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Abstract

The relatively few available practice-oriented proposals for performance-based seismic design of
conventional and isolated bridges, aim primarily at a more consistent description of seismic
demand and capacity of structures on the basis of simplified analysis, and to a lesser extent at the
direct consideration of multi-level performance criteria using advanced analysis tools. In view of
the type/device-specific existing methods, the present study presents a broad-scope methodology
for the seismic design of bridges emphasising on (i) displacement-based principles, (ii) use of
nonlinear dynamic analysis, and (iii) explicit consideration of multiple performance levels (PLS)
and objectives (POs) in a practical design context, suitable for inclusion in design codes.

The deformation-based design (Def-BD) procedure, initially developed for seismic design of
conventional (non-isolated) buildings, is first tailored to concrete bridges with energy dissipation
in the piers. The key issues in this respect are the proper consideration of the intended plastic
mechanism under the considered PLs, and the design of the bearings. The efficiency of the
proposed design methodology is demonstrated by applying it to an actual bridge selected with a
view to enabling comparisons among Def-BD, the modal direct displacement-based design
(MDDBD), and a force-based code-type (Code-BD) method. Refined analysis along with the
consistent performance-based design format within Def-BD, result in superior seismic
performance. Significant cost reductions are achieved compared to MDDBD, whereas potential
cost reductions may generally be obtained compared to ‘standard’ code design.

Considering the diversity of passive devices and their inherent weakness to optimise the bridge
response under multiple PLs, a methodology is developed to enable the identification of the critical
performance requirements and the comparative evaluation of different passive schemes at the early
stages of design. Originating from an earlier study focusing on bilinear isolators, the method is
extended with a view to developing generalised design equations (GDES) capable of providing
reliable estimates of peak response in linear/bilinear isolation systems with/without supplemental
linear/nonlinear viscous damping under different PLs associated with code-based target spectra of
different intensity. The Def-BD method is finally extended to address passive (isolation and energy
dissipation) systems. Novel features are introduced, including (i) the use of GDEs for the
preliminary ‘near-optimal’ selection of the basic system properties and the consideration of
nonlinearity of viscous dampers, (ii) the enhancement of POs in line with the higher performance
expected in the case of isolated bridges, (iii) specific conditions ensuring the effectiveness of the
isolation system, and (iv) the proper consideration of the orthogonal component of seismic action
under bidirectional excitation. The validity of the procedure is demonstrated by applying it to the
bridge previously used to develop the Def-BD method for bridges with “ductile-pier’ behaviour.
Alternative isolation schemes are investigated and compared with the design resulting from
Eurocode 8 (Part 2), offering a useful insight into some pitfalls of modern code-based approaches.
Assessment of the Def-BD designs reveals enhanced and controlled performance under multiple
PLs, and significant cost reductions in the substructure design compared to the design for ‘ductile-
pier’ response. On the other hand, further cost reduction observed in the case of the code-based
design, results in reduced efficiency of the isolation system and improper performance of the piers.

In view of the previous remarks, Def-BD emerges as a rigorous methodology, applicable to
most of the common concrete bridge configurations, albeit at the expense of additional
computational effort associated with the use of nonlinear dynamic analysis and the design for
multiple PLs. Nevertheless, minimum iterative effort is ensured by providing design ‘routines’ that
facilitate the implementation and address implications resulting from the use of nonlinear dynamic
analysis. Considering the suitable formulation of Def-BD, a framework of performance-based
control principles for the future extension towards the integration of advanced structural control
techniques, is finally set forth.
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Chapter 1
Introduction

“In simple terms, with confidence the designer should ‘tell’ the structure to be constructed,
what it should do, rather than ask, by way of analysis, what it might do”
T. Paulay (2002)

1.1 Problem Statement

Performance-based earthquake engineering (PBEE) constitutes a quest of engineers to better
understand the response of structures subjected to the seismic hazard, and reliably and
economically implement scientific results in practice, with a view to protecting life while
constraining within acceptable limits economic losses associated with damage (i.e. repair,
replacement) and service interruption. The challenge raised by PBEE can be to a certain extent
confronted (at least with the current state-of-the-art) within a pure probabilistic framework
incorporating uncertainties and advanced analysis and modelling techniques (JCSS 2001).
Probabilistic procedures in this direction aiming in addition at the development of a PBEE
framework that can effectively communicate seismic performance to stakeholders in terms of
casualties, direct costs, and loss of function, were recently the focus of concerted research efforts
with regard to the seismic performance of buildings, known as the ATC-58 Project (ATC 2012).
Focused so far primarily on ‘life-safety’ and ‘direct-loss’ considerations, current research efforts
attempt to relate the residual post-earthquake operationality (i.e. robustness) of structures and
systems (e.g. communities, networks) to the rate of recovery (i.e. rapidity) including its dependence
on available resources (i.e. redundancy) and disaster management (i.e. resourcefulness), extending
the concept of performance-based engineered structures to resilient systems (Krawinkler &
Deierlein 2014, Cimellaro 2016). Despite their attractiveness, these probabilistic approaches
cannot be justified (at least not yet) in a practical engineering context due to implications deriving
from the ‘economic implementation’ requirement in the PBEE definition. The introductory
statement in ATC-58-1, that the proposed procedure will be best utilised for critical facilities or
other structures where increased performance can be justified, points to the previous remark.
Considering the ‘iterative nature’ of design problems due to the introduction of additional
variables, such as sizing, location, and connectivity of structural members, required at both ends
(i.e. input, output) of the design procedure, the probabilistic approach is more suited for assessment
purposes associated with the evaluation of the performance of existing structures or the safety
format adopted in design codes (e.g. partial safety factor format in CEN 2002), rather than the
design of new structures. This is reflected in the state of development of probabilistic design
methods being less mature than relevant assessment procedures, and commonly involving
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optimisation techniques (fib 2012c) as a means to isolate potential design solutions from a vast
number of possible variable combinations, inevitably adding to further complexity.

‘Virtuous circle’ implications in design are by no means restricted to the probabilistic
framework, and the requirement for iterations introduces complexity in deterministic approaches
too. In this context, documents relevant to the evaluation of seismic performance and retrofitting
currently pave the way in adopting performance-based approaches (Fardis 2013), contrary to the
‘early work’ of code drafting committees when standards for existing structures commonly
followed the publication of those referring to the design of new structures. From a deterministic
seismic design point of view, the PBEE objective may translate into an attempt to generate
‘uniform-risk’ structures (Priestley et al. 2007); i.e. designing structures with a predefined
structural response (quantified with structural performance measures) and hence a known level of
safety, damage, and loss under a specific, or preferably, multiple and discrete, levels of seismic
action associated with preselected probabilities of exceedance within the design life of the structure
under investigation. In principle, the performance-based objective can be sought by both force-
based and displacement-based design procedures that should be seen as the means to address the
PBEE concepts. Nevertheless, following the introduction of capacity design (Park & Paulay 1975),
which can be seen as an early formulation of the performance-based seismic design concept, and
the subsequent systematic identification of deficiencies in force-based approaches regarding the
estimation of seismic response and ensuing damage in structures (Priestley 1993), the research
community invested heavily since the 1990s (e.g. fib 2003) in the development of performance-
based design (PBD) procedures involving displacement-based design concepts. PBD procedures
aimed primarily at a more rational and consistent description of seismic demand and capacity of
structures by promoting displacements, deformations and strains over forces, and to a lesser extent
at the direct consideration of multi-level performance criteria dealt in most cases with the
independent application of the method under different performance levels, or limit states according
to the European terminology. In fact, a significant method classification criterion at the time was
the explicit (or implicit) consideration of displacements implying the ‘direct’ design route from the
definition of target displacements to the estimation of the required stiffness and strength of
structural members without the need for performing iterations under a single performance level.
Despite the evident and improved rationality compared to force-based approaches, these
procedures have been merely incorporated in design codes which retained to the present day their
force-based nature involving explicit verifications for a single performance level. A notable
exception, in this respect, was the direct displacement-based design method (Priestley 1993) a
version of which was included in Appendix | of the SEAOC (1999) Blue Book that provided
guidance with regard to building applications; interestingly though, unlike Priestley’s initial
proposal, the SEAOC procedure explicitly required verification of the design through nonlinear
static (pushover) analysis, as part of the ‘design’ procedure.

The key reason why displacement-based design methods were not formally adopted (at least on
a stand-alone basis) by design codes can be traced within the definition of PBEE provided
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previously. Design in its most general but not necessarily ‘economic’ form, can be perceived as an
iterative assessment process where the performance of a preliminary designed system is assessed
and the design methodology is repeated in its entirety until the target performance under a single
or multiple performance level is met (Krawinkler et al. 2006). During this generalised and at the
same time least attractive formulation, there is no specific restriction in the degree of sophistication
and virtually all types of analysis from linear static to incremental nonlinear dynamic analysis
(Vamvatsikos & Cornell 2002) may be used potentially involving probabilistic concepts (ATC
2012). Displacement-based design procedures developed during the last two decades with a view
to upgrading existing design codes, although departing from force-based principles, were bounded
at the same time by their ‘driving force’ (i.e. inclusion in codes and design practice). In their attempt
to reconcile requirements emanating from the design principles of ‘simplicity’ and ‘enhanced
seismic performance’, they involved deterministic approaches based mainly on linear equivalent
static and/or dynamic analysis (e.g. Priestley 1993) of simplified models of the structure (e.g.
Shibata & Sozen 1976), rather than rigorous procedures such as nonlinear dynamic analysis of
multi-degree of freedom systems (e.g. Kappos 1997). This resulted initially in methodologies that
were applicable to a class of structures only. Further sophistication, adopted subsequently to
broaden their range of applicability, increased their complexity and may have been interpreted as
inconsistent with the requirement for ‘simplicity’, thus preventing their adoption in design codes.
A characteristic example refers to the case of the ‘simplified’ inelastic methods (i.e. those based
on static analysis used primarily, but not exclusively, for evaluation purposes), which were recently
made quite sophisticated in order to handle complex problems, but inevitably they also became
quite cumbersome, increasing the associated computational effort to an extent that makes
guestionable the benefits gained by their implementation (Kappos et al. 2012b). On the other hand,
the advantages of using nonlinear dynamic analysis for design purposes have been recognised since
the early seventies (Blume 1973). Nevertheless, code drafting committees have been reluctant to
adopt this type of analysis in the following years. Even after the adoption of inelastic dynamic
analysis by codes such as Eurocode 8 (CEN 2004b, 2005a), guidance was usually provided with
regard to the selection and scaling of input accelerograms or the application for evaluation purposes
(i.e. to provide an insight into the post-elastic response) instead of the provision of an integrated
performance-based methodology applicable to the final design of a fairly broad class of structures.

The smooth, efficient and reliable operation of road and rail transport systems is vital to the
sustainable and resilient economic growth and development of communities. Bridges lie at the core
of these systems, which further act as lifelines for emergency relief after catastrophic events such
as earthquakes and other natural hazards. The increased associated seismic risk derived from the
higher vulnerability of bridges compared to other components of ground transport systems, and
their critical role in the operationality of these networks was shown in past and recent earthquakes,
e.g. Wenchuan, China 2008 (Kawashima et al. 2009), Maule, Chile 2010 (Kawashima et al. 2011).
In this context, it seems logical to consider utilising advanced performance and resilience-based
procedures (e.g. Karamlou & Bocchini 2015) also accounting for sustainability (e.g. Mackie et al.
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2016) along with modern technologies (Domaneschi & Martinelli 2016, Sarkis & Palermo 2018)
to protect bridge structures. Nevertheless, in a practice-oriented deterministic context, application
of performance/displacement-based concepts in bridges has been in general limited compared to
buildings (Kappos 2015a). Quite surprisingly considering the widespread use of seismic isolation
in bridge engineering, the adoption of structural control techniques (passive, active, semi-active,
hybrid) for enhancing the seismic performance of bridges and thus meeting more efficiently and
reliably the objectives of PBEE within integrated methods has been even more limited, essentially
restricted to passive systems (e.g. Priestley et al. 2007). Yet, implementation of structural control
principles to mitigate undesirable vibrations of dynamically excited civil engineering structures in
seismically-prone areas has attracted the attention of the research community for more than three
decades (e.g. Housner et al. 1997) and numerous passive devices were successfully deployed
worldwide to control the seismic response of bridges and other structures (Basu et al. 2014).
Although a relatively limited number of active control solutions have been applied in full-scale
bridge applications (Spencer & Nagarajaiah 2003) to mitigate the effect of non-seismic loads due
to their extensive external power supply requirements and reduced reliability during major
earthquake events (e.g. possible power supply failure), semi-active control emerges nowadays as a
promising design alternative in bridge seismic engineering (Gkatzogias & Kappos 2016b)
combining increased adaptability and reliability features as opposed to passive and active control
schemes, respectively, while it was recently implemented mainly as a retrofit measure to control
cable and/or deck vibrations in bridge structures across Asia, Europe and the USA.

The scarcity of design methodologies integrating structural control in a (deterministic)
performance-based context is possibly associated with the early realisation of the criticality of
displacements in systems incorporating base isolation and energy dissipations devices resulting in
relatively advanced codes of practice (e.g. AASHTO 2010) compared to those addressing
conventional (non-isolated) bridges. The advancements refer first to the adoption of displacement-
based simplified approaches and second to the upgrade of nonlinear dynamic analysis to the
preferred method of analysis especially when supplemental damping devices are involved.
Notwithstanding the necessity of adopting advanced analysis approaches in these cases due to
certain deficiencies of spectral approaches (Fardis et al. 2012), the previous improved
characteristics provide also an indication of the current trend in bridge code standards that holds
both for conventional and non-conventional structural systems. Given the currently available
bridge design practice that involves challenging loading conditions and complex structural
configurations, there is little doubt that an increasing number of practitioners utilise advanced
analysis tools and sophisticated programs to estimate the response of bridges. In this context,
development of performance-based methods aiming at 'simplicity’ and/or based on equivalent static
analysis may be deemed as inconsistent with current practice; rather one would seek a method that
is comprehensive, applicable to a very broad class of bridges, and capable of incorporating the
current state-of-the-art in bridge seismic engineering such as structural control techniques. Two
recently released documents are in support of this trend, namely the US Guide Specifications for
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LRFD Seismic Bridge Design (AASHTO 2011) providing a design alternative to the force-based
LRFD Bridge Design Specifications (AASHTO 2012), and the fib Model Code 2010 (fib 2012a, b)
covering the design and the assessment of new and existing structures, respectively. Both
documents reflect the long-expected recourse to pure displacement-based design principles, that
interestingly is sought by means of advanced inelastic analysis tools rather that ‘simplified’
procedures and models of the structure aiming at “‘direct’ estimates of stiffness and strength. In fact,
the more advanced (but also general and not bridge-specific) fib Model Code 2010 (fib 2012a, b)
sets nonlinear dynamic analysis as the reference analysis method and embraces a pure
performance-based philosophy explicitly considering multiple performance levels, nevertheless,
lacking, in virtue of its broad scope, a detailed design framework.

1.2 Scope and Research Objectives

In the light of the previous considerations (81.1), the present study focuses on how engineers
can efficiently and economically design bridges for deformation control against the seismic hazard
within a performance-based framework that reflects the current state-of-the-art in bridge
engineering. In response to this solution-based research question, a performance-based seismic
design methodology for bridges is established, taking due account of multi-level performance
requirements described in terms of post-earthquake operationality, damage, and feasibility of
repair, and different performance objectives accounting for the adopted structural configuration
and the importance of the studied bridge. Efficient design is sought by employing displacement-
based principles and advanced analysis tools (i.e. nonlinear dynamic analysis, section analysis),
allowing also the incorporation of control hardware (i.e. control devices). Advanced analysis,
explicitly used in the design process rather than implicitly as an assessment tool, ensures enhanced
and reliable structural performance of the bridge serving the broad-scope applicability of the
proposed method while exploring cost-effective design solutions disengaged from conservative (i.e.
on the side of safety) assumptions included in current force-based design/analysis procedures. The
term ‘cost-effective’ characterises here economy of design in terms of capital/maintenance cost,
and direct or indirect costs due to repair/replacement or service interruption, respectively,
following seismic events associated with specific levels of seismic action. Acknowledging the
inherent iterative nature of the design process when realistic structural systems are considered,
particular attention is drawn to the thorough consideration and/or development of the required tools
with a view to avoiding computationally intensive iterative analysis, i.e. economy of design in
terms of computational cost, characterising available design schemes (§1.1). The above
characteristics aim to deliver a rigorous design method that constraints the increased computational
effort characterising complex design frameworks (81.1) while treating identified deficiencies of
alternative displacement-based methods or traditional design approaches included in current design
codes, thus assigning an exploratory/comparative component to the primary solution-focused
character of the research study.
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In line with the current state-of-the-art of design standards as reflected in the recently released
fib Model Code 2010 (fib 2012a, b), the formulation of the method is explored in a deterministic
design framework. It is envisaged that adoption of probabilistic and resilience-based procedures
within the suggested method will constitute a future research objective; however, this falls beyond
the scope of the present study. In a similar context, the suggested methodology for isolated bridges
refers explicitly to the integration of passive structural control techniques. Nevertheless,
performance-based research objectives for future integration of semi-active control devices are
identified and an effort is made towards the adoption of a proper format that should serve as the
point of reference for extending the suggested procedure to semi-actively controlled bridges.
Several aspects of the methodology presented herein are specific to reinforced and/or prestressed
concrete bridges which constitute the focus of this study; nevertheless, the basic ‘philosophy’ of
design is also applicable to steel and composite bridges while general implementation guidelines
are also provided for alternative and more complex structural configurations than those explicitly
stated in the following objectives.

Overall, a framework for the seismic design of bridges suitable for inclusion in future
performance-based design codes of practice is sought, without limitations related to the irregularity
of the structural system considered or the intended degree of sophistication with regard to analysis
and modelling techniques. Being capable of incorporating the current state-of-the-art in bridge
seismic engineering within short-term upgrades of current design codes of practice, the proposed
methodology may also serve as a link towards the adoption of more sophisticated design
frameworks incorporating probabilistic and ‘smart’ (e.g. semi-active) technology.

In support to the above scope of the present research study, the following specific research
objectives are identified with regard to the considered bridge configurations:

* Review of available practice-oriented design methodologies for bridges involving
displacement-based design principles, and identification of current trends in bridge seismic

engineering.

» Development of a rigorous design methodology addressing bridges having one or more piers
rigidly connected to the deck, thus rendering pier ductility the main energy dissipation
mechanism. The suggested method makes recourse to inelastic analysis tools (i.e. nonlinear
dynamic analysis, nonlinear section analysis) and develops procedures to address and control a
broad range of seismic design parameters (i.e. strains, deformations, ductility factors) under
multiple performance levels, that are directly estimated during an ideally non-iterative
application of the method. To this end, a fully-fledged performance-based context is introduced
providing a logical design route that consists of distinct steps, each corresponding to a different
performance level depending on the selected performance objective and associated with design
of specific bridge members and type of verifications.

» Further development of the previous methodology, with regard to modifications required for
the comprehensive treatment of seismically isolated bridges with or without supplemental
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energy dissipation devices. The extended methodology, serving as a design alternative to the
‘conventional’ design approach of the previous objective, aims at a rational implementation of
passive structural control devices in line with the current state of practice in the use of structural
control in bridge engineering. Considering the diversity of passive control devices, reduction of
the associated computational effort is explicitly addressed by developing design tools required
for the direct comparative evaluation at the early design stages of the various alternative
isolation schemes (that may be realised by the proper combination of passive devices), and the
identification of ‘near-optimal’ design solutions accounting for different levels of seismic

action.

» Comparative evaluation of the proposed methodology and alternative displacement/force-based
design procedures in terms of efficiency in providing reliable estimates of response while
satisfying diverse performance requirements, and economy of design.

1.3 Layout of the Dissertation

The present thesis is divided in seven chapters and six annexes, and is structured in line with the
research objectives outlined in 81.2. Following the introductory considerations of the present
chapter on the problem statement and the scope of the study, a review of the current state-of-the-
art on available practice-oriented performance and displacement-based methodologies for the
seismic design of bridges is presented in Chapter 2. The second research objective is sought in
Chapter 3 and the third in Chapters 4 and 5, followed by a comparison of the suggested method
with alternative design approaches in Chapter 6, while overall conclusions and future steps towards
the further development of the proposed framework are discussed in Chapter 7. Supplementary
information related mostly, though not exclusively, to numerical investigations and example
applications included in Chapters 3, 4, 5, 6, is provided in Annexes A, B, C, D, respectively,
followed by a list of references in Annex E. Annex F includes a record of articles published so far
in peer-reviewed journals and conference proceedings, on issues dealt within the objectives of the
present study. A more detailed description of the core chapters of the dissertation is provided in
the following.

