assess the seismic safety, the global drifts correspond to the
performance point have been determined as described in the following.

6.1 Determination of the Performance Point

In order to evaluate the non-linear behaviour of the buildings, the performance
points, which represent the maximum drift of an equivalent single degree of freedom
induced by the seismic demand, were calculated. These points have been determined
by means of the N2 procedure [33] which requires transforming the capacity curve
into a capacity spectrum expressed in terms of the spectral displacement, S, and of
the spectral acceleration, S,. The former is obtained by means of the equation

8¢

S, =
4= MPF

(6)
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where 4. is the roof displacement. The term M PF term is the modal participation
factor calculated from the response in the first mode of vibration.

n . .
MpF = Zi=tMidi daly® %)
D=1 midi;
Spectral acceleration S, is calculated by means of:
4
Sa =2 ®
o

where V' is the base shear, W is the seismic weight and « is a coefficient obtained as

_ (Z?:l mi¢1,i)2
TS met, v

Figure 12 shows a typical capacity spectrum crossed with the corresponding elas-
tic demand spectrum. Idealized bilinear shape of the capacity spectra is also shown.
The values of the spectral displacements corresponding to the performance point
are shown in Table 3. An important feature which influences on the non linear
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Fig. 12 Determination of the performance point according to N2 procedure

Table 3 Roof drift of performance points of the studied buildings

Normalized roof drift Ratio
Number  Performance Dynamic analy- Dynamic anal-
of stories  point (%) Static analysis  sis (average) Static analysis  ysis (average)
3 0.80 3.02 2.51 0.26 0.32
6 0.51 2.48 2.63 0.20 0.19
9 0.39 2.48 2.62 0.16 0.15

12 0.21 2.34 2.39 0.09 0.09




Seismic Response of RC Framed Buildings Designed According to Eurocodes 215

response of the buildings is the ratio between the performance point displace-
ment and the collapse displacement. This ratio indicates whether the behaviour of a
structure is ductile or fragile. The lower values correspond to the 12 storey buildings,
which have a weak-beam strong column failure mechanism.

6.2 Fragility Curves and Damage Probability Matrices

The damage thresholds are determined using the VISION 2000 procedure [34], in
which they are expressed in function of interstory drifts. In this article, five damage
states thresholds are defined from both the interstory drift curve and the capacity
curve [35]. For the slight damage state, the roof drift corresponding to the first plas-
tic hinge is considered. The moderate damage state corresponds to the roof drift for
which an interstory drift of 1% is reached in almost all the storeys of the structure.
The repairable damage state is defined by an interstory drift of 2%. The severe dam-
age state is identified by a roof drift producing a 2,5% of interstory drift at each
level of the structure. Finally, the total damage state (collapse) corresponds to the
ultimate roof displacement obtained from the capacity curve. Mean values and stan-
dard deviation were computed from the non linear response of the buildings with the
same geometry and structural type, varying the number of spans from 3 to 6 [36].

Fragility curves are obtained by using the spectral displacements determined for
the damage thresholds and considering a lognormal probability density function for
the spectral displacements which define the damage states [37—40]

1 2
F(Sg) = — ' exp| -+ (—m Sa ) (10)
BasSa V2w 2\ Bas  Saus

where S’d,ds is the mean value of spectral displacement for which the building
reaches damage state threshold ds and B4 is the standard deviation of the natural
logarithm of spectral displacement for damage state ds. The conditional probabil-
ity P(Sy) of reaching or exceeding a particular damage state ds, given the spectral
displacement S, is defined as

S
P(Sg) = fo F(Sa)dSa (11)

Figure 13 show the fragility curves calculated for the four different heights of
buildings considered in the analysis.

Figure 14 shows the damage probability matrices calculated for the performance
point achieved for all the studied cases. It is important to note that for frames of the
same building, probabilities vary according to the load ratio (seismic load/gravity
load).
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Another important feature is the increasing values of the probabilities that low
rise buildings reach higher damage states; the collapse of these buildings is associ-
ated with the soft-storey mechanism, as discussed in previous sections. For example,
in the case of the inner frames of the three level building, the probability to reach the
collapse is four times higher than in the case of the outer frame of the same build-
ing. In contrast, 6, 9 and 12 storey buildings show very low probabilities to reach
higher damage states, regardless of the load ratio and of the span number. For these
buildings, the predominant damage states are non-damage and slight damage.

Figure 15 shows the values of the damage index for the performance point of
the different frames. These values were obtained using Eq. (3). First of all, it is
possible to observe that low rise buildings (three levels) reach higher values of the
damage index than the other buildings, as a consequence of the failure mechanism
which occurs for this kind of buildings (soft storey mechanism). In contrast, the 12
level buildings exhibits damage indices about 0.3 and 0.35 for the inner and outer
frames respectively, values that are consistent with the failure mechanism (strong
columns-weak beams). Finally it is important to observe that the values of the dam-
age index obtained for the outer frames are lower than those corresponding to the
inner ones, indicating that the damage index depends on the load type ratio [41].
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7 Concluding Remarks

The proposed objective damage index predicts adequately the state of damage that
is achieved by the frames for a specific seismic demand value (displacement of the
performance point).
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The Incremental Dynamic Analysis is useful in order to assess the collapse
threshold of the frames. Dynamic results confirm the values obtained from pushover
analysis. The dynamic analysis is also suitably to evaluate the behaviour factor ¢q.

In general, the reinforced concrete framed buildings designed according to the
Eurocodes for a high ductility class show adequate ductility behaviour, as it is ev-
idenced by the global ductility values and the ratio between the performance point
and the ultimate displacement. They also exhibit adequate values of overstrength,
which are greater than the code prescribed value (overstrength = 1.5). Behaviour
factors computed from dynamic analysis are also adequate and reach twice the code
values. No influence of the structural redundancy was detected in the procedure
applied to evaluate such factors.

The nonlinear response of the buildings depends on the load ratio between the
seismic and gravity loads; the inner frames which are designed for lower load ratios
have lower overstrength values. Consequently, the seismic safety of the different
frames is influenced by this ratio.

The local damage distribution when the buildings reach the collapse threshold,
show that low rise buildings (3 storey) have a failure mechanism associated with
the formation of the soft storey mechanism. Medium height buildings (6, 9 and 12
storey) exhibit a failure mechanism associated with the conceptual design objective
of designing structures with weak-beam and strong column. The interstory drifts of
the low rise building show that the damage is concentrated into the ground level,
where the interstory drift reached a value greater than 8%. Mid-rise buildings show
more uniform values of the interstory drifts and their values are lower than 4%.
These results evidenced that the low-rise building collapse corresponds to soft-story
mechanism.
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