Chapter 3 provides a detailed description of the suggested design methodology, hereafter called
deformation-based design (Def-BD) method, targeting bridges with energy dissipation in the piers.
The proposed methodology originating from work by Kappos and his associates focused on the
seismic design of buildings (e.g. Kappos & Manafpour 2001, Kappos & Panagopoulos 2004) is
thoroughly presented; detailed steps of the proposed Def-BD methodology and required
modifications with regard to previous versions are first put forward. Following a description of the
adopted analysis and design framework, the efficiency of the proposed design methodology is
subsequently demonstrated by applying it to an actual bridge designed according to ‘standard’
European practice and selected with a view to enabling comparison between Def-BD and
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alternative design procedures. The suggested procedure and the resulting designs for two different
seismic zones are evaluated in the light of nonlinear dynamic analysis using a number of spectrum-
compatible motions, whereas certain deficiencies of current code-based design approaches derived
from associating critical performance requirements with specific performance levels are also
discussed.

A methodology for the development of design tools and aids capable of providing direct
estimates of peak inelastic response in reduced degree-of-freedom isolation and energy dissipation
systems is presented in Chapter 4. The dynamic equation of motion is first normalised to reduce
the number of design parameters that significantly affect the response, and the sensitivity of
normalised response quantities to the seismic intensity is investigated through extensive parametric
nonlinear dynamic analysis of isolated single-degree-of-freedom systems with linear viscous
damping; regression analysis is subsequently employed to develop generalised design equations
suitable for design purposes. The procedure is further extended to address nonlinear viscous
damping, and the effect of the transverse component of seismic action in two-degree-of freedom
systems under bidirectional excitation.

The deformation-based design method, proposed in Chapter 3 for the seismic design of bridges
relying on hysteretic energy dissipation through ductile behaviour of the piers, is extended in
Chapter 5 to address seismically isolated bridges with or without supplemental energy dissipation
devices, integrating the design tools developed in Chapter 4 (i.e. the third research objective).
Following the general format of Chapter 3, a detailed description of the proposed analysis and
design framework is first provided. The efficiency of the method under unidirectional and
bidirectional excitation is subsequently explored by applying it to an actual concrete bridge
previously used for the evaluation of bridges with energy dissipation in the piers. The suggested
procedure and the resulting designs for three different isolation schemes are evaluated in the light
of nonlinear dynamic analysis, offering a useful insight into some additional pitfalls of modern
code-based approaches; a comparison among the different designs, with emphasis on both
economy and structural performance, is also presented.

A comparison of the designs resulting from the application of the Def-BD method for ‘ductile-
pier’ and seismically isolated bridges, with ‘standard’ code-type design procedures and the direct
displacement-based design method (Priestley et al. 2007) (as extended by Kappos et al. 2013 to
explicitly account for higher mode effects) is sought in Chapter 6, with a view to assessing both
the structural performance and the economy of design. In addition, inherent deficiencies of code-
type methods identified during the application of Def-BD in Chapters 3, 5, are further discussed.
Overall conclusions and recommendations for future research are presented in Chapter 7, along
with an attempt to introduce a framework of performance-based structural control principles
required for the extension of the Def-BD method to deal with bridges integrating semi-active
structural control techniques.

3§
tE)

CITY 8



Chapter 2
Review of the State-of-the-Art

2.1 Introduction

In the quest for a ‘new generation’ of performance-based codes that will minimise direct and
indirect losses due to earthquakes, several design procedures were developed (fib 2003), attempting
to reconcile the requirements for simplicity (important in practical design) and enhanced control of
the performance of both structural and non-structural members, while research efforts are
underway towards probabilistic (fib 2012c) and resilience-based design (Cimellaro 2016)
frameworks. Following the introductory statement in 81.1, performance-based seismic design,
hereafter denoted as PBD, is set in a deterministic context wherein structures are designed with the
aim to satisfy a specific performance objective depending on the importance of the structure under
consideration. In line with the definitions provided in one of the pioneering documents in PBD
(SEAOC 1995), the performance objective consists of multiple structural performance levels or
limit states in European terminology (hereafter the term performance level is adopted due to its
frequent use worldwide), each one describing the expected (target) or the desirable structural
performance under a level of seismic action associated with a preselected probability of exceedance
within the design life of the structure. Since resilience of bridge structures and network systems
has been introduced so far in probabilistic (Deco et al. 2013) and optimisation-based (Bocchini &
Frangopol 2012) frameworks, robustness and rapidity properties (§81.1) are only implicitly
considered in the following, through the definition of specific structural performance levels at the
start of the design process that can be qualitatively associated with the anticipated residual
operationality of the bridge (e.g. AASHTO 2011) following a seismic event.

The inherent difficulties in developing PBD methods that strike a balance between ‘simplicity’
and ‘controlled performance’ along with the preference of each research group for focussing on
specific design parameters (typically at the expense of others), resulted in marked differences
among the suggested design approaches (Kappos 2015a). Identifying the suitability of
displacements (81.1) in describing damage, previous attempts to classify the different methods
(Sullivan et al. 2003, fib 2003, Priestley et al. 2007) emphasised the role of displacement within
the proposed design procedures differentiating among (i) traditional force-based design, (ii)
deformation-calculation-based design, and (iii) deformation-specification-based design methods.
In the second class, typically involving analysis of detailed multi-degree-of-freedom (MDOF)
structural models, detailing was provided to ensure that the displacement capacity of the structural
system and its members exceeds the demand, as opposed to the descriptive detailing rules
commonly provided in force-based design procedures. Importantly, no attempt was made to control
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the seismic action effects (i.e. displacement demand) through properly modifying the structural
system (e.g. geometry, detailing). On the contrary, the third class of methods aimed at a specific
structural performance typically employing simple single-degree-of-freedom (SDOF)
representations of the structure (at least at first stages of design); included methods were further
subdivided to ‘indirect’ (i.e. those requiring iterations) and ‘direct’ (with little or no iterations).
The above classification is deemed rather feeble as it will become apparent later, and the above
terms are only used in a loose context in the present chapter mainly for historic purposes.

Among the reasons behind this decision is that nowadays most of the displacement-based design
(DBD) methods aim at specific performances to serve the multi-performance level objectives of
PBD, and to this end, they introduce design aids and procedures to facilitate their implementation.
Furthermore, it is identified that the design of realistic structures is an inherently iterative process
irrespective of the previous characterisation of methods. The number of iterations is also an issue,
since a deformation-calculation-based method applied in an iterative mode using advanced analysis
and well-calibrated design criteria may involve less iterations than a deformation-specification-
based one, relying on simplified models to describe the response of a complex structure. In this
context, the term ‘direct’ is used in the following simply to refer to the method pioneered by
Priestley (1993) that follows an inverse design route (82.2.1, 2.3.2) compared to the conventional
approach of design, rather than to indicate the need and/or the number of required iterations. On
the contrary, the preferred classification herein involves the type of analysis adopted among
standard linear static/dynamic analysis, and more advanced nonlinear static/dynamic, incremental
dynamic analysis (in line with the common format of codes) (Fragiadakis et al. 2015), since this
indicates the involved assumptions (e.g. representation of seismic actions, stiffness, damping etc.)
and implies relevant limitations with regard to the field of application of each method.

Until recently, implementation of DBD concepts to bridges has been quite limited, despite their
critical role in the roadway and railway networks and the fact that their vulnerability to earthquakes
has long been established, particularly with regard to their post-earthquake operationality.
Development of integrated design approaches addressing bridges equipped with structural control
devices while aiming at a predefined structural response under a specific or, preferably, under
multiple levels of seismic action within a practical design context, has been even more limited,
essentially based on linear equivalent-static/dynamic analysis of passively controlled systems. In
the following sections performance-based methodologies encompassing displacement-based
principles and specifically addressing the seismic design of bridges are reviewed. The focus in on
‘practice-oriented’ methods by means of presenting methods that reflect and serve the current state-
of-the-art of modern codes and standards (which is also discussed) having the potential to be
included in future ‘short-term’ revisions, rather than design methods based on complex
optimisation and/or probabilistic approaches (described in fib 2012c). Methods addressing bridges
with energy dissipation in the piers (commonly termed ‘ductile’ in the literature) are first presented

and reviewed in §2.2. Methods for bridges with structural control systems are presented in 82.3
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targeting sensibly ‘broad-scope’ rather than ‘device-specific’ procedures. Identified current trends

are summarised in 82.4.

2.2 Seismic Design of Bridges with Energy Dissipation in the Piers

In its present form (as included in current bridge design codes), the force-based approach for the
seismic design of bridges with energy dissipation in the piers reduces elastic seismic forces by a
factor (i.e. the behaviour or response modification factor in European and US terminology,
respectively) to account for the intended ductile response of the bridge. Once the yielding piers are
designed, the remaining components of the bridge are designed using capacity design principles.
The member and bridge displacement capacities are presumed to be provided by prescriptive
detailing. The procedure considers explicitly (i.e. through analysis) a single performance level
associated with the ‘design’ seismic actions. Operationality requirements are assumed to be
satisfied, while capacity design principles are introduced to implicitly ensure the formation of the
intended plastic mechanism and the avoidance of brittle modes of failure up to a level of seismic
action associated with the ultimate flexural strength of energy dissipation zones. The following
DBD methods are presented as a design alternative to the ‘standard’ force-based approach, due to
their efficiency and suitability in describing the structural performance, and thus serving the
objectives of PBD when extended to multiple performance levels.

2.2.1 Available practice-oriented DBD methodologies

In contrast with most of the available performance-based design (PBD) procedures (encompassing
displacement-based principles) oriented to the design of buildings (fib 2003), the first applications
of the so-called ‘direct displacement-based design’ (DDBD) method (Priestley 1993, 2003) were
on bridges piers (e.g. Kowalsky et al. 1995). Contrary to force-based and deformation-calculation-
based procedures where displacements commonly represent the end-result of the analysis-design
process, DDBD introduces an inverse ‘design route’; strength is specified with a view to obtaining
a preselected target displacement response under a specific level of seismic action, rather than
simply constraining the response below limit values of displacements. To this end, the ‘substitute
structure’ approach is invoked (Shibata & Sozen 1976) that approximates the peak inelastic
response of an MDOF system by the peak elastic response of an equivalent (‘substitute”) single-
degree-of freedom (SDOF) system characterised by its secant stiffness at the peak displacement
and an equivalent viscous damping ratio, representative of the combined inherent and hysteretic
damping of the structure.

The procedure in its simplest form (i.e. considering an SDOF system) starts from a target
displacement consistent with the damage allowed in terms of material strains and/or member drifts
(Kowalsky 2000, Goodnight et al. 2016) under the considered performance level, and ensured by
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an appropriate detailing of the structure. Estimating a reasonable value for the yield displacement
from empirical relationships (Priestley et al. 2007), the target displacement translates into a
displacement ductility demand and a corresponding equivalent damping ratio, calculated on the
basis of an equivalent linearisation approach. Simple geometric considerations of energy equality
per cycle of response to harmonic loading between a hysteretic and an equivalent linear oscillator
(Rosenblueth & Herrera 1964, Kowalsky et al. 1995) were adopted in the early versions of the
method (e.g. Kowalsky et al. 1995, Kowalsky 2002). The equivalent damping ratio expressions
were empirically modified later (Grant et al. 2005, Priestley & Grant 2005, Dwairi et al. 2007,
Khan et al. 2016) to minimise the error from the peak inelastic displacement derived from nonlinear
dynamic analysis under earthquake excitation. The equivalent damping ratio is in turn used to
reduce the selected displacement spectra, and thus account (indirectly) for nonlinear hysteretic
behaviour. Entering the ‘reduced’ response spectrum with the adopted target displacement,
provides the effective period and stiffness (secant values at target displacement) of the system;
subsequently, the design base shear corresponding to the previously defined peak displacement and
secant stiffness, is calculated and used to apply a ‘traditional’ equivalent lateral force design of the
system. A notable alternative to the above equivalent linearisation approach was proposed by
Chopra & Goel (2001) that promoted instead, the explicit use of constant-ductility inelastic spectra.

The early work by Kowalsky et al. (1995) dealing with individual bridge piers with monolithic
pier-to-deck connection modelled as SDOFs, was first extended by Calvi & Kingsley (1995) to
MDOF bridge systems. Using an assumed deformed configuration of the structure and an SDOF
representation of the continuous-deck bridge based on work equivalence, the design process was
essentially reduced to that of an SDOF system characterised by a target displacement, an effective
mass, and an equivalent viscous damping ratio; the latter was calculated from the damping ratios
of individual pier members weighted on the basis of flexural strain energy (Shibata & Sozen 1976).
The estimation of the design base shear was followed by its distribution as inertia forces to the
discretised masses of the MDOF structure in accordance with the target displacement profile, and
structural analysis was performed to determine member design forces and displacements under the
statically applied inertia forces considering member secant stiffness at the peak member
displacements. The methodology was further extended by Kowalsky (2002) and Dwairi &
Kowalsky (2006) differentiating the ‘design route’ as a function of the expected displacement
patterns scenario (i.e. the ‘shape’ or ‘mode’ of deformation) of the bridge deck, namely, ‘rigid body
translation’, ‘rigid body translation with rotation’, and ‘flexible’ pattern (Fig. 2.1). Classification
of displacement patterns for continuous bridge structures subjected to transverse seismic excitation
was performed at the beginning of the design process using a relative stiffness index (i.e. a function
of the superstructure and substructure stiffness) calibrated through parametric nonlinear response
history analyses (NLRHAS) of regular/irregular bridge systems. The effective mode shape (EMSh)
procedure was introduced to estimate the displacement pattern and hence the displacement profile
(i.e. pattern scaled to the target displacement of the critical pier) in the most evolved case of the
“flexible pattern’ design route. The EMSh procedure consisted essentially of a modal analysis of
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the MDOF system using the secant stiffness of the substructure members in an attempt to capture
more realistic displacement profiles accounting to some extent for the effect of the higher modes
in the inelastically deformed configuration of the bridge. Additional features of the method
involved the definition of the SDOF equivalent viscous damping ratio from the damping ratios of
both piers and abutments weighted on the basis of the work done (rather than flexural strain energy)
in each member, and the introduction of capacity design principles to ensure that the desired failure
mechanism can be achieved. The definition of the system equivalent viscous damping ratio was
further refined by Priestley et al. (2007) to include the contribution of the deck.

(a) Rigid translation (b) Rigid translation and rotation {¢) Flexible symmetric mode

Fig. 2.1 Deck inelastic displacement pattern scenarios considered in Dwairi & Kowalsky (2006): Free (top)
and integral (bottom) deck-to-abutment connection

The book by Priestley et al. (2007) presented a detailed treatment of the DDBD procedure and
its application to different structural types, mainly focusing on buildings, but also addressing
bridges. Specifically, regarding the design of bridges, a version of the method similar to, albeit
simpler than, that of Dwairi & Kowalsky (2006) was presented, due to the substitution of the EMSh
approach with the cruder adoption of a sine or parabolic-based displacement pattern at the start of
the design process in the case of the flexible deck scenario that was subsequently revised using
iterative static analysis. An approach similar to EMSh was maintained as an optional feature
focusing on the estimation of forces and moments in capacity protected members. Further issues
addressed in Priestley et al. (2007), involved the detailed presentation of the bridge design in the
longitudinal direction (which often governs the seismic design of the bridge), the treatment of
issues like the degree of fixity of columns indicating different pier-to-deck type of connections
(monolithic, hinged, moveable bearings), and the effect of the substructure support conditions
(footings, piles, etc.) and movement joints in the superstructure. Additional issues, such as soil-
structure interaction of drilled shaft bents, skewed configurations of piers and/or abutments,
conditions under which DDBD can be applied using predefined displacement patterns (including
the case of expansion/contraction joints), and definition of stability-based target displacements that
account for P-4 effects at the start of the design process were studied by Suarez & Kowalsky (2007,
2010, 2011). Khan et al. (2014) extended the DDBD method to control the chord rotation of piers
in the special case of reinforced concrete arch bridges.

The aforementioned studies performed on DDBD did not consider directly higher mode effects
by virtue of the procedure’s inherent limitation to structures wherein the fundamental mode

dominates the response. Emerging from the adoption of the equivalent SDOF approach, this
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limitation was partially addressed by the EMSh procedure (Kowalsky 2002, Dwairi & Kowalsky
2006) in defining the target displacement profile, but as anticipated, the procedure fell short in
reproducing a fictitious displacement profile (consisting from nonsynchronous displacements due
to the modal combination), and eventually reflecting the peak (and nonsynchronous) structural
member response in systems with significant contribution of higher modes via static analysis
(Kappos et al. 2013). Priestley and co-workers (Alvarez Botero 2004, Ortiz Restrepo 2006,
Priestley et al. 2007) proposed as an alternative to nonlinear dynamic analysis, the ‘Effective
Modal Superposition’ (EMSp) method, an approximate response spectrum analysis approach (as
opposed to the EMSh which is a modal analysis method) analogous to what has been called
‘Modified Modal Superposition’ (MMS) by Priestley (2003) for cantilever wall design. In both
approaches (i.e. EMSp, MMS) the inelastic first-mode design forces from the DDBD process were
combined with the elastic forces from the higher modes using statistical combination rules. The
only difference was the type of stiffness adopted in the modal analysis; EMSp adopted the secant
stiffness at the peak displacement for yielding elements (as in the EMSh approach) contrary to the
secant stiffness at yield used in MMS. It is worth noting that in EMSp, higher mode effects were
considered only for determining the peak elastic responses of non-yielding members (e.g. deck
transverse moment, abutment shear force). Inelastic responses, such as flexural strengths at plastic
hinge locations, were computed directly from the first inelastic mode considering that the relevant
mass participation factor was always more than 80%. In a subsequent study, Adhikari et al. (2010)
introduced some additional considerations to account for higher mode effects on the flexural
strength of plastic hinges in the case of long-span concrete bridges with limited ductile tall piers.
Following the suggestion of Priestley et al. (2007), Adhikari et al. used a response spectrum
analysis, after completion of the DDBD procedure, with two different design spectra (a 5%-damped
design spectrum and a design spectrum with damping value obtained from the DDBD procedure)
to determine the design responses (elastic and inelastic, respectively) at critical locations of the
bridge as a combination of several modes. The previous recommendations were also adopted in the
presentation of the method by Calvi et al. (2013).

In view of the previous constraints and the fact that bridges are structures wherein higher modes
usually play a more critical role than in buildings (e.g. Liang et al. 2016), Kappos et al. (2012a,
2013) extended the DDBD procedure (building on the EMSh approach) to explicitly include higher
mode effects in a more refined and broad-scope procedure, introducing additional design criteria
to facilitate the implementation of the method in realistic bridges. The key issue in the extended
procedure (Fig. 2.2), called ‘modal direct displacement-based design’ (MDDBD), was the proper
definition of N + 1 target-displacement profiles (where N represents the number of significant
modes) and equal in number equivalent SDOF systems for applying the EMSh method and
estimating the peak ‘modal’ earthquake forces. Each of the N SDOF structures was related to a
corresponding modal target displacement profile, whereas the additional SDOF (used for iteration-
control purposes) was associated with the combined modal profiles. The peak ‘modal’ response
was then obtained by conducting N structural analyses (as many as the significant modes) of the
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MDOF under the modal load patterns. The response quantities of design interest (displacements,
plastic hinge rotations, internal member forces) were determined by combining the peak ‘modal’
responses (i.e. the N structural analyses) using an appropriate modal combination rule, and
superimposing the pertinent combinations of permanent and transient actions. Additional issues
addressed, included the proper consideration of the pier columns’ degree of fixity to the deck by
explicitly accounting for the equivalent cantilever pier heights (i.e. the span ratios), and the
significance of a rational consideration of the superstructure torsional stiffness throughout the
design procedure. MDDBD was found capable to properly predict the displacement response, and
at the same time, define the corresponding peak structural response in terms of internal member
forces accounting in both cases for the effect of higher modes.

Several developments in the DDBD method regarding geotechnical aspects of seismic design
were recently summarised by Calvi et al. (2014), including an approach for the approximate
consideration of nonlinear dynamic soil-structure interaction effects in the case of shallow
foundations (Paolucci et al. 2013) while a similar procedure was proposed by Deng et al. (2014)
to address rocking-dominated soil-foundation effects in the seismic response of bridge piers rigidly
connected to the deck. Although in their current state of development the latter approaches attempt
to consider the beneficial effect of rocking response in individual piers (rather than in MDOF
systems), an exploration of rocking foundations as an isolation mechanism is clearly sought.

Definition of initial input parameters| Definition of target displacement profiles
(e.g. geometry, mass, material Selection of the displacement pattern| | Eq.(4, 5) using the EMS method (estimation
properties, performance levels) (Step 1-optional) of secant stiffnesses keff.i, keff.ij is required)
(Step 0) (Step 2)
Determination of the equivalent structures 15?:‘}:2::5;;3;;‘3::;333;; g::?i)l:lvger
effective periods, effective stiffnesses heights hea.i. heq.ii and force FAbt, FAbt] |=—, Definition of N+1 equivalent SDOFs
Eq.(17) and design base shears Eq.(18) CIgNIS fieq 1, hea-) » FADH (Step 3)
4 2 4 carried by the abutments are required)
(Step 5) (Step 4)
Design base shear distribution Eq.(19)
(Step 6)
N Structural analyses performed Column secant stiffnesses (Eq.20)
— under inertia loads Eq.(21) YES equal assumed values of Step 2? =0
(Step 7) (Step 6)
Revision Revision of:
of Keffii keffi (Step ,6)’ 'heq.vij (Str. analyses)
VB.i, VB.jj distribution (Str. analyses
NO Analyscs displaccments cqual
modal displacement profiles? YIS
(Step 7) |
Column sccant stiffncsses and abutment o

forces equal assumed values of Steps 6 & 4?

Design of the MDOF structure under the (step 7)

'modal' combination of the N structural | ‘=5

analyses and capacity design principles
(Step 8)

Fig. 2.2 Modal direct displacement-based design of bridges (Kappos et al. 2013)
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In an alternative approach, that could qualify as ‘indirect’ displacement-based design of bridges
(82.1), the concept of calculating inelastic deformation demands from elastic analysis, previously
used by Fardis and co-workers for buildings (Panagiotakos & Fardis 1999, 2001), was extended to
concrete bridges (Fardis 2007, Bardakis & Fardis 2011a). The structural systems considered,
involved bridges with yielding piers, monolithic pier-to-deck connections, and superstructure
restrained at the abutments in the transverse direction of the bridge (but free to move in the
longitudinal direction). The methodology in its latest version (Bardakis & Fardis 2011a), initiates
with the design of the structural system for non-seismic loads and proceeds to the estimation of the
effective stiffness of members. In the case of in-plane bending of the deck, the adopted effective
stiffness corresponds to the slope of the line connecting two characteristic points in moment-
curvature (M-¢) curves, derived from section analysis of deck sections, to approximately account
for the non-symmetric section and detailing of the deck. The first point corresponds to tendon-
decompression under bending moments applying tensile stresses to the mean tendon, and the
second point corresponds to yielding of common (hon-prestressed) reinforcement for bending
moments applying tensile stresses in the area of the deck section opposite to the mean tendon.
Secant to yield stiffness is assumed for out-of-plane bending of the deck (i.e. about the vertical axis
of the bridge) and bending of the piers. In the latter case (i.e. piers) secant to yield stiffness is
provided from state-of-the-art equations accounting for the geometry and detailing of the section,
while empirical equations are also provided to facilitate the implementation of the procedure at the
first stage of design/iterations (Biskinis & Fardis 2010a). Inelastic deformation demands (i.e. chord
rotations at pier ends, curvatures at deck sections) are then estimated for the two horizontal
components of the ‘design earthquake’ through 5%-damped modal response spectrum analyses
based on the effective stiffness of bridge members, and the ‘equal displacement’ approximation for
member deformations. Modification factors derived from parametric NLRHA of different types of
bridges (with respect to their structural regularity) are employed to account for differences in
deformation demand quantities calculated from nonlinear dynamic and linear response spectrum
analysis (Bardakis & Fardis 2011b). Pier flexural strength is estimated based on the peak inelastic
deformation demands and assuming a uniform rotational ductility factor across the piers, while
their transverse reinforcement is designed on the basis of providing a capacity larger than the
required deformation demand (Biskinis & Fardis 2010b). Non-yielding of the deck under the peak
deck curvatures is ensured by increasing prestress and/or the reinforcing steel over those quantities
derived from the initial design under non-seismic loads. Finally, verification of bridge members in
shear follows capacity design principles. The procedure is repeated so long as the effective stiffness
of members calculated on the basis of the final geometry and detailing of members differs from the
values used in response spectrum analysis of the bridge. Interestingly, the use of elastic response
history (in lieu of response spectrum) analysis is suggested by the authors as a means to capture
more effectively the dynamic characteristic of the studied bridge, and NLRHA is set as the final
verification step when piers have significantly different height.
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Unlike the previous design procedures based on linear equivalent static or dynamic analysis,
there is no complete PBD method for bridges adopting nonlinear static (pushover), dynamic
(response history), and incremental dynamic analysis. Since modelling of the nonlinear response
of pier members requires prior definition of both their geometry and strength, which in reinforced
concrete members is a function of detailing, nonlinear analysis has been so far integrated mainly
within assessment rather than desigh methods. Among them, nonlinear static analysis methods
have attracted the interest of practitioners, due to their appealing ‘static’ interpretation of dynamic
excitation and response. Conceived as easier-to understand/implement compared to the more
evolved NLRHA in terms of computational complexity (modelling of seismic input and hysteretic
response), and analysis effort (sophisticated tools, post-processing), several alternative approaches
were evolved.

According to the concepts first introduced by Freeman et al. (1975), and Fajfar & Fischinger
(1987), laying the basis for the capacity spectrum, and the N2 method, respectively, nonlinear static
analysis based methods consist of a two-stage approach. During the first stage, the deformation
capacity of an initially designed structural system is assessed via nonlinear static analysis resulting
in a force-displacement response function, which in turn is used for the equivalent SDOF
representation of the MDOF structure. The second stage focuses on the estimation of the inelastic
displacement demand of the SDOF system under a specific level of seismic action. Alternative
approaches (also adopted by several guidelines and code standards) estimate the inelastic demand
on the basis of elastic spectra and correction coefficients (e.g. Nassar & Krawinkler 1991, FEMA
1997), over-damped spectra implicitly accounting for inelastic response similarly to DDBD
(Freeman et al. 1975, ATC 1996), and inelastic spectra (Fajfar 1999, CEN 2004b, Chopra & Goel
1999). The static nonlinear analysis of the MDOF system is subsequently repeated (considering
the SDOF displacement demand) to determine the inelastic response of individual members under
the considered level of seismic actions. In an attempt to broaden the field of application of this
concept to irregular structural systems with significant contribution of higher modes, different
research groups extended the single-mode pushover approach with invariant (e.g. the N2 method;
Fajfar & Fischinger 1987, Fajfar 2000, 2007) or adaptive (Aydinoglu & Onem 2010)
load/displacement patterns, to multi-mode procedures based on independent modal pushover
analysis with invariant modal load patters (i.e. the modal pushover analysis - MPA — method,;
Chopra & Goel 2002), simultaneous multi-mode analysis with modal adaptive displacement
patterns (i.e. the incremental response spectrum analysis - IRSA — method; Aydinoglu 2004), and
single-run pushover analysis with modal combined adaptive load/displacement patterns (e.g. the
modal adaptive nonlinear static procedure - MANSP — method; Bracci et al. 1997). The adaptation
of these methods to bridge structures has been also under scrutiny; e.g. the N2 by Isakovi¢ &
Fischinger (2006, 2014), Isakovi¢ et al. (2008b), the MPA by Paraskeva et al. (2006), Paraskeva
& Kappos (2010), Isakovi¢ & Fischinger (2011), the IRSA by Aydinoglu & Onem (2009), Isakovié
& Fischinger (2011), and the MANSP by De Rue (1998). In the book by Kappos et al. (2012b) the
above bridge-specific methods are reviewed, highlighting the problems encountered while
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providing useful guidance with respect to the field of application and the proper implementation of
each approach.

In a similar context, nonlinear dynamic analysis (Clough & Penzien 2003, Chopra 2012) and
its pushover-type counterpart, i.e. incremental dynamic analysis (Vamvatsikos & Cornell 2002,
2004), have been extensively used over the last years as the most general, advanced, and rigorous
assessment tools for virtually all types of structural systems including bridges (e.g. Falamarz-
Sheikhabadi & Zerva 2016). The current state of development in the history representation of
seismic action (Douglas & Aochi 2008, NEHRP 2011), the modelling of geometric and material
nonlinearities with specific applications to bridge elements (Priestley et al. 1996, Chen & Duan
2003, Aviram et al. 2008, Kappos 2015b), soil-structure interaction and spatial variability of
ground motion phenomena (Sextos 2013), along with the development of sophisticated software
and the increase in computational power, paved the way towards the adoption of nonlinear dynamic
analysis within evolved probabilistic/resilience-based design/assessment (Mackie & Stojadinovié¢
2003, Karamlou & Bocchini 2015) and optimisation-based design frameworks (Fragiadakis et al.
2015). Despite being at the forefront of research efforts, these procedures can hardly be justified in
a practical design context, particularly within design codes, leaving a considerable gap in practical
design methodologies integrating nonlinear dynamic analysis in a deterministic context. The most
notable exception in this respect, besides some earlier relevant attempts (e.g. Stone & Taylor 1994),
is the deformation-based design (Def-BD) method proposed for the seismic design of buildings
(Kappos 1997, Kappos & Manafpour 2001, Kappos & Panagopoulos 2004). The methodology
proposed a deformation-calculation-based deterministic framework adopting both displacement
and performance-based principles by means of explicitly addressing multiple performance levels
in a single-run, contrary to the previously described elastic and nonlinear static approaches.
However, it has not been tailored to bridges, and therefore falls beyond the scope of this section.
Nevertheless, a brief description of its historic development along with its potential capabilities are
presented in §2.4, since it represents the starting point of the present study.

In principle, nonlinear (static or dynamic) analysis can be applied for DBD adopting a
deformation-calculation-based approach, i.e. calculation of the expected maximum displacement
for an already designed structural system. Detailing can then be provided such that the
displacement capacity of the bridge and its components exceeds the calculated maximum
displacement. If a specific target performance is sought, subsequent iteration in proportioning of
members may upgrade the previous concept to a deformation-specification-based approach in line
with 82.1. Immediately perceived in such a design approach, is the associated computational effort
especially when specific guidelines and rules towards convergence are missing, rendering as
potential candidates for implementation only the relatively simple nonlinear-based approaches,
such as the N2 method. Nevertheless, the above framework represents the current state-of-the-art
in design codes and standards reflecting the long-expected recourse of codes to pure displacement-
based design principles, as opposed to the force-based approaches that still remain the norm in
seismic codes worldwide (e.g. CEN 2004b, 2005a, AASHTO 2012, ASCE 2016). The US Guide

3§
tE)

CITY 18



Chapter 2: Review of the State-of-the-Art

Specifications for LRFD Seismic Bridge Design (AASHTO 2009, 2011) is in support of this trend,
providing a design alternative to the force-based standard design practice in the USA prescribed in
the LRFD Bridge Design Specifications (AASHTO 2012). Instead of prescribing a unique design
route to the determination of pier design forces, AASHTO (2011) aims to ensure that the pier
displacement demand is less than the displacement capacity, provided that non-seismic action
effects and minimum detailing requirements are satisfied (which provide initial estimates of
stiffness and strength). The displacement demand is calculated on the basis of elastic analysis
properly adjusted through coefficients to approximate inelastic displacements. The displacement
capacity, controlled by the longitudinal and transverse reinforcement of the piers, is assessed either
through empirical equations or nonlinear static analysis, depending on the seismicity of the area.
The pier design process is concluded when adequate displacement capacity is provided, followed
by capacity design, and in this respect, AASHTO (2011) retains the single-performance level
design of traditional codes. In the recent ACI-341 report (ACI 2016) an explicit definition of bridge
performance levels is made, as a function of pier drift accounting for the equivalent cantilever pier
height and the axial load ratio. Providing a simple means for constraining the drift demand below
predefined limits associated with specific structural performance levels, the ACI approach may be
interpreted as a first attempt to extend the AASHTO (2011) method to a multi-level performance-
based design procedure.

Although in Europe the departure from force-based principles has not yet been realised within
the EN1998-2 bridge design code (CEN 2005a), the previous trends toward deformation-
calculation and deformation-specification-based approaches are confirmed in the recently released
Model Code 2010 (MC2010) (fib 2012a, b). Serving as a point of reference for future codes and
standards, and covering the design and the assessment of new and existing structures, MC2010
builds upon previous developments included in EN1998-3 (CEN 2006), i.e. the European standard
for the seismic assessment and retrofitting of buildings. Contrary to the displacement-based single-
level verifications of the US standards, MC2010 requires explicit deformation-based verifications
(i.e. member chord rotations) under at least two out of the four provided performance levels (Table
2.1) (Fardis 2013), i.e. operational or immediate use, and life-safety or near-collapse. Nonlinear
dynamic analysis is set as the reference analysis method for deformation demand estimation as
opposed to modal response spectrum analysis in EN1998-1, -2 (CEN 2004b, 2005a) and nonlinear
static analysis (i.e. the N2 method) in EN1998-3 (CEN 2006). Notably, simple, yet efficient,
nonlinear finite element models accounting for significant variations in the axial force of members
and stiffness degradation are deemed adequate for the estimation of peak inelastic response in the
design of new structures. The deformation capacity of members is estimated by a proposed physical
model or by purely empirical expressions largely based on previous work by Fardis and co-workers
(e.g. Biskinis & Fardis 2010b, 2013).
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2.2.2 Problems associated with “practice-oriented’ DBD methods

Despite the fact that elastic analysis is currently adopted as the reference method in most codes for
the seismic design of both buildings and bridges (e.g. CEN 2004b, 2005a), indicating procedures,
such as DDBD, as excellent candidates for a smooth upgrade of codes towards more sophisticated
methods of design (i.e. nonlinear analysis, explicit multi-performance objectives, probabilistic
frameworks), the expected transition has not occurred yet, i.e. more than 20 years after they first
appeared. Although the advantages of DBD procedures over traditional force-based approaches
(fib 2003) are recognised, the fact remains that DBD procedures based on standard linear static and
even dynamic analysis are applicable to a class of bridges only, involving regular configurations
where the structural response can be reasonably approximated either by a ‘substitute’ SDOF
structure (e.g. Priestley et al. 2007) or by ‘equal displacement/deformation’ rules applied to MDOF
systems in combination with adjustment factors and calibration studies (e.g. Bardakis & Fardis
2011a).

Table 2.1 MC2010: Performance levels and associated levels of seismic action for ordinary facilities (Fardis

2013)

Performance Facility operation Structural condition Deformation limit in  Seismic action per fib

limit state fib MC2010 MC2010

Operational Continued use; No structural damage Mean value of yield Frequent:

(OP) any non-structural deformation ~ 70% probability of
damage is repaired later being exceeded in

service life

Immediate use Safe; Light structural damage Mean value of yield Occasional:

(1V) temporary interruption  (localized bar yielding,  deformation may be ~ 40% probability of
of normal use concrete cracking / exceeded by a factor of being exceeded in

spalling) 2.0 service life

Life safety Only emergency or Significant structural Safety factor y*g of Rare:

(LS) temporary use; damage, no imminent 1.35 against lower 5%  10% probability of
unsafe for normal use;  collapse; fractile of plastic being exceeded in
no threat to life during  capacity for quasi- rotation capacity service life
earthquake; permanent loads and
repair feasible but sufficient seismic
possibly uneconomic strength / stiffness for

life protection until
repair

Near collapse Unsafe for emergency  Heavy structural Lower 5% fractile of Very rare:

(NC) use; damage, on the verge plastic rotation capacity 2-5% probability of
life safety during of collapse; may be reached (y*g = being exceeded in
earthquake mostly strength barely 1.0) service life
ensured but not fully sufficient for quasi-
guaranteed (hazard permanent loads, but
from falling debris) not for aftershocks

Key sources of the narrow scope of these methods are the reliability of equivalent linearisation
approaches, and the important role that higher modes play in the inelastic response of bridges, even
in some relatively short ones (Kappos et al. 2013). The first issue has attracted the interest of
various research groups resulting in relevant comparative studies evaluating different linearisation
approaches, such as those by Jennings (1968), Iwan & Gates (1979), Miranda & Ruiz-Garcia
(2002), Makris & Kampas (2013a), to mention only a few. Besides the critique of equivalent
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linearisation approaches included in the previous studies with regard to their ability to accurately
predict the inelastic response or describe the modal properties of inelastic SDOFs, a persisting
complication lies in the problematic transition from global SDOF response demand to local
inelastic deformation demand of members. The issue was partially tackled with nonlinear static
procedures since an MDOF nonlinear model of the bridge is ‘pushed’ to the target displacement
providing a detailed representation of inelastic demand distribution, however the definition of
seismic demand (as reflected on the target displacement) employs once more approximate
linearisation approaches (Chopra & Goel 2000). Nevertheless, this partial treatment favoured their
adoption in codes of practice for the assessment and/or design of bridges (82.2.1). The extension
of DBD methods to explicitly consider the effect of higher modes in bridge seismic design by
employing eigenvalue analysis considerations has been presented for both linear (e.g. MDDBD)
and nonlinear static-based (e.g. MPA, IRSA) methods resulting in both cases in encouraging results
(Kappos et al. 2012b, Kappos et al. 2013). However, these methods may be conceived as too
complex especially when juxtaposed with their initial objective, i.e. to avoid complex nonlinear
dynamic analysis. In this regard, methods that intrinsically incorporate modal analysis may be more
appealing (e.g. Bardakis & Fardis 2011a), albeit at the expense of increased uncertainty in
estimating the response of irregular systems.

Further implications limiting the field of application may derive from limitations inherent in
each method. A typical example refers to the case of ‘direct” methods, such as DDBD, where a
strict ‘design route’ is defined, starting from target displacements/deformations and heading
towards the specification of the member properties required to achieve the target performance
under a specific level of seismic action. A general limitation in this respect is the fact that not all
bridges are, or should be made, displacement-controlled. There are two typical ‘scenarios’ wherein
DDBD may not be meaningful (Kappos et al. 2012a). The first is associated with regions of low,
moderate, and even moderate-to-high seismicity, where the maximum displacement associated
with the corner period defining the beginning of the constant displacement branch of the spectrum
(To) is lower than the yield displacement of the piers, even when no additional viscous damping
(accounting for inelastic response) is introduced. It should be noted here that the long period range
of displacement spectra (beyond about 2 s), which is quite important for displacement-based bridge
design methods involving secant stiffnesses at maximum displacement, is not reliably represented
in EN1998-1 (CEN 2004b) due to the paucity of digital records of ground motion with frequency
content rich in this long-period range; however, significant work in this direction was recently
carried out within the SHARE project (e.g. Weatherill et al. 2013). The second case refers to
configurations of bridges where substantial displacements, accompanied by inelastic action, are
not permitted, such as, the case of bridges with tall piers, or the case of short bridges with their
deck restrained at the abutments (via seismic links, or monolithic pier-to-deck connection).

Returning to the issue of the computational effort involved in practice-oriented analysis
methods, it should be underlined that iterations are an integral part of the design process when
realistic (i.e. MDOF) structural systems are involved, irrespective of the earlier ‘deformation-
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specification’ or ‘deformation-calculation’ characterisation of methods. With no exception, the
DBD procedures presented in 82.2.1 involve iterations due to various reasons. The fundamental
one, is that bridge structures (as most structural systems) are designed to withstand diverse actions
that may include dead loads, prestressing, traffic, environmental actions and natural hazards. In
cases wherein the dominant action cannot be clearly foreseen or simply does not exist (e.g. cases
of low to moderate seismicity), iterations will be required to specify cost-effective design solutions
that entail the specification of structural member topology and geometry (frequently considered
‘given’ in DBD procedures), while satisfying the requirements deriving from different
combinations of actions. Additional complexity may arise by minimum requirements applied for
dimensioning and detailing of reinforced concrete members resulting in further iterations or even
loss of the advantages of a DBD design with regard to achieving specific (target) performances.

In the case of the ‘direct’ procedures, iteration will be introduced for several reasons typically
associated with the assumptions of the adopted equivalent linearisation approach including among
others the definition of the ‘substitute’ SDOF system (e.g. equivalent damping ratio, assumed
displacement profile), the consideration of the degree of fixity of piers to the deck, soil-structure
interaction phenomena and higher mode effects (Fig. 2.2). ‘Indirect’ deformation-calculation/
specification based approaches typically involve more detailed representations of the structure
inherently integrating most of the previous issues. Herein, iterations will be introduced as a means
to optimise the cost of the selected design solution employing in most cases of practical design an
iterative mode, unless the bridge is overdesigned, rather than designed to meet reasonably closely
the selected performance criteria, which would result in an economic design.

Irrespective of the adopted method, the required computational effort will also be a function of
the number of directly controlled design parameters (Kappos 2015a). Satisfaction of limitations
associated with the preferred performance measure adopted in each method, e.g. displacements in
Priestley et al. (2007), drifts in ACI (2016), member deformations and stains of materials in
Bardakis & Fardis (2011a), does not necessarily result in the overall satisfaction of the performance
of the structural member or the entire system. Even when the correlation of different performance
measures is assessed in detail in each iteration (e.g. by employing M-¢ analysis when detailing is
revised etc.), additional performance measures may be required to evaluate different design
requirements. For example, control of pier displacements to avoid impact may be required in
addition to target chord rotations based on allowable strains and pier span ratios, or in the case of
elastomeric bearings, both stability and peak elastomer strain criteria may need to be fulfilled under
a single performance level. An issue that deserves some consideration in the above discussion is
that the increase of the number of iterations (and the associated computational time and effort) does
not ensure either the accuracy of the results or the convergence of the iterative analysis, as shown
in various studies (e.g. Chopra & Goel 2000, Kappos et al. 2013). On the contrary, both
convergence and accuracy are functions of the approximations adopted in each methodology, e.g.
efficiency of the secant stiffness and the equivalent viscous damping in predicting the inelastic
response. An exception to the above rule is the case of nonlinear dynamic analysis where
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refinement of the input data (e.g. consideration of a large number of representative records) is
expected to yield more accurate results.

A final remark concerns the explicit consideration of multiple performance levels, i.e. a
prerequisite for a method to be classified as a performance-based one, according to 82.1. Apart
from the case of the Def-BD method (Kappos & Manafpour 2001) (based on NLRHA and referring
to seismic design of buildings, §2.4), the DBD methods described in 82.2.1 based on linear
static/dynamic and nonlinear static analysis, do not provide specific guidelines with regard to a
multi-performance level application. Even when explicit consideration of various performance
levels is required, e.g. in the ACI-341 (ACI 2016) and MC2010 (fib 2012a, b) approaches,
guidelines are provided with respect to limit values of the adopted performance measure (e.g. drift,
chord rotation), implying that an independent application of the entire procedure is required
whenever a different performance level is checked.

2.3 Seismic Design of Bridges Integrating Structural Control Devices

2.3.1 Structural control approaches

Structural control systems aiming at the favourable response of structures that enable cost-effective
construction and control of damage under different types of actions, can be classified according to
the following four categories based on their operational mechanisms (Housner et al. 1997, Symans
& Constantinou 1999):

+ Active control systems: These are systems wherein an external (typically large) power source
controls electrohydraulic or electromechanical actuator(s) that apply forces to the structure in a
prescribed manner, based on feedback from sensors (optical, mechanical, electrical, chemical,
etc.) that monitor either the excitation (feedforward/open loop control) or the structural response
(feedback/closed loop control) or both (feedback-feedforward/closed-open loop control); the
controlled forces can be used both to add and to dissipate energy in the structure. Active control
systems are characterised by increased adaptability to a broad range of excitations.

» Semi-active control systems: External energy requirements in these systems are orders of
magnitude lower than typical active control schemes. Typically, semi-active control devices do
not add mechanical energy to the structural system. Control forces are developed as a result of
the structural response (i.e. reactions) while their intensity is adjusted from the external power
source based on closed/open/closed-open control. Semi-active control devices are often viewed
as controllable passive devices, combining the adaptability of active systems and the reliability
(due to the low energy requirements) of passive systems.

» Passive control systems: External power source is not required for operation in this type of
control scheme; passive control devices impart forces in response to the motion of the structure.
The energy in a passively controlled structural system cannot be increased by the passive control
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devices; hence, these systems are inherently stable and relatively simple to design and construct.
However, passive control systems are unable to adapt to structural changes and/or to excitations
of different frequency content and intensity from that used for their design. In view of the
previous remarks, systems were developed that can passively adapt their characteristics (i.e.
adaptive passive) based on their internal construction (e.g. displacement-dependent behaviour
of spherical sliding isolation bearings, Fenz & Constantinou 2008) instead of sensors and
controllers; they aim at a system with improved characteristics compared to a purely passive
one.

* Hybrid control systems: In this case, passive and semi-active or active control devices are
combined in order to enhance the structural performance and alleviate the limitations of a purely
active, semi-active or passive system, albeit at the expense of increased complexity and cost
(especially of maintenance).

Implementation of the aforementioned control principles to mitigate undesirable vibrations of
dynamically excited civil engineering structures in seismically-prone areas has attracted the
attention of the research community in the last four decades resulting in diverse types of control
devices (Table 2.2, Table 2.3, based on Soong et al. 1991, Housner et al. 1997, Spencer &
Nagarajaiah 2003, Basu et al. 2014). Indeed, numerous devices have been successfully deployed
world-wide to mitigate vibrations induced in civil structures by earthquake, wind, and human
activities (Martelli et al. 2014). Passive base isolation (elastomer-based, sliding-based),
supplementary energy dissipation (hysteretic, viscoelastic) devices, and combinations thereof,
represent currently the norm in structural control seismic applications to bridges, involving
primarily (but not exclusively) the use of low or high damping elastomeric bearings
(LDRB/HDRBES), lead-rubber bearings (LRBs), flat sliding bearings (FSB), friction pendulum
bearings (FPBSs)), linear (LVDs) or nonlinear viscous fluid dampers (NLVDs), and less frequently
metallic yield dampers (MYD) (Buckle et al. 2006, fib 2007, Constantinou et al. 2007b, 2011). On
the other hand, only a relatively limited number of active, semi-active, and hybrid control solutions
have been deployed in full-scale bridge applications to mitigate the effects of mainly non-seismic
actions (Gkatzogias & Kappos 2016b), a fact that can be predominantly attributed to the reluctance
of designers and the construction industry to adopt new technologies which, in many cases, are
associated with high capital and maintenance cost.

Introduction of structural control techniques in seismic bridge applications aims at the reduction
and redistribution of inertia forces (accelerations) in the superstructure and substructure elements
(i.e. pier, abutments). This is achieved by introducing a continuous isolation interface between the
deck and the substructure with low shear stiffness resulting in the elongation of the fundamental
period of the bridge, while energy dissipation devices are optionally employed to control the
subsequent increase of relative displacements at the isolation interface. The fundamental design
principles of passive structural control systems, explicitly stated in modern bridge and building
design codes (e.g. CEN 2005a, AASHTO 2010, ASCE 2016), may be summarised as follows;
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(i) support the superstructure and relevant vertical actions (i.e. high axial stiffness), (ii) provide
lateral flexibility (i.e. beneficial effect of period shift) while being able to sustain non-seismic
actions (e.g. brake, wind actions), (iii) provide energy dissipation to control relative displacements,
and (iv) possess sufficient recentring (or restoring) capability to prevent substantial residual
displacements. Investigation of the structural response of the considered bridge should address
three critical states, namely, the state of peak deformation (critical for the deformation capacity of
passive devices), peak total acceleration (critical for the design of substructure elements), and peak
velocity (critical for the resistance of velocity-dependent energy dissipation devices). The
fundamental design requirement in the above investigations is the elastic or limited inelastic
response of the substructure considering the potential range of mechanical properties of devices
due to external factors (e.g. corrosion, temperature, etc.). Among the different types of ‘advanced’
structural control techniques (Table 2.3), semi-active control emerges as a rational combination of
efficiency and cost, since, in addition to the above principles, it makes it feasible to modify the
characteristics of a structural system, for it to respond favourably to different types of excitation
(i.e. increased adaptability compared to passive control systems), while having the potential of
achieving the performance of pure active control systems without requiring large external power
supply (a portable battery can be sufficient in most cases), and thus, resulting in enhanced
reliability.

Overall, the socioeconomic consequences of earthquake damage to bridges can be grave (human
casualties, emergency response operation interruption, long-term economic cost due to the need
for alternative transportation routes during repair, retrofit, or replacement), while the performance
of bridges during recent strong earthquakes was found to be not fully satisfactory (e.g. Maule, Chile
2010, Kawashima et al. 2011), and the size of the bridge stock exposed to seismic risk is ever
increasing. Hence, it is anticipated that passive technology for mitigating seismic risk to bridges
will continue to increasingly attract the interest of the engineering community in the years to come,
potentially resorting to ‘non-conventional’ structural control techniques, inasmuch as the latter

furnish low-cost, reliable, and robust control systems with minimal energy requirements.

2.3.2 Available practice-oriented DBD methodologies

The diversity of the available structural control devices (Table 2.2, Table 2.3) in terms of
mechanical properties and induced modification of structural response, introduces an additional
challenge in the formulation of performance-based methodologies encompassing displacement-
based principles; i.e. to propose a method that is applicable to a broad class of devices in addition
to that of structural systems. Among the methodologies presented in §2.2.1, DDBD is among the
few that has been extended to seismically isolated structures, specifically bridges, owing to its
convenient deformation-specification-based format.

An early direct displacement-based approach for the design of bridges with seismic isolation
was presented by Priestley et al. (1996) and Calvi & Pavese (1997). The method followed the
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general equivalent linearisation approach described in §2.2.1. In isolated bridges, a ‘rigid body
translation’ pattern is assumed in both the longitudinal and the transverse direction of the bridge,
i.e. a reasonable assumption in straight isolated bridges due to the low shear stiffness of the
isolation interface (resulting in negligible flexural deformations of the deck) and the governing
effect it has in suppressing deck torsional modes of vibration triggered by ‘non-symmetric’
substructures (e.g. piers of different height). Starting from a target displacement of the deck, the
isolation system’s target displacement at each pier/abutment location is defined by subtracting from
the deck displacement a fraction of the pier yield displacement (e.g. 0.85) with a view to ensuring
elastic pier response. Following a ductility-based philosophy originating from the yielding
response of conventional concrete structures, the method assigns target displacement ductility
factors to hysteretic isolators to define their yield displacement; i.e. an approach currently not
preferred for isolation systems due to the uncertainty with regard to the definition of the yield
displacement in common hysteretic isolators and its marginal significance for the peak response
(Makris & Kampas 2013b). Equivalent viscous damping ratios are first calculated at each pier-
isolation subsystem (i.e. consisting of the pier column members and the isolators on top of the pier)
based on stiffness proportionality and accounting for both viscous (e.g. LVDs) and hysteretic (e.g.
LRBs) sources of damping. The bridge system equivalent viscous damping ratio is then calculated
as a weighted average of the different pier damping ratios based on the deck tributary mass of each
pier/abutment. The design base shear, calculated following the procedure of §2.2.1, is distributed
to the pier-isolation subsystems in proportion to the supported weight without requiring static
analysis, and capacity design principles are used for the design of piers. Priestley et al. (2007)
maintained the basic principles of the above procedure, substituting the ‘target ductility’ design
strategy of hysteretic isolators with device-specific target equivalent damping ratios, defined
nevertheless as a function of displacement ductility. The provided equations were largely based on
the semi-empirical equivalent linearisation approach proposed by Grant et al. (2005) and Dwairi
et al. (2007). Some further guidance for the design of isolators and dampers at the last step of the
procedure was also provided, while the alternative of calculating the system global equivalent
damping on the basis of the work done in each pier-isolation subsystem was also mentioned
(Priestley et al. 2007, Calvi et al. 2013).

A more detailed displacement-based procedure with specific application to bridge decks
isolated through bilinear isolators was presented by Jara & Casas (2006), providing specific
guidelines for LRBs. A key issue in this proposal was the definition of the deck target displacement
as the sum of independently defined pier and isolator target displacements based on allowable
material strains. Inelastic response of pier members was allowed under seismic actions associated
with a low probability of exceedance, a design approach not supported by earlier and more recent
research studies (82.3.3). The mechanical properties of LRBs and the pier geometry-detailing were
iteratively specified until convergence to the target deck displacement was achieved, using the
standard DDBD equivalent linearisation approach; i.e. secant stiffness at maximum response,
combined with an empirical equivalent damping ratio proposed for the specific case of typical LRB
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isolators. The derivation of the equivalent damping ratio followed the equivalent linearisation
approach of lwan & Gates (1979) based on the minimisation of the root mean square of the
difference between the spectral displacements of a bilinear system and a family of potentially
equivalent linear systems; the proposed model was later updated by Jara et al. (2012). Equivalent
viscous damping ratios at the pier-isolation subsystem were calculated using a refined approach
presented by Franchin et al. (2001) for the extension of equivalent linearisation approaches to
MDOF bridge systems as described later.

The most complete DDBD approach for the design of isolated bridges addressing a wide range
of isolation and energy dissipation devices was proposed by Cardone et al. (2009). The most
interesting aspect of this approach is the provision of a specific design tool at the start of the design
process that provides some useful guidance to the designer during the initial selection of the type
of devices and the basic properties of the isolation system, an issue that is superficially addressed
in earlier versions (e.g. Priestley et al. 2007). According to the proposed graphical procedure (Fig.
2.3) using high-damping elastic spectra in the pseudo-acceleration (Sa) vs. displacement (Sq)
response spectra (ADRS) format, each type of passive device is characterised by a different range
of equivalent viscous damping level (¢) and hence associated to a different group of response
spectra. Some broad limits of effective isolation periods represented by radial lines are first
identified corresponding to 3Trixed (i.€. three times the fundamental period of vibration of the bridge
with fixed pier-to-deck connection) and Tp. The first limit is considered as the minimum effective
isolation period having a marked beneficial effect in the reduction of seismic forces due to the
period shift, i.e. a controversial criterion in the case of long bridges. The intersections of radial
lines with the response spectra provide a preliminary range of possible design displacements, e.g.
Uo1 ~ Uo(Tp). This can be further constrained by associating the S, with the yielding shear force V,
of the piers (i.e. divided with the tributary deck mass m to reflect S, values in the left-hand side of
Fig. 2.3) obtained by allowable longitudinal reinforcing steel ratios (o).
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Fig. 2.3 Preliminary selection of isolation system type, design displacement and pier reinforcement ratio
(Cardone et al. 2009)
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Despite its crudeness in the classification of different isolation system devices and the disregard
of the actual (i.e. increased) inertia forces transmitted to the substructure at the state of peak total
acceleration when viscous dampers are involved, the procedure offers a starting point for the
subsequent iterations that in general follow the DDBD procedure proposed by Priestley et al.
(2007). An additional refinement of the method involves the stiffness distribution of isolators in
proportion to the deck tributary masses at the pier/abutment locations, as a means to suppress the
deck torsional modes of vibration. It should be noted though that despite the attractiveness of such
a design strategy, this approach can hardly be justified in small to moderate bridges since the
different isolator properties result in high cost of testing of devices typically required by codes (e.g.
CEN 2005a, AASHTO 2010). Furthermore, in an attempt to depart from the purely static approach
of analysis and design embraced in the previous methods, modal analysis of the pier-isolation
subsystems is introduced to approximate in a more realistic way dynamic response parameters such
as the distribution of the deck displacement to the piers/abutment and isolators, and the tributary
mass of each subsystem (set equal to its first-mode participating mass) required for the calculation
of the equivalent viscous damping ratio at the bridge level (Calvi & Pavese 1997).

A general conceptual design framework integrating passive viscous damper control schemes
was presented by Calvi et al. (2010) for the special case of cable-stayed bridges. The framework
included design considerations for the preliminary sizing of bridge structural members (i.e. deck,
pylon, cables) and a DDBD approach for the identification of suitable characteristics for the deck-
to-pylon connections in the longitudinal direction of the bridge. According to the latter, a target
displacement (i.e. deck displacement relative to the pylon) and system equivalent damping ratio
are first selected and the DDBD approach is subsequently followed to estimate the required system
effective stiffness and base shear. The stiffness of isolation devices (e.g. LDRBs mounted between
the deck and the pylon) is selected as the ratio of the shear force fraction that is not transferred by
the cables to the target displacement (reduced to account for the pylon deformation). Dampers are
designed at the last step to obtain the target system equivalent damping ratio assessed similarly to
Calvi & Pavese (1997).

As in the case of bridges with energy dissipation in the piers, the displacement-based procedures
presented so far for isolated systems cannot explicitly account for higher mode effects which can
have a significant contribution to the response of highly non-symmetric systems (e.g. long-span
and/or curved-in-plan bridges) or deep-valley bridges with massive tall piers. The extension of
displacement-based design methods integrating equivalent linearisation approaches to MDOF
systems was described in detail by Franchin et al. (2001) investigating also the non-proportional
(or non-classical) form of the system damping matrix (Chopra 2012) due to the introduced
equivalent damping ratios. The suggested procedure facilitates the linear dynamic (response
spectrum) analysis of MDOF systems without the requirement to define a ‘substitute’ SDOF
system, and it is applicable irrespective of the type of equivalent linearisation approach considered;
e.g. based on geometric considerations of energy equivalence (Kowalsky 2002), statistical
considerations or error minimisation (lwan & Gates 1979), etc. Nevertheless, the degree of
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accuracy of the method was found conditional on the efficiency of the linearisation approach in
predicting the inelastic response of SDOF systems, hence linearisation equations addressing
ductility and post-elastic stiffness slope values typical of bilinear isolation systems (e.g. Hwang &
Sheng 1993, 1994, Jara et al. 2012) rather than yielding concrete members (Kowalsky 2002), are
expected to yield better results. According to the method, the equivalent elastic properties of
passive devices (i.e. effective stiffness ke, equivalent damping ratio &) are first assumed and the
system damping matrix is assembled considering the damping ratios as hysteretic, thus resulting in
damping coefficients in the form of ¢ = 2 ikett; (i.€. instead of Viscous 2&qiVmikett;) to avoid the
definition of associated masses mi. The hysteretic damping matrix is subsequently expressed in
modal co-ordinates using common transformation rules. By neglecting modal coupling induced by
non-proportionality, the hysteretic modal damping factor for each mode is determined from the
corresponding term on the main diagonal and the modal equations can be solved. It should be noted
that modal coupling is ignored based on previous investigations on a limited number of typical
isolated bridge configurations yielding a minor effect of the damping matrix non-proportionality
on the response as evaluated through complex modal analysis (Chopra 2012). The procedure
requires iterations (due to the integrated equivalent linearisation approach) each one involving a
modal and a response spectrum analysis using a response spectrum with modal damping-adjusted
ordinates to specify the updated equivalent parameters of passive devices. It should be noted that
alternative approaches enforcing the validity of proportionality of the damping matrix by
maintaining classical normal modes are also available (Christopoulos & Filiatrault 2006), but such
strategies are expected to assign different damping coefficients to viscous dampers raising once
more cost issues due to the use of different devices.

Simplified versions of the above displacement-based design procedures represent in general the
current state of development in bridge design standards. Typically, for single-mode dominated
isolated bridges, European and US codes (e.g. CEN 2005a, AASHTO 2010) introduce an
equivalent linearisation approach based on the secant stiffness at the peak displacement, and an
equivalent viscous damping ratio derived from geometric considerations of energy equivalence.
Contrary to the previous DDBD methodologies, a strict ‘design route’ aiming at the specification
of bridge member properties (e.g. pier, isolators, etc.) resulting in a predefined (target)
displacement or damping ratio under a specific level of seismic action is not required, and a more
traditional analysis format is prescribed. Device properties are preselected based on engineering
judgement and analysis iterations are employed with a view to approximating the inelastic response
corresponding to the preselected devices rather than optimising the design solution. In this context,
design aids such as equations that provide the damping coefficients of LVDs or NLVD required to
obtain a target equivalent damping ratio for the pier-isolation subsystem (Hwang & Tseng 2005)
can significantly reduce the required iterations. A simplified version of the method described by
Franchin et al. (2001) is also typically included in codes to capture the potential contribution of
higher modes. The analysis method, disregarding the damping non-proportionality effect,
superposes via standard combination rules the isolated and the higher modes with prefixed modal
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damping ratios without the need for a detailed calculation of modal damping ratios through proper
transformation of the system damping matrix. The system equivalent damping ratio (as derived
from the substitute SDOF system) is adopted for the isolated modes, defined as those having
periods longer than a fraction (i.e. 0.8) of the fundamental mode (effective) period corresponding
to ke, Whereas a default modal damping value (e.g. 0.05) is assigned to all modes with shorter
periods.

Irrespective of the accuracy of the above approximations included in both static and dynamic-
based linearisation procedures, none of the above methods is able to capture the peak total inertia
forces at the critical state of peak total acceleration (representing the peak seismic forces transferred
from the deck to the substructure members) and the peak damping forces at the state of peak relative
velocity (representing peak viscous damper forces) (82.3.1), unless the main dissipative source of
the isolation system has a purely hysteretic response behaviour. The issue emerges from the
deviation of peak total acceleration and relative displacement from their associated pseudo-
counterparts when viscous damping energy dissipation mechanisms with high values of damping
coefficients are included in long-period structural systems (Chopra 2012), and it has been
addressed by various research groups resulting in empirical measures of treatment (e.g. Pekcan et
al. 1999, Ramirez et al. 2002, Palermo et al. 2016). In the most advanced code formulation (i.e. as
included in ASCE 2016), the peak velocity is first estimated as the product of the pseudo-velocity
and a correction factor, the latter being a function of the system equivalent damping ratio and the
effective period. The peak seismic forces at the instant of peak total acceleration are subsequently
estimated by properly combining the peak forces at the critical states of peak relative displacement
and velocity accounting for the nonlinearity of viscous dampers.

The involved assumptions and approximations of the displacement-based equivalent
linearisation procedure briefly discussed above, grant nonlinear dynamic analysis a more decisive
role in the analysis of isolated bridges more so in the case when viscous damper mechanisms are
included. Indeed, most of the described methodologies prompt the implementation of nonlinear
dynamic analysis (Priestley et al. 2007) as a safeguard-verification tool or even include it as the
final step of the design process (Cardone et al. 2009). In a similar context, modern codes (e.g. CEN
2005a, AASHTO 2010, ASCE 2016) enforce the use of nonlinear dynamic analysis in the design
of isolated bridges when specific conditions apply; these typically are associated with site
conditions (reduction of the efficiency of isolators when soil-structure-interaction phenomena are
substantial), proximity to active faults (detrimental effects of excessive structural velocities), and
upper values of effective period and equivalent viscous damping apply (potentially associated with
analysis reliability due to non-proportionality effects). Nevertheless, even when the previous
conditions dictate the use of nonlinear dynamic analysis, guidelines are typically provided for the
assessment of a previously designed system

An interesting approach towards the adoption of nonlinear dynamic analysis within the design
stage of isolated structures, thus providing a design alternative to the equivalent linearisation
approaches, was presented by Ryan and co-workers initially for SDOF systems isolated through
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hysteretic (bilinear) isolators (Ryan & Chopra 2004a, b, Sayani & Ryan 2009) and later extended
to MDOF buildings (Ryan & Chopra 2006). With regard to the studies addressing isolated SDOF
systems (having the potential for direct implementation in isolated bridges) the procedure reduces
the dynamic equation of motion to a form such that the normalised relative displacement of the
isolation system depends only on the isolation period T, defined from the post-yield stiffness (in
line with recent research findings by Makris & Kampas 2013b) and the normalised strength (i.e.
system strength relative to the peak ground velocity), as opposed to the parameters of isolation
period, non-normalised strength, and seismic intensity (expressed by PGV) in the non-normalised
case. The yield displacement is treated as a constant parameter having a minor effect on the peak
response; i.e. an assumption supported by earlier and recent studies (Makris & Chang 2000, Makris
& Black 2004, Makris & Vassiliou 2011). The adopted normalisation allows the uncoupling of the
(normalised) response from the level of seismic intensity while minimising the dispersion in peak
normalised relative displacements for an ensemble of ground motions representing a specific
seismic scenario. In addition, it facilitates the development of design equations for peak inelastic
response estimation by statistically processing NLRHA results derived from the previous step. The
proposed design equations can address explicitly the effect of bidirectional excitation which is
approximately considered in all previous methodologies (typically by statistical directional
combination rules); however, in its current form the method is presented independently for LRBs
and FPBs isolators disregarding any source of viscous damping.

Guo & Christopoulos (2013) presented more recently, a similar performance-based design
procedure for SDOF systems using supplemental dampers. The methodology focuses primarily on
the retrofit design of nonlinear frame structures using a ‘substitute structure’ approach, which is
beyond the scope of this section, nevertheless, it is addressed herein primarily because it attempts
to provide the designer with graphical tools at the start of the design process with a view to directly
assessing the performance of different damping solutions that satisfy a given set of performance
targets and system constraints. The graphic design tool (called P-Spectra) relates nonlinear
response quantities of SDOF systems to various damping parameters and dynamic system
properties. Although P-Spectra construction requires an initial parametric nonlinear dynamic
analysis of inelastic SDOF systems for different periods and strengths, the performance of various
damping solution can be checked and modified for different performance levels with reduced
computation effort at subsequent stages of design.

Despite the suitable adaptive nature of adaptive passive and semi-active devices in meeting
efficiently and reliably multiple performance requirements (deriving from different performance
levels) while contributing to resilience by reducing damage and repair/replacement time
(Domaneschi & Martinelli 2016), there are no integrated broad-scope performance-based seismic
design methodologies incorporating such devices. At the current state of their development,
relevant ‘adaptive-passive’ studies focus on device-specific principals of operation, and analytical-
experimental validations (Fenz & Constantinou 2008, Attary et al. 2015). In addition, in the case
of semi-active devices some available general design guidelines are essentially restricted to
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buildings (Kurata et al. 2002) while using complex structural control algorithms and optimisation
techniques to investigate the structural response (e.g. Cha et al. 2014).

2.3.3 Problems associated with ‘practice-oriented’ DBD methods

The remarks associated with the need for iterations, the explicit consideration of a single
performance level, and the narrow field of application due to the reduced efficiency of equivalent
linearisation methods in estimating the peak response and considering higher mode effects,
described in §2.2.2 for bridges with energy dissipation in the piers, generally apply to seismically
isolated bridges, too.

Regarding the issue of iterations in bridges integrating passive control devices, attention is
drawn to the ability of the methodology to provide design guidelines with a view to facilitating at
the early stages of design the selection and comparative evaluation of the alternative isolation and
energy dissipation schemes that may be realised by the combination of numerous available devices
(Table 2.2). The DDBD approach as proposed by Priestley et al. (2007) provides some partial
guidance in this respect by setting a target displacement and/or equivalent damping ratio at the start
of the procedure. Yet, criteria for selecting these values are not addressed and in any case, are not
clearly defined or appropriate, since neither deck displacement nor the system equivalent damping
ratios are satisfactory indicators for damage in the isolators and the substructure elements of
seismically isolated bridges. Deck displacements may directly indicate the cost of
expansion/contraction joints but their distribution in the piers and isolators is rather simplistic based
on static considerations that disregard the dynamic interaction of the substructure-isolation-deck
system. Similarly, the equivalent damping ratio, expressed as a function of the displacement
ductility of isolators (i.e. a design parameter of marginal interest to the designer as pointed by
Makris & Kampas 2013a) is an indicator of the energy dissipation capacity, but does not provide
information regarding potential damage in the piers. Ideally, preliminary selection criteria should
address the displacement and energy dissipation capacity of the isolation system as a function of
the shear transmitted to the substructure, thus indicating the cost of the substructure design. Some
additional guidance in selecting devices while addressing the design of the substructure is provided
in the approach by Cardone et al. (2009), while the more refined approaches by Ryan & Chopra
(20044, b) and Guo & Christopoulos (2013) that facilitate preliminary selections considering
design requirements from different performance levels, are restricted to specific types of devices.
These refined approaches are not suitable at the time for the design of seismically isolated bridges
wherein both base isolation and energy dissipation devices are typically combined indicating the
need for broad-scope rather than device-specific methods. Apart from the fact that codes do not
provide specific recommendations regarding the above issue, the integration of equivalent
linearisation approaches in the format described in 82.3.2 (i.e. introducing iterations as a means to
evaluate the response of a selected passive system) leaves the designer with the task of conducting
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numerous analyses when the performance of different isolation schemes and/or multiple design
constraints are investigated.

As pointed in 82.2.2, the accuracy of results derived from equivalent linearisation approaches
is not ensured by the introduction of iterations. Inherent limitations associated with the
consideration of higher mode effects, the non-proportionality of the system damping matrix, and
the unreliable estimation of peak relative velocities and total accelerations required for the design
of viscous dampers and the substructure elements, respectively, were briefly discussed in §2.3.2
along with some approximate measures of treatment. Research studies on the efficiency of
equivalent linearisation addressing specifically isolators (i.e. accounting for values of displacement
ductility larger than 25) led in the past in contradictory results and suggestions (e.g. Hwang &
Cheng 1994, Hwang & Chiou 1996), while recent studies (Makris & Kampas 2013a) questioned
the rationality of using the ‘non-physical’ effective period to describe the period of vibration (i.e.
the time needed for an oscillator to complete one cycle) that appears in the horizontal axis of the
response spectrum. Instead, Makris & Kampas (2013a) proposed the use of the isolation period T,
defined from the post-yield stiffness of the isolation system as a simpler (i.e. iterations are not
required for the isolation period definition) and more accurate indicator of maximum response, a
strategy already adopted in codes for isolation systems consisting of sliding-based isolators (e.g.
CEN 2005a, ASCE 2016). Similar studies on the accuracy of the effective period and equivalent
damping ratio concepts to predict the inelastic response (peak displacement and forces) in SDOF
systems subjected in near/far-fault ground motions (Dicleli & Budaram 2007a, b) and MDOF
bridge systems (e.g. Franchin et al. 2001) reflect an emerging scepticism on the efficiency of
equivalent linearisation approaches. Two remarks are worth to be noted here regarding the non-
proportional formulation of the damping matrix and the suggestion by Franchin et al. (2001) that
classical modal analysis (using real modes and the diagonal terms of the modal damping matrices)
can provide a ‘good’ approximation of results. The first is that such a conclusion is valid for the
considered bridge configurations that included irregular (but not non-symmetric) substructure
properties and uniform distribution of viscous damping properties. The second remark to bear in
mind is that the evaluated linearisation procedure was more refined than that typically allowed by
codes (82.3.2). Furthermore, the reliability of the peak displacement response is further reduced by
the directional combination of response quantities derived from independent linear static/dynamic
analysis in each principal direction of the bridge. In general, isolators should be designed to sustain
the peak relative displacement that may occur in any random direction of the bridge under
bidirectional excitation. In this regard, adoption of the common 100%+30%" combination rule
(e.g. CEN 2005a) was found (Ryan & Chopra 2004b) to underestimate the peak displacement
response determined by nonlinear dynamic analysis.

Further implications in the analysis and design of seismically isolated bridges emerge from the
fundamental principles of passive systems presented in 82.3.1; i.e. the provision of an adequate
restoring capability, and the consideration of a range of the design properties of passive devices.
The restoring capability, associated with operationality requirements, is a design strategy common
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in most codes (e.g. CEN 2005a, ASCE 2016), that dictates the presence of devices that can
inherently apply recentring forces to the superstructure, thus preventing substantial residual
displacements (ur) after the seismic event and accumulation of displacements during a sequence
of seismic events or under ground motion containing pulses, while allowing the prediction of
displacement demand with less uncertainty (Constantinou et al. 2011). Recent investigations
(Katsaras et al. 2008, Cardone et al. 2015) associating the restoring capability with the peak relative
displacement (uo) and the mechanical properties of isolators, emphasised the need to assess the
restoring capability by statistically evaluating a large number of nonlinear dynamic analyses.
Although, the previous efforts resulted in design charts (e.g. Fig. 2.4) facilitating its specification
at the initial stages of design, such an approach has not been incorporated so far in the DBD
procedures of §2.3.2. Regarding the second design principle, consideration of the variability of
design properties of devices due to external factors (e.g. ageing, temperature, contamination, and
wear), and verification of their nominal properties through ‘prototype’ testing (Constantinou et al.
2011) are measures employed in codes (e.g. CEN 2005a, ASCE 2016) to increase the reliability of
the analysis. Since their effect on the structural response of critical members cannot be always
easily foreseen, codes require two different sets of analysis considering upper and lower bound
design properties of devices which increase further the required computational effort. As in the
previous case, explicit reference to this issue is typically neglected in DBD procedures of §2.3.2.

1.00
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Fig. 2.4 Design value of the restoring capability (expressed as uy. /ug) as a function of ug /u, and uy /u,, where
u, represent the yield displacement, and u, the maximum residual displacement under which static
equilibrium can be reached (depending on mechanical properties of isolators) (Katsaras et al. 2008)

An issue that remains to a certain degree obscured in DBD methods (in codes or otherwise) is
the fundamental requirement for the elastic or limited inelastic response of the piers. An earlier
version of the US Code (i.e. AASHTO 1991) specified behaviour factors for isolated bridges to be
the same as those for non-isolated bridges, implying that this would result in comparable seismic
performance of the substructure of isolated and non-isolated bridges, and relevant substructure cost
reductions. The importance of adopting lower factors in the case of isolated bridges was soon
stressed by Constantinou & Quarshie (1998) as a means to ensure the proper performance of the
isolation system and control the sensitivity of isolated bridges in the substructure inelastic response.
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In this context, a later version of the code introduced lower behaviour factors (i.e. in the range of
1.5to 2.5) for substructures of isolated bridges that were retained in the last revision (i.e. AASHTO
2010), interestingly stating that even these values may not ensure proper behaviour of the isolation
system or acceptable substructure performance under a very rare earthquake event. Similarly,
EN1998-2 (CEN 2005a) specifies a maximum value equal to 1.5 implying essentially elastic
response of the substructure under the ‘design’ earthquake since the ductility-based component of
the behaviour factor is close to unity. Furthermore, recent studies (e.g. Vassiliou et al. 2013,
Tsiavos et al. 2017) for the case of building structures demonstrated by dimensional analysis the
validity of the previous concerns and showed that when inelastic action commences in a relatively
stiff superstructure, the effectiveness of the isolation system diminishes and larger displacement
demands are imposed on the yielding structure (compared to the case of a non-isolated one). In
view of the previous considerations, a potential source of inconsistency lies in the design strategy
of modern codes (e.g. CEN 2005a) according to which the components of the isolation system are
designed under a higher level of seismic action than that corresponding to the ‘design earthquake’,

without specifically addressing the effect of these actions on the substructure response.

2.4  Closing Remarks

In the light of the review presented in this chapter, it can be claimed that the current trend in
performance-based seismic design of bridges is to make the attractive concept of DBD more
suitable for the final design of a sufficiently broad class of bridges, so that it can be deemed suitable
for practical application to real structures. The broad-scope requirement refers to different types of
bridge designs (e.g. ‘ductile-pier’, isolated) and structural control devices, along with performance
requirements deriving from multiple performance levels. To this end, state-of-the-art documents
(fib 2012a, b, ACI 2016) seem to favour at the moment the use of advanced analysis and detailed
modelling of structures rather than simplistic structural representations aiming at “direct’ estimates
of structural properties. In a way, the above format is inclined towards deformation-calculation-
based approaches applied in an iterative mode to obtain target performances, and hence may be
deemed as an attempt to favour ‘accuracy’ at the expense of ‘computational effort’.

Notwithstanding the importance of maintaining a balance among the design principles of
‘simplicity’ and ‘enhanced seismic performance’ and the practical value of simplified procedures
in the preliminary stages of design, it is now recognised that an increasing number of engineers
(researchers and practitioners alike) rely upon advanced analysis tools to estimate the response of
bridge structures (especially when the bridge considered is of high importance) under challenging
conditions (i.e. complex structural configuration and increasing size of bridges, site-effects,
diversity of actions). The development of a good number of software packages for the inelastic
analysis of bridges and other structures is the natural consequence of this trend.

Among the available candidates, nonlinear dynamic analysis represents the most suitable tool
in obtaining broad-scope methods for the seismic design of bridges, dealing with most (if not all)
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the pitfalls associated with the use of standard analysis and equivalent linearisation approaches
(82.2.2, 2.3.3). Additionally, it provides realistic representations of structural response, disengaged
from statistical modal and directional combinations that may reduce the ‘engineering perception’.
Inevitably this comes at a cost, and implications arising from the adoption of nonlinear dynamic
analysis should not be downplayed. Selection/generation and scaling (in time/frequency domain)
of input accelerograms, analysis sensitivity, modelling of (material, geometric) nonlinearity
(82.2.2), represent continuously evolving fields, whereas in other, and perhaps more fundamental
issues of nonlinear dynamic analysis, such as proper modelling techniques of structural damping,
consensus has yet to be reached (Chopra & McKenna 2016, Hall 2016). Nevertheless, there is little
doubt that design is heading towards frameworks that are even more complex, and nonlinear
dynamic analysis introduced on the basis of simple and comprehensive nonlinear models, as
proposed e.g. in MC2010 (fib 20123, b) (82.2.1), is expected to provide more reliable estimates
and distribution of inelastic response while serving as a link to future generation of codes involving
probabilistic and resilience-based considerations along with ‘smart’ structural control techniques
(e.g. adaptive passive, semi-active).

In view of the previous remarks the present study attempts to develop a methodology for the
seismic design of bridges with emphasis on (i) DBD principles of design, (ii) use of nonlinear
(response history) dynamic analysis, and (iii) explicit consideration of multiple performance levels,
in a practical design context suitable for inclusion in seismic bridge design codes. Acknowledging
the iterative nature of the design process, particular attention is drawn on providing design
‘routines’ and guidelines that facilitate the implementation, reduce the computational effort, and
address implications resulting from the use of nonlinear dynamic analysis. The point of reference
in the following investigations is a method for the seismic design of conventional (non-isolated)
buildings, originally proposed by Kappos (1997) and Kappos & Manafpour (2001), and further
developed by Kappos and co-workers (Kappos & Panagopoulos 2004, Kappos et al. 2007, Kappos
& Stefanidou 2010). The methodology in its most recent form requires, as a first step, the use of
standard elastic (response spectrum) analysis to obtain a basic level of strength while ensuring that
inelastic deformations of yielding elements are kept below certain limits corresponding to
allowable damage. A set of spectrum compatible records is then selected and a detailed partially
inelastic model is developed, wherein members are permitted to exhibit inelastic behaviour only at
predetermined locations. The procedure employs inelastic dynamic analysis at different
performance levels to verify inelastic deformations, design members that are not expected to yield,
and provide detailing of critical sections using local deformation demand derived from analysis. In
extending this procedure to bridge structures, levels of seismic actions are defined in line with the
general requirements of MC2010 (Table 2.1) and specific performance/damage measures (strains,
deformations, relative displacements) are used; nevertheless, as previously discussed, attempt is
made to develop a method applicable irrespective of alternative definitions of levels of seismic
actions in codes (e.g. Weatherill 2010) and structural performance of bridge members (e.g. Biskinis
& Fardis 2010a, b, Goodnight et al. 2016) provided in the literature.

3§
tE)

CITY 38



Chapter 3
Deformation-Based Seismic Design of Bridges
with Energy Dissipation in the Piers

3.1 Introduction

The deformation-based design (Def-BD) method, initially proposed for the seismic design of
buildings (Kappos 1997, Kappos & Manafpour 2001, Kappos & Panagopoulos 2004, Kappos et
al. 2007, Kappos & Stefanidou 2010), is tailored herein to common bridge structural configurations
having one or more piers rigidly connected to the deck either monolithically or through fixed
bearings and/or seismic links. Aiming at the efficient design of bridges in a performance-based
context, i.e. explicitly considering multiple performance levels (PLs) and different performance
objectives (POs), the procedure initiates with a ‘preliminary design’ step establishing the basic
characteristics of the structural system in terms of both economy and performance. Standard linear
analysis and empirical relationships are used to estimate the required pier strength and bearing
properties at this stage. A special type of nonlinear response history analysis (NLRHA) of the
structural system is subsequently introduced in a number of successive design steps, each
corresponding to a different performance level depending on the selected performance objective
and associated with design of specific bridge members and type of verifications. During the
successive design steps, a gradual refinement of the initial design solution is achieved by
controlling essentially in a non-iterative way a fairly broad range of design parameters (i.e. strains,
deformations, ductility factors).

The suggested procedure is presented with emphasis on the required modifications and/or
extensions compared to the latest version of the methodology (i.e. Kappos & Stefanidou 2010)
addressing seismic design of buildings; these are summarised as follows:

» Proper consideration of the different structural configuration of bridges (i.e. regarding the
intended plastic mechanism) relying on hysteretic energy dissipation through ductile behaviour
of the piers, as opposed to the case of buildings designed for ductile behaviour of the beam

elements.

* Incorporation of ‘design principles’ and approaches to account for the peculiarities of ‘ductile-
pier’ bridges associated with the limited number of the intended energy dissipation zones at the
pier ends (i.e. refined estimation of allowed damage ensuring bridge operationality on a pier-
by-pier basis, and proper definition of required pier strength), the expected elastic response of
the deck, and the possibility to use bearings at the abutments and/or short piers.
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+ ldentification of different performance objectives based on the importance of the bridge and
adaptation of relevant performance requirements specifying the expected structural
performance of specific bridge members under different levels of seismic action.

Detailed steps of the proposed Def-BD methodology and required modifications with regard to
the 2010 version, are first put forward in 83.2. Following a description of the adopted analysis and
design framework (83.3.1-3.3.4), the efficiency of the proposed design methodology is
subsequently demonstrated in 8§3.3.5 by applying it to an actual bridge designed according to
‘standard’ European practice and selected with a view to enabling comparison (86.2) between Def-
BD and the direct displacement-based design method (Priestley et al. 2007), as extended by
Kappos et al. (2013) to explicitly account for higher mode effects. The suggested procedure and
the resulting designs for two different seismic zones are evaluated in the light of nonlinear dynamic
analysis using a number of spectrum-compatible motions, whereas certain deficiencies of current
code-based design approaches derived from associating critical performance requirements with
specific performance levels are also discussed (83.3.6).

In view of the structural configuration of the considered bridges (i.e. ‘ductile-pier’ bridges), the
proposed approach is developed with ductility of piers being (among others) the key design
parameter; alternative design solutions involving special seismic isolation and energy dissipation
devices are dealt with in Chapter 5.

3.2 Methodology

3.2.1 Performance-based design framework

The suggested procedure consists of four distinct steps (Fig. 3.1a) including a preliminary design
and subsequent verifications involving nonlinear dynamic analysis at a number of performance
levels (i.e. maximum three) depending on the performance objective sought in terms of bridge
importance, i.e. consequences of failure on human life, short- and long-term (economic) effects
from disruption of service, cost of repair and replacement, etc., similarly to code requirements (e.g.
CEN 2005a). Five different importance classes (and the corresponding performance objectives) are
defined, namely, Non-essential (bridges of minor importance), Ordinary (average importance),
Essential (high importance), Critical | and Critical 11 (major importance). Classification in the last
two depends on the target performance set by the bridge owner regarding the post-earthquake
operationality following an extreme event. The performance objective is described with reference
to the member (abutment, pier, deck, bearing, etc.) performance levels, each assessed on the basis
of relevant structural performance (SP) criteria under an associated level of earthquake action (EQ).
Four different SPs and EQs are introduced to formulate the ‘performance matrix’ depicted in Fig.
3.2. SPs are qualitatively described in terms of post-earthquake operationality, damage, and
feasibility of repair, ranging from full service, negligible (or no) damage, and no need for repair in
SP1, to disrupted service, severe damage, and unfeasible (in terms of economy) repair in SP4.
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Representative structural performance criteria associated with each SP, defining member (upper)
performance states within a ‘design’ framework, are provided in Table 3.1 for piers (e.g. fib 2012b,
Goodnight et al. 2016), bearings (e.g. Mori et al. 1997, CEN 2005a), abutments and foundation
(CEN 20054, Nielson 2005). A detailed description of relevant criteria is provided in 83.2.2-3.2.5.

EQs correspond to a ‘frequent’ event (EQI) having a high probability of exceedance (e.g. 70%)
during the design life of the bridge, an ‘occasional’ event (EQII) with a lower probability (e.g.
40%), a ‘rare’ event (EQIII) with a low probability (e.g. 10%), and a ‘very rare’ (EQIV) seismic
event with very low probability (e.g. 2~5%) of being exceeded in the design life of the structure
(fib 2012a). The considered range of return periods Tr coupled with each SP is in line with the
widely varying requirements prescribed in different bridge design codes and guidelines. For
example, the return period Tr of a ‘rare’ event commonly associated with SP3 performance
requirements in ordinary bridges (i.e. ‘life-safety’ verifications under the ‘design’ earthquake in
code terminology) is defined as 475yrs in EN1998-2 (CEN 2005a), approximately 1000yrs in New
Zealand (NZTA 2013) and US (AASHTO 2011, Caltrans 2013, FHWA 2006) design codes and
guidelines, while even higher values have been proposed in the past (e.g. Tr = 2475yrs in
ATC/MCEER 2004, but not adopted in a code). Although a review of the performance criteria
adopted by current codes is beyond the scope of this study, adopting an increased useful life (e.g.
100yrs) and the same probability of exceedance as in buildings (i.e. 10%/100yrs instead of
10%/50yrs), yields a return period in the order of 1000yrs which is in line with the current trend in
NZ and US codes (but not in EN1998-2). Similarly, the previous documents provide a return period
within the range of 40 to 110yrs for the ‘occasional’ event commonly associated with SP2 (i.e.
operationality) requirements in ordinary bridges, modifying either Tr or the severity of the
performance requirements in the case of bridges of higher or lower importance. The ‘frequent’
event is rarely defined in bridge design codes, while the effects of the ‘very rare’ event are normally
implicitly considered through capacity design approaches. The analysis type prescribed by the
proposed method for each PL is reported in Fig. 3.2 and discussed in detail in the following
sections.

Considering once more the example of an ordinary bridge, then the target performance of a
single pier within the aforementioned framework (Fig. 3.3) is associated with pier yielding
corresponding to undisrupted service of the bridge under EQI (Tr < 50yrs), with limited inelastic
pier response without significant disruption of service under EQII (Tr = 50~100yrs), with feasible
repair of the pier and limited service of the bridge under EQIII (Tr = 500~1000yrs), and with
‘ultimate’ pier response along with no access of the bridge following an EQIV (Tr = 2500yrs)
event. It is worth noting that the definitions of ‘expected performance’ are generally in agreement
with relevant requirements introduced in EN1998-2 (CEN 2005a) through the concept of
‘importance classes’ (i.e. I, II, III for less than average, average, and critical bridges) and
‘importance factors’ (i.e. 0.85, 1, 1.3, noting the ‘very important’ and/or ‘special’ bridges are not
within the scope of EN1998-2).
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Detailed steps of the procedure, including (for the sake of completeness) those that are
essentially the same as in the 2010 version, are provided in Fig. 3.1b and thoroughly described in
in 83.2.2-3.2.5.
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Seismic hazard Structural performance lewel
EQ |Tr (yrs) SP1 SP2 SP3 SP4
EQI <50 Ordinary  [Non-essential - -
EQIl | 50-100 Essential Ordinary  [Non-essential -
EQIII | 500-1000 Essential Ordinary | Non-essential
EQIV | ~2500 Critical Il Essential Ordinary
Service Full Operational Limited Disrupted
Damage Negligible Limited Significant Severe
Repair No/Economic | Economic Feasible Non-feasible
Seismic hazard Analysis type per PL
EQI <50 IMP L - -
EQIl | 50-100 IMP L+NL NL -
EQIIl | 500-1000 L+NL NL IMP
EQIV | ~2500 L+NL NL IMP
Analysis: Implicit calculation (IMP), Linear (L), Nonlinear (NL)
Importance: Non-essential, Ordinary, Essential, , Critical 11

Fig. 3.2 Typical ‘performance matrix’ adopted in Def-BD method

Table 3.1 Suggested structural performance criteria for bridges with energy dissipation in the piers':?

Ductile bridges

Member SP1 SP2 SP3 SP4
Ductile pier Yield Conc. spalling Impaired feasibility Ultimate response
of repair
< ming (€ ¢y, hoop
< ¢ (hoo ¢
9 <py ¢ =<¢(cc=3.5-4%0) ¢ = o (hoop fracture, long. bar
yielding) )
buckling/fracture)
Elastomeric bearing Yielding of anchor -
. Upper limit for
bolts, cracking of o .
No damage L yielding ~ severe Ultimate response
pedestals, lower limit . .
S . bending of shims
for yielding of shims
7q < 1/SF,, 79<1 7e<1.5~2 uplift, tension, stability
Seat-type abutment Yield Ultimate response
(non-actlvated) M Apt < M y,Abt Uo < Uclearance
Seat-type abutment Activation Yield Backfill yield

(activated via

Uo <u clearance

sacrificial backwall

or seismic link)

Abutment rigidly
connected to deck

(integral or via
seismic link)

Foundation

M ot < My apt

U @.backwall S 1 5

Ug < 0.01h packwarl < ~0.1h packwall
Ultimate response
M apt < Myapt

Ug < 0.01h abutment Ug = ~0.1h abutment

Ultimate response

!Definition of symbols and terms included in this table is provided in §3.2.2-3.2.5
“Criteria for additional members (e.g. deck) and other type of bearings are described in §3.2.2-3.2.5
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Fig. 3.3 Performance objective (i.e. approximations of actual shear V- displacement u curves) for an ordinary
‘ductile-pier’ bridge: Pier column under EQL II, III, IV

3.2.2 Preliminary design (Step 1)

The purpose of this step is to establish a basic level of strength under the minimum considered
level of seismic action, typically EQI (associated with SP1), with a view to ensuring that the bridge
remains operational during and after an earthquake having a lower probability of exceedance, i.e.
EQ(SP2). The ‘operationality’ SP2 verifications adopted herein include specific limits for strains,
curvature and rotational ductility factors (Step 2 in §3.2.3) and the corresponding demands are
estimated from inelastic analysis of a partially inelastic model of the structure in the next step.
Since for inelastic analysis to be carried out the strength of the yielding zones has to be an input
parameter, an initial elastic analysis is required, which would provide the strength of the members
(selected energy dissipation zones) that will respond inelastically during the ‘operationality’
verifications of the next step; this analysis constitutes Step 1 and is a vital part of the procedure.
The design of the selected dissipating zones, like the pier end regions, is carried out using
conventional elastic analysis (modal response spectrum, or equivalent static, analysis, depending
on the importance of higher modes). The required strength of these zones is estimated taking into
consideration the range within which the inelastic deformations should fall, which corresponds to
the degree of damage allowed under EQ(SP2) (specifically the allowable rotational ductility
factor). The procedure described in the following provides an initial estimate of the allowable
rotational ductility factor on a pier-by-pier basis, while aiming at the development of permissible
values of inelastic deformations under the EQ(SP2) event, since the latter are directly related to the
reduction of element forces corresponding to elastic behaviour. This is an additional feature, not
included in earlier versions of the method (tailored to buildings) that either included a serviceability

§

x X
by

45 CITY



Konstantinos I. Gkatzogias

check, the result of which typically was that most members remained elastic (or were well below
the allowable deformation limits) (Kappos & Panagopoulos 2004), or estimated the strength of the
dissipating zones by adopting a fixed value for the allowable rotational ductility factor dictated by
the extended number of intended energy dissipation zones (i.e. the beam ends) in a multi-storey
building (Kappos & Stefanidou 2010).

To meet the aforementioned objective, pier bending moments (M) and chord rotations (6e) are
first obtained from the results of a standard response spectrum (elastic) analysis (RSA). The pier
stiffness considered at this stage is the secant value at yield, accounting for the effects of axial load
ratio; in a practical context, the diagrams proposed by Priestley et al. (1996) and adopted by
Caltrans (2013) can be used (e.g. Fig. 3.4), considering the axial load for the seismic combination,
and assuming either a minimum reinforcement or that resulting from design for non-seismic
loading (if higher than the minimum).

0.80
0.70
— =
Ag/Ay = 04
0.60 A =
—_— Ag/Ag =03

0.0 m/Ag - .02
0.40 mAg =.01

0.20 Frrrrrrrre T AL T T P T asaas .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

AXIAL LOAD RATIO P/f A

ELASTIC STIFFNESS RATIO, le/Ig

5

Fig. 3.4 Secant stiffness at yield of cracked RC circular sections (Priestley et al. 1996, Caltrans 2013)

Design for flexure is carried out in terms of design values of material strength (in reinforced
concrete piers feq and fyq for concrete and steel, respectively, according to Eurocode notation) using
commonly available design aids. On the other hand, SP2 verifications (Step 2 in §3.2.3) are based
on the results of inelastic analysis, for which mean values are commonly adopted (fem and fym).
Furthermore, some members are expected to possess overstrength with respect to the design
moments used in their dimensioning, due to detailing requirements, i.e. rounding (upwards) of
required reinforcement areas and use of minimum reinforcement ratios specified by codes. For
these reasons, the initial elastic analysis should be carried out for an appropriate fraction () of the
seismic action associated with EQ(SP2). Due to the expected overstrength, the recommended p-
factor is lower than the ratio f,q / fym (equal to 0.79 if the mean yield strength of steel fyn is taken as
10% higher than the characteristic strength fy). In addition, the p-factor should account for the
differences in the bending moments derived from an RSA and those from a series of response
history analyses (RHAS) for selected accelerograms (Step 2). Note that if # = 1 is selected, piers
will not yield for EQ(SP2) deviating from the target performance set in §3.2.1. It is perhaps worth
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noting that the problem of mixing design and mean values of material strength is by no means
specific to the performance-based design method presented here; modern codes like Eurocode 8
(CEN 2004hb, 2005a) and (even more so) their new versions currently being drafted, adopt both
elastic and inelastic analysis methods and recommend using design values for strength verifications
and mean values for displacement or deformation verifications.

Subsequently, elastic chord rotations & are related to the corresponding inelastic ones inel,
using an empirical procedure proposed by Bardakis & Fardis (2011a); use of empirical factors to
estimate inel is an inherent limitation of the proposed procedure, since otherwise ductility factors
cannot be estimated at this stage. The allowable chord rotation ductility factor w4 s» for SP2 in each
pier is estimated based on allowable material strains (e.g. Biskinis & Fardis 2010a, b, Goodnight
et al. 2016). Considering for example the simple Eq. (3.1), the allowable curvature (psp), the yield
curvature (py) and the plastic hinge length are estimated using empirical relationships and diagrams
(e.g. Kowalsky 2000, Priestley et al. 2007, Biskinis & Fardis 2010a, b, Cardone 2014) based on
SP2 concrete and reinforcing steel strains corresponding to concrete spalling and/or maximum
crack width (83.2.3), whereas the equivalent cantilever height heq (i.€. the length from the critical
section to the point of contraflexure, or the shear span) can be approximated from the results of the
elastic analysis.

Hosp =1+ HZSP =1+ 3.(%'3 —§0y)' o

3.1)
y Py - heq

Referring to Fig. 3.5(left), having defined the target rotational ductility factor ussr and the
maximum inelastic rotation 6ine (this is the total chord rotation, not the plastic one) from the elastic
chord rotation 6. found in the elastic analysis, the yield rotation is calculated for every pier as 6, =
Oiner | posp. For simplicity, one could assume first that the M-@ pier response is elastic-perfectly
plastic and second that the initial slope of the elastoplastic and “elastic’ M-6 diagram are the same.
Then the corresponding yield moment My can be easily computed, as the intersection of the elastic
part of the diagram and the vertical line drawn at 6y, as shown in Fig. 3.5(left); this is the moment
to be used for the (flexural) design of the pier, implicitly related to a level of seismic actions (lower
than those associated with EQ(SP2)) that correspond to the yield state of the bridge, i.e. EQ(SP1).
A more accurate procedure for the definition of yield moments in the dissipating zones, accounting
for the loading history of the structure (i.e. application of the pertinent combination of permanent
and transient actions prior to the application of seismic loads), has been proposed by Kappos &
Stefanidou (2010) for the case of buildings (Fig. 3.5(right)). However, in the case of bridges where
the dissipating zones are expected to form in the piers (instead of the beams) this refinement is
typically not necessary, since the bending moment induced in the piers by gravity loading is in
most cases (at least those relevant to Def-BD) small compared to that from seismic loading.
Estimation of pier strength according to Fig. 3.5, implies that the effectiveness of the above
empirical procedure in obtaining predefined (target) rotational ductility factors under a specific
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level of seismic action, depends on whether the modelling assumptions adopted in the next step
(involving NLRHA) are compatible with those used by Bardakis & Fardis (2011b). In the latter
study, pier inelastic chord rotations were derived from NLRHA by employing lumped plasticity
models coupled with the modified Takeda hysteresis rules (83.3.2), and subsequently compared
with elastic chord rotations to extract empirical correlation factors. This observation should not be
perceived as a limitation of the Def-BD method with regard to modelling of the inelastic response
of members. The designer may opt to adopt in Step 2 more refined modelling approaches, so long
as the allowable (SP) deformation limits (refined in Step 2 using moment-curvature analysis) are
consistently defined as a function of strains, deformations (curvatures, chord rotations),
displacements or a combination thereof. For example, if fibre models are adopted, verifications in
the next step may be performed directly on the basis of curvature ductilities x, (analysis vs. SP
criteria in the form of Table 3.1) or indirectly on the basis of chord rotation ductilities (analysis vs.
SP criteria in the form of Eqg. (3.1) considering the shear span and the spread of inelasticity directly
from analysis). In this sense, Step 1 aims at a first estimation of the required strength; minor
modifications required to diminish the divergence deriving from the incompatibility of modelling
approaches can be performed in Step 2 (83.2.3).

D BEQ(SP2) ==Elastic M'vlt?\;lall Meeismic 4‘ 0= (Onerlttg-0g)10eq
L e —— * | —lnelastic R S R —— ——— (
! +Mgq EQ |
Mol EQ(SP1) | EQ(SP2) MaM | |
y [ - taMeg | |Meo S 1
% i % My |-- i abeq i Oq i 6)seisr\mc
‘ — > ‘ 0020 o o
0, ) 0, y~VgTaVEQ [
Y O Oiner g 9e|:99+ fo inel total

Fig. 3.5 Definition of pier yield moments: Bilinear (elastoplastic) (left) and trilinear (right) M-6
approximation

The reduced design moments, related directly to the target rotational ductility of Eq. (3.1)
according to the previous procedure, are computed for the piers designated as ductile members, i.e.
piers wherein energy dissipation zones are expected to form. Piers that are deliberately isolated
from the intended plastic mechanism of the bridge through moveable bearings, such as short piers
due to the ground topography along the longitudinal axis of the bridge or secondary piers serving
the construction of the deck in balanced cantilever or incremental launching methods (Fardis et al.
2012), are designed in Step 2 to respond quasi-elastically under EQ(SP2) by adopting the SP
criteria for piers in isolated bridges presented in detail in 85.2 (Table 5.1). The required longitudinal
reinforcement ratio (pi) in ductile piers is calculated using standard flexural design procedures and
compared to the minimum requirements (pimin) according to code provisions. In case the
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longitudinal reinforcement demands are found to be less than the minimum requirements, reduction
of cross sections is in order (reduction of stiffness), otherwise deformations under EQ(SP2) will be
lower than the allowable ones, which of course is an option, but does not optimise the cost of the
bridge. An exception to the procedure described above for ductile piers, is the case of critical Il
bridges wherein pier member design moments are retrieved directly from linear analysis under
PEQIV (Fig. 3.1b, Fig. 3.2) without reducing My (i.e. ugsp = 1); verifications aiming to ensure
elastic response of the piers under EQIV are performed with the aid of NLRHA in Step 2 (both
EQ(SP1) and EQ(SP2) are associated with the same level of seismic action in critical Il bridges).

In the case of bridges (and in contrast to buildings), deformation control in the piers does not
fully guarantee that the bridge will remain operational; it is equally important to check that bearings
(which are typically present unless a fully integral solution is adopted) also remain functional.
Hence, peak relative displacements uo (or the corresponding strains yq) of bearings under the full
‘operationality’ actions EQ(SP2) (i.e. excluding the p-factor and adopting the ‘equal-displacement’
rule at this stage of design) should conform to the deformation criteria discussed in Step 2 (83.2.3).
In critical 1l bridges, the SP1 performance criteria are checked, similarly to the case of piers.

Clearly, this stage involves striking a balance between economy and performance. Depending
on the initially selected input parameters of piers and bearings, some iterations (e.g. 2~3) may be
required (Fig. 3.1b) to ensure economic design of the piers (i.e. strength close to the value estimated
according to Fig. 3.5) and bearings (i.e. deformations close to the allowable values). The number
of iterations will be minimised when minimum seismic code requirements, and requirements
deriving from the design for non-seismic loads are adopted as input parameters. It is noted that this
type of iterations is not inherent to Def-BD and is typically included in all design methods (82.2.2);
herein, it is based on linear analysis and performed at the start of the design process.

3.2.3 PL1 verifications (Step 2)

During this step a partially inelastic model (PIM) of the structure is set up, wherein the energy
dissipation zones of the ductile members are modelled as yielding elements, with their strength
based on the reinforcement calculated for the reduced column moments in Step 1. Energy
dissipation zones may be assigned at both pier ends or just the bottom of the pier columns
depending on the pier-to-deck connection (e.g. monolithic or through fixed bearings). In the same
model, the remaining parts of the bridge, including isolated piers, are modelled as elastic members,
apart from bearings exhibiting nonlinear behaviour under the considered PL. Since the dissipating
zones have been designed for flexure at Step 1, the stiffness of the piers can now be calculated
from moment-curvature (M-¢) analysis of sections using the longitudinal reinforcement ratio of
the pier ends and mean values for strength of materials (fon and fym for concrete and steel,
respectively), since deformations are to be checked at this stage.

NLRHA of the PIM also requires the definition of a suite of ground motions compatible with
the selected design spectrum (for the considered EQ). Input motion may be represented by natural,

§

A

49 CITY



Konstantinos I. Gkatzogias

simulated, modified, and artificial accelerograms while selection/generation and scaling (in
time/frequency domain) (Douglas & Aochi 2008, Katsanos et al. 2010) should be performed
following, at a minimum, relevant code-based specifications; at least seven accelerograms are
typically required according to codes (e.g. CEN 2004b, AASHTO 2011) if mean response
guantities are to be used for design. The accelerogram set used for 3D analysis should include a
pair or triplet of components for every seismic motion, depending on the importance of the vertical
component for the design of the bridge. The ground motions should be selected/generated on the
basis of the results of a seismic hazard analysis (‘deaggregation’ phase, wherein the ‘design’
magnitude M and source-to-site distance R are determined for the site in consideration). Hence the
selected ground motions should conform to certain criteria concerning magnitude (e.g. My =
6.0~6.5), epicentral distance (e.g. Repi = 10~25km), and peak ground acceleration (e.g. PGA >
~0.1g). Additional criteria, not specifically required by EN1998-1, but important all the same, are
the similarity of spectra (of the selected motions to the target spectrum) and the reliable estimate
of the mean structural response depending on the accepted variability of critical structural
responses; software for such multi-criteria selection/generation of the design accelerograms is
currently available, (e.g. Hancock et al. 2006, lervolino et al. 2009, Katsanos & Sextos 2013).
The selected earthquake motions will be used for both this step and the following one, properly
scaled to the level associated with the PL considered., i.e. EQ(SP2) and EQ(SP3) in Steps 2 and 3,
respectively. It is noted here that the assumption that the shape of the design spectrum remains the
same regardless of the intensity of the earthquake (e.g. the same for Tr = 100 and Tr = 500yrs) is
strictly not valid, but is nevertheless commonly adopted, also herein, for simplifying the design
procedure; of course, the procedure is applicable regardless of the degree of sophistication involved
in selecting the ground motions, which is also related to the importance of the bridge. Depending
on whether analysis is carried out separately in each direction of the bridge or simultaneously in
both directions a different scaling procedure is in order. For instance, in the former case the
procedure prescribed by EN1998-1 (CEN 2004b) can be used, while in the latter case the procedure
of E1998-2 (CEN 2005a) is recommended; the issue is further discussed in the case study presented
later in 83.3.4. In the case of bidirectional excitation, transformation of the pairs of horizontal
components of seismic action to their principal axes and consecutive application along the principal
axes of the bridge is deemed adequate during this and the following design steps of the procedure
in the case of straight bridges, i.e. two sets of analyses per PL, the one assigning the major and
minor components along the longitudinal and transverse axes of the bridge, respectively, and vice
versa in the second set. In general, differences among the previous and the most critical angle of
incidence are not expected to be significant (Moschonas & Kappos 2013); a more detailed
investigation of the orthogonal component of seismic action involving application of components
at a range of angles of incidence should be in order at the assessment stage or at the design stage
of more complex bridge configurations (e.g. curved-in-plan bridges). In the case of non-essential
bridges, NLRHA may be omitted (Fig. 3.1b) due to the reduced importance of the bridge and the
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low associated seismic actions (Fig. 3.2), while the following verifications can be carried out by
performing a standard elastic analysis (as in Step 1) with updated values of pier stiffness.

Verifications in this step are associated with ‘operationality’ (SP2) criteria (closure may be
required mainly for inspection purposes) except for critical 11 bridges (no closure) wherein elastic
member response is sought (i.e. SP1 requirements in Table 3.1 and Fig. 3.1b). Performance checks
are carried out in terms of specific limits for maximum drifts and/or plastic deformations of critical
members (i.e. the piers), which in turn are derived considering ‘acceptable damage’ indicators in
the context of allowing the bridge to remain operational under the considered level of seismic
action. Several criteria are discussed in fib (2007) and it is clear, that the proposals available in the
literature vary substantially, from conservative ones (e.g. Choi et al. 2004) addressing columns not
designed for seismic actions, to very daring ones (e.g. Priestley et al. 1996) intended for modern
ductile bridge piers. A more appropriate way to define acceptable damage for R/C piers in line with
the refined analysis tools used in the suggested procedure, is in terms of strains. For instance, it is
clear that the functionality of the bridge will not be impaired if cover concrete does not spall, which
typically occurs at compressive strains g; between 3.5 and 4%o (Table 3.1). Likewise, steel tensile
strains s lower than 15%., defined as the value of strain at which residual crack widths exceed 1
mm thus likely requiring repair through epoxy injection to prevent steel corrosion (Priestley et al.
1996), is also expected to ensure uninterrupted service of the bridge. Such strain values can then
be used to derive limits for deformations (e.g. curvature and/or chord rotation ductility factors)
and/or displacements (e.g. drifts), based on the results of the M-¢ analysis of pier columns, and the
equivalent cantilever height heq taken as the mean of the relevant response quantities observed
during the NLRHAs. It is worth noting that there is no specific limitation in the adopted number
and type of design criteria; displacement, chord rotation, and curvature limits derived from strains
(e.g. relevant ductilities w,,4, in Fig. 3.1b) may be checked along with independent values proposed
in the literature. Nevertheless, by duly exercising engineering judgment, a more limited number of
deformations can be selected as controlled parameters, reducing the required computational effort
and simplifying the procedure (Kappos 2015a).

Regarding the bearings, and considering the commonly adopted elastomeric bearings with
bolted end plates, the SP2 deformation limit associated with functionality and expressed in terms
of elastomer strain due to lateral deformation y,, could be set close to 1.0. This value is associated
with potential cracking of pedestals and/or yielding of anchor bolts (Padgett 2007), or with the
lower limit of yielding of steel shims (i.e. yq = 1~1.5, according to Mori et al. 1997). The same
deformation limit combined with an appropriate safety factor SF,, can be used to ensure ‘no-
damage’ of the bearings (SP1 requirement) in critical I bridges (Fig. 3.1b). In the case of seat-type
abutments designed to activate the backfill soil under higher seismic action levels through
sacrificial backwalls or seismic links (Table 3.1), the width of joints defined by the relevant
available clearance Uciearance (in modern bridges normally located solely at the abutments, except
for very long decks with intermediate joints) should be selected such that they remain open under
EQ(SP2) to avoid damage to the backwalls.
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If the adopted performance criteria are not satisfied (e.g. divergence from target deformations
exceeding 10%), stiffening or softening of pier columns and bearings will be required.
Modification of the longitudinal reinforcement ratio p is more appropriate for deformation control
of the piers, and it can be evaluated on the basis of a limited number of NLRHASs within Step 2
without requiring recourse to Step 1 (Fig. 3.1b), since small variations of p| are not expected to
significantly affect the displacement demand. Analysis of the PIM for 2 or 3 different values of p
under the same record (or pair of records), may provide adequate evidence for the required
increase/decrease of the reinforcement ratio prior to re-performing the full set of analyses under
the selected suite of records. On the other hand, the stiffness of bearings Kpearing and the area of pier
columns Apier control effectively drifts and displacements. Adjusting the mechanical properties of
bearings without altering their stiffness (e.g. increasing proportionally both the elastomer area and
thickness in elastomeric bearings) will not require iterations. Modification of Kpearing and/or Agier
represent the only cases wherein analyses should be repeated starting from Step 1. Nevertheless,
according to the cases studied so far (i.e. 83.3, 5.3) no need for iterations has been identified,
indicating the effectiveness of the previous step in defining the strength required to limit the
inelastic deformations within allowable limits (at least when following a lumped plasticity
modelling approach). In this context, this step is basically a verification of the target performance
set in Step 1, and the above (iterative) options (dotted arrows in Fig. 3.1b) are included herein for
the sake of generality.

Apart from checking the overall inelastic performance of the structural system and its
consistency with the adopted SP criteria, moments retrieved from NLRHA in this step are used to
design isolated (short, secondary) pier columns in flexure (Table 5.1). When design for flexure is
carried out in terms of design values of material strength, pier moments derived from analysis
(based on mean strength values) should be properly reduced using the g-factor, similarly to the
previous step.

3.2.4 PL2 verifications (Step 3)

Analysis and verifications are not required for critical I and Il bridges in this step, since both
EQ(SP2) and EQ(SP3) are associated with EQIV (Fig. 3.1b, Fig. 3.2); verifications evaluating
more stringent criteria (i.e. SP2) are performed under the same level of seismic action in Step 2.
Analysis in the above cases will be meaningful only if a more refined model is introduced in Step
4 for verification purposes. Irrespective of the adopted PO, members considered elastic in setting
up the PIM, i.e. the deck, the abutments, and the foundation, are designed in flexure in Step 3 (e.g.
Mant < My in Table 3.1) using analysis results derived from NLRHA under the selected set of input
motions properly scaled to the level of seismic action associated with EQ(SP3) (i.e. EQIV for
essential and critical bridges, Fig. 3.2). Pier members, both ductile and isolated, are modelled as
yielding elements with their strength and stiffness characteristics derived from M-¢ analysis
considering the reinforcement ratios calculated in the previous step. Depending on the deck-to-
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abutment connection (Table 3.1) and the importance of the bridge (e.g. essential, critical POs),
additional nonlinear elements may be required to model the clearance provided between the deck
and the abutments (e.g. ‘gap’ elements), the inelastic response of sacrificial backwalls (if any), and
the hysteretic response of the backfill soil (e.g. nonlinear springs), while simpler modelling
approaches are recommended in the case of non-essential bridges (e.g. 85.2.6). It should be noted
that an abutment can exhibit different behaviour along the principal axes of the bridge; e.g. long-
span decks supported on moveable bearings at the abutments in the longitudinal direction but
restrained in the transverse direction through seismic links invoke different SP criteria in each
direction according to Table 3.1.

In terms of structural performance, the selected SP criteria should ensure that the extent of
damage is such that first it can be repaired after the earthquake (closure of the bridge will be
required for a certain period) and second that there is no noticeable risk to life. This is an important
step for buildings (Kappos & Stefanidou 2010) since several critical elements, in particular the
columns (except at the base of the ground storey), are designed at this stage. In the case of bridges,
it is very likely that the deck and the abutments will have (from ‘non-seismic’ load combinations)
a higher strength than that required on the basis of this analysis. Nevertheless, consistency of the
target performance set for the deck with the adopted modelling assumptions should be explicitly
checked (especially in bridges of high importance), otherwise the validity of analysis results may
be questionable. For example, adoption of deck flexural stiffness based on gross sections (i.e. a
common assumption in bridge design codes) implies a design of the superstructure aiming at the
uncracked, rather than the yielding state of deck sections in this PL (i.e. ductility close to cracking
state ¢ =~ ¢cr). Although modern bridge design codes (e.g. CEN 2005a, AASHTO 2011, Caltrans
2013) require an explicit verification that the deck does not yield under capacity design actions
developed when the components of the bridge energy dissipation system (e.g. i.e. the pier ends)
reach their overstrength, this cannot ensure that prestressed concrete deck sections remain
uncracked or close to the cracking state (when cracking bending moments are exceeded) under
EQ(SP3) (i.e. ‘design seismic actions’ in code terminology) (Gkatzogias & Kappos 2016a). In fact,
deck bending moments are expected to be closer to the yield moment, if piers yield under EQ(SP3).
The adoption of the ‘uncracked’ state of the deck under EQ(SP3) facilitates in addition the bridge
modelling, since the ratio of secant stiffness at yield to gross flexural stiffness varies significantly
for different signs of the in-plane bending moments of the deck due to the highly unsymmetrical
detailing of deck sections about the transverse axis of the bridge, and can be properly captured only
by the introduction of nonlinearity in the members modelling the deck, increasing the complexity
and relevant uncertainties of analysis. A notable exception regarding the target performance of the
deck, is continuity slabs in decks consisting of precast-prestressed beams with cast in situ top slab,
a configuration quite different from the box girder bridges that are the subject of the case study
presented in §3.3. Such slabs will certainly yield under the considered level of seismic action, but
this is perfectly within the design philosophy of such bridges and is also allowed by current codes.
There is no need for verification of the plastic rotation either, since the shallow sections of R/C
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slabs can develop very high rotations without rupture. Deck slab hinging can readily be addressed
within the proposed procedure (by introducing inelasticity in the pertinent members of the PIM).

Deformation/displacement limits for the yielding elements of the ductile piers can be computed
as in the previous step by adopting material strains that render feasible the repair of damaged piers.
Bar buckling and significant damage to the core represent the states of the concrete members
beyond which significant repair costs may hinder the feasibility of repair (Priestley et al. 1996). In
view of the previous consideration, the above objective can be associated with the ultimate concrete
strain deriving from the energy balance approach developed by Mander et al. (1988), as this value
was found according to experimental results, to provide conservative estimates (by 50% or more)
of the ultimate concrete strain associated with failure (Kowalsky 2000). A more appropriate
criterion (Table 3.1) to serve the set objective within a design framework is the adoption of a
concrete strain associated with yielding of confinement steel (Goodnight et al. 2016) prompting a
change in the intervention strategy from epoxy injection of cracks and patching of cover concrete
to higher cost retrofitting measures (e.g. steel jacketing, FRP, etc.). In general, the deformation
demand in ductile piers is not expected to be critical at this PL apart from the cases wherein a
seismic action higher than the one corresponding to bridges of average importance is adopted,
while deformations in isolated piers should be constrained to values associated with & = 3.5~4%o
according to Table 5.1. On the contrary, it is essential that bearing deformations be checked at this
stage (Table 3.1); allowable strain y, values for typical elastomeric bearings can be set to 1.5~2.0
representing yielding and severe nonlinear flexural deformation of steel shims (Mori 1993, Padgett
2007). The upper value of the previous range is also adopted by EN1998-2 (CEN 2005a). If the
adopted performance criteria are not satisfied, minor modifications of pier and bearing
characteristics will be required typically without involving iterations; however, all available
options are provided in Fig. 3.1b for the sake of generality (similarly to Step 2).

When movement of the deck is constrained at the location of the abutments due to a sacrificial
abutment backwall (i.e. in the longitudinal direction of the bridge) or a rigid deck-to-abutment
connection (e.g. deck integral with abutments, seismic links constraining the transverse movement
of the deck), SP3 design criteria for the abutments can be defined on the basis of allowable
deformations of the backwall (i.e. curvature ductility gy, saciwan in Table 3.1) and/or the backfill soil,
respectively. In the latter case, soil deformations below the theoretical point of yield are expected
to keep repair costs within tolerable limits. Yield deformations of the soil are given as 0.01hpackwall
or 0.0lhax in Table 3.1 according to Nielson (2005), depending on the deck-to-abutment
connection (hpackwan and hapt represent the height of the sacrificial backwall/abutment).

3.2.5 PL3 verifications (Step 4)

To account for the less ductile nature of shear (or flexure-shear) failure, shear forces should be
calculated for seismic actions corresponding to a higher level than EQ(SP3), except for essential
and critical bridges where EQ(SP3) and EQ(SP4) coincide with EQIV (commonly associated with
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a Tr 0f 2500 yrs and ‘collapse-prevention’ performance requirements) and hence required analysis
results are provided from the previous step (Fig. 3.1b). To simplify the design procedure in non-
essential and ordinary bridges, design and detailing for shear can be carried out using shear forces
calculated from Step 3, implicitly related to EQ(SP4) through appropriately selected magnification
factors SF,. The adopted SF, should account for the strain-hardening effect corresponding to higher
plastic rotations at the level of seismic actions associated with EQ(SP4). Considering pier moment-
chord rotation M-8 (or preferably shear-displacement V-u) response diagrams under EQ(SP3), SF,
can be easily defined by the expected increase of the pier chord rotation ductility s assumed equal
to the increase of the displacement ductility ., (e.g. CEN 2005a). The latter can be reasonably
estimated as a function of the return periods associated with EQ(SP3), EQ(SP4), and the linear
approximation of the seismic hazard curve at the bridge site (Weatherill et al. 2010, 2013). An
example of relevant calculations is provided in 83.3.3, 3.3.5; as an indication, SF, is expected
between 1.15 and 1.35 assuming that EQ(SP4) is characterised by twice the spectrum of EQ(SP3).

Detailing of R/C piers for confinement, anchorages and lap splices, with a view to providing
the required curvature ductility capacity (associated with the ultimate confined concrete strain gcy,
bar buckling, etc., Table 3.1) is carried out with due consideration of the expected level of
inelasticity following the provisions of EN1998-2 (CEN 2005a) for ductile members (i.e. piers in
non-essential, ordinary, and essential bridges) and limited-ductile members (i.e. piers in critical I,
Il bridges, and isolated piers in all classes of bridge importance). However, instead of basing the
detailing on the default curvature ductilities specified in the code (e.g. u, = 13 for bridges with
ductile behaviour), the actual 4, is used in this method, calculated from analysis under EQ(SP3),
and implicitly associated with EQ(SP4) through magnification factors in the case of non-essential
and ordinary bridges. This results in both more rational and, as a rule, more economic, detailing of
the piers. Similarly to the estimation of shear forces, the increase of u, under EQ(SP4) can be
calculated from the relevant increase of x, using well known equations correlating global and local
ductility measures (e.g. CEN 2005a). It is noted that this approach will yield conservative values
of u, under EQ(SP4) when natural records are scaled following the procedure prescribed in
EN1998-2, and lower magnification factors can be adopted in this case (83.3.5, 3.3.6).

Likewise, the deformation capacity of bearings that allow horizontal displacements should be
checked for ultimate deformations (non-essential and ordinary bridges), uplift or maximum tensile
stresses and stability (all classes of bridge importance); in the case of common elastomeric
bearings, although under lateral deformations the shear strain at failure can exceed 400%
(Konstantinidis et al. 2008), toppling considerations are more likely to yield the critical (i.e.
allowable) yq strain limit under EQ(SP4) in non-essential and ordinary bridges. Forces on fixed
bearings (such as pot bearings that constrain displacements), derived directly from NLRHA or
implicitly estimated using SF., define their shear force resistance. With regard to the superstructure,
non-significant yielding of the deck sections should be ensured under EQ(SP4) in non-essential
and ordinary bridges in line with code requirements (e.g. CEN 2005a); flexural deformation of the
deck in essential and critical I, Il bridges are restrained in the previous step under the same level
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of seismic action. In a similar context, when the structural configuration of the deck-to-abutment
connection in non-essential and ordinary bridges results in the activation of the abutment-backfill
system (through links or otherwise) followed by potential damage in the foundation (e.g. in piles),
the ultimate deformations in the embankment should be checked (e.g. according to Nielson 2005
in Table 3.1).

3.3  Case Study

Design examples of the Def-BD methodology (described in §3.2) are presented in this section with
a view to demonstrating the application of the required individual steps. The case study aims in
addition to validate the efficiency of the proposed methodology in providing reliable estimates of
response while satisfying diverse performance requirements in line with the second research
objective in §1.2. In this context, the application of Def-BD is presented in 83.3.5, following the
description of the adopted analysis/design framework including the input parameters of the studied
bridge (83.3.1), modelling issues (§3.3.2), target spectra associated with different PLs (83.3.3), and
the representation of seismic actions (83.3.4); a validation study is subsequently performed in
83.3.6 employing nonlinear dynamic analysis under a suite of spectrum compatible records
different than the one adopted at the design stage. Design examples in this section also serve as a
benchmark, enabling comparisons in terms of structural performance and economy of design
among the proposed Def-BD method for bridges with energy dissipation in the piers (Chapter 3),
the Def-BD method for seismically isolated bridges (i.e. the third research objective presented in
Chapter 5), and alternative design methodologies (i.e. the fourth objective presented in Chapter 6)
including the modal direct displacement-based design method (MDDBD) (Kappos et al. 2013) and
a code ‘force-based’ design approach.

The studied structure is a variant (§3.3.1) of an actual bridge, i.e. Overpass T7 in Egnatia
Motorway, N. Greece (Fig. 3.6(top)), of a type common in modern motorway construction in
Europe. The decision to investigate an actual bridge, rather than idealised structures where typically
simplified assumptions apply (e.g. adopting as a structural model an elastic beam-deck supported
on inelastic springs-piers), is primarily associated with the intention to evaluate the efficiency of
the proposed methodology for the final (as opposed to preliminary) design of bridges. Apart from
providing the appropriate ‘test-bed’ for a realistic assessment of structural performance and
(monetary and computational) cost, the above decision facilitates the identification of certain
deficiencies of current code-based design approaches (83.3.6, Chapter 6) by comparing the Def-
BD design output with the ‘as-build’ state of the bridge as derived from the application of a ‘code-
based’ design approach (Egnatia Motorway 2002). A key consideration in the selection of the
specific bridge is associated with its structural configuration (83.3.1) that results in an increased
contribution of the second mode, rendering the specific bridge an interesting benchmark employed
so far in the evaluation of both design (e.g. MDDBD in Kappos et al. 2013) and assessment (e.g.
modal pushover analysis in Paraskeva et al. 2006) methodologies (thus further allowing self-
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assessment and validation of numerical modelling and analysis results). In fact, the selection of
Overpass T7 enabled the direct comparison of design results derived from the application of the
Def-BD procedure proposed herein and the application of the MDDBD method in the same bridge
presented in Kappos et al. (2013) (Chapter 6).

3.3.1 Description of studied bridge

The 3-span structure of total length equal to 99 m is characterised by a significant longitudinal
slope (i.e. approximately 7% along the longitudinal x-x axis) of the 10-m wide prestressed concrete
box girder deck that results in two single-column piers (cylindrical cross section with diameter D,
= 2.0 m in the actual bridge) of unequal height (i.e. clear heights of hpiers = 5.9 and hpiero = 7.9 m)
(Fig. 3.6(bottom)). The deck is monolithically connected to the piers (Annex A, Fig. A.1(top), Fig.
A.2) while it rests on its abutments through elastomeric bearings (Fig. A.1(bottom)). Movement in
both directions is initially allowed at the abutments, while longitudinal and transverse
displacements are restrained whenever a 100 mm (Fig. 3.6) and a 150-mm gap (Fig. A.1(top))
between the deck and the abutment is closed, respectively. The bridge rests on firm soil and both
piers and abutments are supported on surface foundations (footings) of similar configuration (Fig.
3.6, Fig. A.1). The above geometrical characteristics (i.e. different pier heights and unrestrained
response of the deck at the abutments) result in an increased contribution of the second mode. With
a view to enabling meaningful and consistent comparisons between the Def-BD and the MDDBD
procedures, certain design parameters associated with modelling issues and the definition of
seismic actions are defined in the following sections in line with the study of Kappos et al. (2013).

In the analyses presented in the following, the focus is on the transverse response of the bridge
(i.e. along the y-y axis). Although this was done for the sake of consistency with the MDDBD study
(Kappos et al. 2013), it should be understood that the Def-BD methodology presented herein can
inherently account for the response in both principal directions of the structure (83.2), and in fact
for seismic actions applied simultaneously in both directions (e.g. Kappos & Stefanidou 2010). In
applying the Def-BD procedure to this bridge, the gap size and the characteristics of the bearings
are treated as design parameters, i.e. adopting the non-activated seat-type abutment in Table 3.1
that triggers the second mode of vibration. The outcome of the MDDBD methodology regarding
the geometry of the piers (i.e. Dp = 1.5 m) and the mechanical characteristics of the bearings was
used as a starting point in the following applications (83.3.5); elastomeric bearings are of
rectangular shape (350 mm x 450 mm) with elastomer total thickness tz of 88 mm, horizontal
stiffness of ke = 2506 KN/m and equivalent viscous damping ratio equal to & = 5%, while two
bearings are placed at each abutment as in the actual bridge (Fig. A.1(top)). Concrete and steel
properties were based on a characteristic concrete compressive strength of fo = 27.5 MPa and a
steel yield strength of f = 500 MPa, respectively, using EN1992-1-1 (CEN 2004a) equations to
obtain correlated material mechanical properties. The bridge was designed adopting the ‘ordinary
bridge’ PO implying ductile behaviour of the piers (Fig. 3.2, Table 3.1).

§

A

57 CITY



Konstantinos I. Gkatzogias

(wonoq) (200z Aemiolo ereulg) uonoss-ssod feutpnibuol ‘(doy) mara (1107) yued 23000 1999010 "N ‘AeMI0J0N eneusy ‘L] ssedioaQ 9'¢ "B14

“ “

_f
S

_ == L Y 5 4
B i 58 5 Sig bl
M_v I A3 13 mm ﬂfm N.M
T | n._m mm_v 5t _w
L 9t 5 3 Fie Ly ©
,. % | i
mmm 3 51 ; 012 t Lo
: Wi ! L] — ;
: W :
L
- ® o
@) | _ _
| | I
_ | e | !
“ _ « 1+
st <
L




Chapter 3: Def-BD of Bridges with Energy Dissipation in the Piers

3.3.2 Modelling issues and numerical evaluation of dynamic response

Nonlinear dynamic analysis required in the case of Def-BD for both design (83.3.5) and assessment
(83.3.6) purposes was carried out applying the unconditionally stable implicit Newmark constant
average acceleration method (Carr 2004a) within the RUAUMOKO suite, i.e. RUAUMOKO 3D (Carr
2004b) and DYNAPLOT (for post-processing of analysis results, Carr 2004c), while SAP2000 (CSI
2009) was also used for additional verification. Analyses were performed using an integration time
step equal to 0.005 or 0.01s after trial analysis, and accounting for the effect of geometric
nonlinearities (P-4 analysis). The system damping matrix was constructed by adopting (after some
pilot analyses) the Rayleigh proportional damping model based on tangent stiffness to avoid
overestimation of damping following the yielding of piers (Carr 2004b).

Appropriate nonlinear three-dimensional beam-column (i.e. ‘frame type’) members that in
general follow the concept of the Giberson one-component (lumped plasticity) model, were
introduced in the finite element model to simulate the inelastic response of the piers (Fig. 3.8). The
modified Takeda degrading-stiffness hysteresis rules (Carr 2004b) with unloading and reloading
parameters of a = 0.5 and b = 0, respectively, were adopted as also assumed in MDDBD (Kappos
et al. 2013) for the estimation of the member equivalent viscous damping (Dwairi & Kowalsky
2006), disregarding strength degradation (a common assumption in seismic design of new bridges,
Chapter 1) and axial force vs flexural yield moment interaction (i.e. N-M,) since there are no
changes in axial force that affect the yield moments related to the transverse response of this
straight bridge (Fig. 3.7).
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Fig. 3.7 Modified Takeda degrading-stiffness hysteresis model

Pier strength and stiffness characteristics, required to describe the strength envelope of the pier
plastic hinges and the SP limit values for member deformations (83.3.5), were obtained through
M-¢ analysis with the aid of the computer program RCCOLA.NET (Kappos & Panagopoulos 2011)
adopting the model of Kappos (1991) for confined concrete, the model of Park & Sampson (1972)
for reinforcing steel, and accounting for the performance criteria presented in Table 3.1, i.e. yield
characterised by ¢ = ¢y, concrete spalling by ¢ = p(ec = 3.5-4%o), (the ¢ = p(es = 15%0) operationality
criterion was also considered but never found critical), hoop yielding by ¢ = ¢(ecwy) Where &cwy
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corresponds to the concrete strain at the yielding of the transverse reinforcement (Goodnight et al.
2016), and ‘ultimate’ response characterised by the minimum of the curvatures associated with
hoop fracture (Paulay & Priestley 1992), drop of concrete strength to 0.85f;, fracture of the
longitudinal reinforcement (at a steel strain of g5, = 90%o), and buckling of compression bars (Papia
& Russo 1989, Paulay & Priestley 1992). Bilinear approximations of the moment-curvature curves
were based on the equality of areas under the ‘exact’ and the bilinear M-¢ curves. Shear
deformations were approximately considered by adopting a reduction factor of the shear stiffness
GA; (G: shear modulus of concrete, As: shear area of concrete section) equal to the ratio of the
flexural stiffness at yield (y) to the initial stiffness of the gross (g) section El,/Ely (E: concrete
modulus of elasticity, I: moment of inertia) (Priestley et al. 1996, Kappos 2015b).

The elastomeric bearings present at the abutments were modelled using linear 2-joint springs
(‘spring type’ members’ in RUAUMOKO, ‘link’ elements in SAP2000) with six independent
deformations (i.e. 1 axial, 2 shear, 2 flexural and 1 torsional internal springs); a detailed
presentation of the modelling assumptions along with the definition of mechanical properties of
bearings is provided later in 85.3.2 for the general case of bilinear hysteretic isolators, noting that
the variability of design properties (85.3.3) is disregarded herein in line with code prescriptions for
using low damping rubber bearings (LDRB) in non-isolated bridges (e.g. CEN 2005a).

The bending moments of the deck under the maximum considered seismic action (83.3.5) were
found in general lower than the deck cracking moments derived from M-¢ analysis (86.2.5), hence
the deck was modelled using linear three-dimensional beam elements with flexural stiffness
corresponding to the gross sections (83.2.4). The different sections of the deck (i.e. D1, D2, D3,
D4) (Fig. 3.6, Fig. 3.8, Fig. A.2) were initially modelled in the ‘built-in’ SECTION DESIGNER utility
of SAP2000 (CSI 2009) to obtain stiffness properties, which were in turn assigned to the relevant
linear beam elements. In deck elements where the relevant properties varied along the element
length (due to the variable deck geometry, Fig. 3.6, Fig. 3.8), mean properties of the ‘end-sections’
were adopted in RUAUMOKO 3D and ‘non-prismatic’ elements with linear variability of properties
in SAP2000. The torsional stiffness of the deck was set equal to 20% of the uncracked section
torsional stiffness to approximately account for cracking due to torsion (Katsaras et al. 2009). In
accordance with the adopted PO of ordinary bridges and type of deck-to-abutment connection (Fig.
3.2, Table 3.1), abutments were not included in the analysis model and the required clearance (i.e.
the width of the gap in Fig. 3.8) between the deck and the seismic links of piers and abutments was
treated as a design parameter (i.e. non-activated abutment-backfill system). Connectivity of the
deck to the abutments (through the LDRB) and the piers was modelled according to Fig. 3.8, using
rigid constrains and considering the height of the bearings (h;) and the eccentricity of the deck mass
centre. During the mass discretisation (deck translational mass m lumped at end-joints of deck
elements), one third of the pier column mass was included in relevant deck joints (Fig. 3.8)
according to Priestley et al. (1996). Soil-structure interaction phenomena were ignored (similarly
to Kappos et al. 2013) as they were deemed to be minor in this bridge. The reference finite element
model (Fig. 3.8) involved in total 32 three-dimensional frame and spring elements.
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3.3.3 Target spectra

The EN1998-1 ‘Type 1’ (CEN 2004b) 5%-damped elastic spectrum was selected as the basis for
seismic design corresponding to site conditions ‘C’ (Fig. 3.9). However, a significant modification
compared to the Eurocode elastic response spectrum was made in line with recent research findings
(e.g. Weatherill et al. 2013); the corner period defining the beginning of the constant displacement
response range of the spectrum was set equal to Tp = 4.0 s as a more representative value of high
seismicity regions compared to Tp = 2.0 s, the recommended value in EN1998-1. The adopted
period is also in line with the early SEAOC (1999) recommendations, and equals the minimum
value in ASCE/SEI 7-16 (ASCE 2016) that specifies values up to 16s. This modification, apart
from being in line with recent research findings, was adopted in Kappos et al. (2013) as necessary
for the MDDBD to be meaningful in the sense that short corner periods lead to small displacement
values in the period range that is common in the direct displacement-based design method (which
involves secant stiffness values at maximum displacement) and hence leads to conservative design
(82.2.2, Kappos et al. 2012a).
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Fig. 3.9 1D target design horizontal acceleration S,/PGA (left) and displacement S;/PGD (right) response
spectra for site conditions ‘C’ and different return periods 7z

The value of the probability of exceedance Py in T, years of a specific level of the seismic action
is related to the mean return period Tr of the same action in accordance with the expression of Eq.
(3.2);

T
To=—— L 3.2
" In(1-R) (32)
Assuming that the seismic action is defined in terms of the reference peak ground acceleration
(PGA) iigorer (CEN 2004b), the value of the modification factor SFeq (the importance factor
according to EN1998 terminology) multiplying the reference seismic action to achieve the same
probability of exceedance in T. as in Ty years for which the reference seismic action is defined,
can be estimated as;

3§
tE)

CITY 62



Chapter 3: Def-BD of Bridges with Energy Dissipation in the Piers

l
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Substituting T and Ty e from Eq. (3.2) in Eq. (3.3), provides an analogous expression of SFeq with
respect to the mean return periods Tr and Tr ref;

ly (Tar 1%
SFEQ: _ g0 z( R,refj (3.4)

ugO,ref TR

The value of the k exponent in Egs. (3.3), (3.4) expresses the slope of a linear (in logarithmic
space) approximation of the hazard curve at the site ranging between 1.5 and 4.5; its exact value
depends on both the seismicity of the region (values increasing as the seismicity increases) and the
spectral ordinate considered (decreasing values at longer periods) (Weatherill et al. 2013); herein
a constant value of 2.4 was adopted while the corresponding SFeq (Eq. (3.4)) was uniformly applied
to the reference target spectrum (Fig. 3.9) whenever a seismic action of different probability level
was sought, assuming a constant shape of the target spectrum regardless of the intensity of the
earthquake (§83.2.3).

A reference return period of Tr.rer = 475yrs was selected along with two different seismic hazard
zones (Z) associated with PGAs of 0.21g (ZI1) and 0.31g (ZI11) roughly corresponding to seismic
zonation in Greece (Kappos et al. 2013). It is noted that the zone associated with low seismicity
areas (ZI) was not investigated due to complications relevant to the application of MDDBD
(82.2.2). Three different seismic action levels (EQ) were subsequently defined for Tr = 90 (EQII),
475 (EQII), 2500 yrs (EQIV), resulting in the following PGAs (iig) for each seismic zone
according to Eq. (3.4);

3.3.4 Representation of seismic action

In the examples presented in §3.3.5 (i.e. at the design stage) ground motion was represented by
natural records, following the Eurocode (EC) 8 preferred (and common) approach of seismic action
representation when recorded accelerograms satisfying relevant selection criteria are available.
Selection and scaling of natural records (used in Steps 2, 3 of the Def-BD method, 83.2) followed
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the EN1998-1 (CEN 2004b) and EN1998-2 (CEN 2005a) requirements along with a ‘structure-
specific’ selection criterion (described in the following), and was performed with aid of the ISSARS
software (Katsanos & Sextos 2013) that utilises the Next Generation Attenuation Strong-Motion
database, PEER-NGA (Chiou et al. 2008). In the case of Zone 11, 18 eligible pairs of seismic events
were initially selected by adopting as preliminary search criteria a moment magnitude My, = 6.5-
7.0, epicentral distance R = 10-25 km, site conditions ‘D’ according to the NEHRP provisions
(FEMA 2009) (roughly equivalent to subsoil class ‘C* in CEN 2004b), and a PGA of 0.21-0.42g.
It is noted that values of PGA were set in the previous range as a means to select ground motions
with acceleration ordinates that would yield scaling factors close to 1.0 for EQIIL.

The selected accelerograms were used as seed motions to form 31824 eligible suites of seven
records scaled according to EN1998-1 by a single (i.e. global) scaling factor SFec so that the mean
spectrum of each suite of records was not lower than 0.9 times the target spectrum within the period
range 0.2T1~1.5T; (T:: fundamental period along the transverse direction of the bridge) as
prescribed for bridges (in EN1998-2), using either the H1 or the H2 set of horizontal components
(i.e. notation used in the database of Chiou et al. 2008 to identify components). Suites of records
were subsequently ranked according to the similarity of spectra (those of the selected motions to
the EQIII target spectrum), as quantified by the normalised root-mean-square-error RMSEn
(Katsanos & Sextos 2013). The number of records per suite was selected equal to seven, to reflect
the minimum computational effort commonly required by codes worldwide in order to allow design
of members using the mean estimate of the response. Yet, the selection of the suite of records
adopted in the design was additionally based on a maximum accepted variability in the pier
displacement response introducing a ‘structure-specific’ selection criterion with a view to
improving the reliability of the mean response prediction (i.e. by suppressing the variability in the
response) since the uncertainty of the input motion is already incorporated in the definition of the
target spectrum (Katsanos & Sextos 2013). A limit value of the standard error of the mean (SEM)
equal to 15% was adopted assuming a two-sided Student-t probability density function and 90%
confidence level. Calculated SEM values were based on the results obtained from linear response
history analysis of the bridge under the 18 eligible events. Although this procedure is automated in
ISSARS, the software does not provide the option to assess SEMs on the basis of NLRHA that is
expected to result in increased standard error values (83.3.6). The issue of whether a limited number
of natural records is deemed adequate to provide reliable estimates of mean response is discussed
in more detail in the next chapter addressing isolated systems (i.e. Chapter 4) where a slightly
different scaling procedure was adopted in an attempt to constraint efficiently the variability of
NLRHA displacements (i.e. the critical response quantity for the isolation system) following a
simpler approach (84.2.2). Herein (i.e. §3.3), the mean response derived at the design stage from
NLRHA using the previously described selection criteria and scaling procedure was compared
during the assessment stage (83.3.6) with the mean response derived from nonlinear dynamic
analysis under a number of artificial records that were able to suppress the standard error within
15%.
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Regarding the case of Zone Ill, although a more refined approach would require a ground
motion selection based on different criteria (e.g. higher values of magnitude and PGA), the suite of
records adopted in the design was selected from the bin of the 18 eligible pairs of seismic events
used in Zone 11 for the sake of simplicity, and with a view to investigating how the final design is
affected by a higher level of seismic action, disengaged from parameters associated with the
differentiation of preliminary selection criteria; this inevitably led to a higher scaling factor
compared to Zone 1.

Since only the transverse response of the bridge is considered, implementation of the EN1998-
2 scaling procedure within the same period range (i.e. 0.2T1~1.5T;), wherein the ensemble 5%-
damped elastic spectrum calculated from the SRSS spectra of all time histories is compared with
1.3 times the target spectrum, results in practically the same values of scaling factors. The above
selection and scaling procedure resulted in the suites presented in Table 3.2 and Table 3.3
(addressing also the PEER-NGA unique record sequence number RSN identification code) that

Table 3.2 Peak ground acceleration (PGA), velocity (PGV), displacement (PGD), and Arias intensity (la) of
selected suite of natural records (Zone I1); unrotated (as-recorded) SFec-scaled H2 components

SFgc X H2 Component

Earthquake . Repi  SFec PGA PGV PGD I a
Region  Year My
No. RSN Name (km) ) (9) (m/s) (m) (mv/s)
1 6  Imperial Valley-02 USA 1940 6.95 1299 0254 0352 0.258 1.674
2 165 Imperial Valley-06 USA 1979 6.53 18.88 0301 035 0.153 1.663
3 185 Imperial Valley-06 USA 1979 6.53 1981 0261 0589 0378 1179
4 189 Imperial Valley-06 USA 1979 653 1243 118 0599 0366 0065 3834
5 995 Northridge-01 USA 1994 6.69 23.61 0424 0324 0.036 2.809
6 996 Northridge-01 USA 1994 6.69 16.99 0287 0353 0.056 1.183
7 1107 Kobe JP 1995 6.90 24.20 0408 0327 0114 2364
MinimumValue 653 1243 0254 0324 0036 1179
MaximumValue 6.95 24.20 0599 0589 0378 3834
Mean 0362 0.381 0.151 2101
1.20 : 0.50
BN T T — Nat (H2) ]
1.00 - —Mean (H2) 0.40 -
] —Target (EQrer) ]
. 080 ] --—-0.9(EQref) _0.30 -
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Fig. 3.10 Spectral matching of response acceleration (left) and displacement (right) EN1998-2-scaled mean
spectra to the target spectrum (PG4 of 0.21g, site ‘C’, Tr gomr) for the adopted suite of SFec-scaled
natural (Nat) records considering H2 components (SEMpie,=13.2%, SEMpier2=13.5%)
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exhibit the spectral matching depicted in Fig. 3.10 and Fig. 3.11 for Zones Il and 11, respectively,
considering the H2 set of horizontal components; although RMSEn was found lower in the case of
the H1 components, H2 was finally adopted, due to the superiority of this particular set with regard
to the established confidence level of structural response (i.e. lower SEM values in pier
displacement response). Ground motion intensity and energy characteristics of the SFgc-scaled
records presented in the tables incorporate the site (‘C’) amplification effect (i.e. intensity
parameters are comparable to Sc = 1.15 times the peak ground characteristics of the target spectra)
and apply higher spectral accelerations in the short periods of the considered 0.2T;~1.5T; range
compared to the target spectrum.

As previously mentioned, the primary objective during the assessment stage (83.3.6) was the
evaluation of the mean response of the bridge under a seismic excitation that matches as closely as
feasible the ‘design excitation’ (i.e. the target spectra) rather than the accurate estimation of the

variability in seismic response around this mean. Considering also that the overestimation of the

Table 3.3 Characteristics of selected suite of natural records (Zone I11); unrotated (as-recorded) SFec -scaled
H2 components

SFgc X H2 Component

Earthquake . Repi SFec PGA PGV  PGD Ia
Region  Year My
No. RSN Name (km) ) (9) (m/s) (m) (m/s)
1 6 Imperial Valley-02 USA 1940 6.95 12.99 0.388 0537 0393 389
3 185 Imperial Valley-06 USA 1979 653 1981 0399 0899 0577 2743
4 189 Imperial Valley-06 USA 1979 653 1243 0914 0559 0.099 8921
2 313 Corinth GR 1981 660 1992 181 0534 0457 0128 2774
5 949 Northridge-01 USA 1994 669 11.10 0556 0418 0191 3.820
6 996 Northridge-01 USA 1994 669 16.99 0438 0538 0.086 2753
7 1107 Kobe JP 1995 690 24.20 0.622 0499 0173 5501
MinimumValue 6.53 1110 0.388 0418 0.086 2743
MaximumValue 6.95 24.20 0914 0899 0577 8921
Mean 0550 0558 0.235 4.344
1.20 : 0.50
rrrrrrrrr Nat (H2) l
1.00 —Mean (H2) 0.40
——Target (EQref) |
. 080 1 A ~~=0.9(EQrer) . 030
2 0.60 1} | Aed 3 |
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Fig. 3.11 Spectral matching of response acceleration (left) and displacement (right) EN1998-2-scaled mean
spectra to the target spectrum (PG4 of 0.31g, site ‘C’, T gonr) for the adopted suite of SFec-scaled
natural (Nat) records considering H2 components (SEM pieri=12.3%, SEMpieri=14.7%)
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Fig. 3.12 Spectral matching of response acceleration (left) and displacement (right) mean spectra to the target
spectrum (7x £oir) for the suite of artificial records and two different seismic zones

equivalent number of cycles at the peak displacement, commonly associated with the use of
artificial records, was not found to have a significant effect on the peak response (lervolino et al.
2010) when degradation of strength in energy dissipating zones is disregarded (83.3.2), NLRHAs
were performed for each design case (Zone I, I11) using five artificial records (identical to those
used to assess the MDDBD approach in Kappos et al. 2013). The accelerograms were selected
from a set of 10 records generated with the computer program ASING (Sextos et al. 2003) to fit the
elastic design acceleration spectra associated with EQIII (Zone I1), and scaled appropriately when
a different PL or seismic zone was considered. The spectral matching of the suite of artificial
records to the target spectrum is presented in Fig. 3.12. It should be noted that the adopted analysis
format (i.e. adoption of natural records at the design stage and artificial records at the assessment
stage) serves the objectives set in this investigation and does not represent by any means a
restriction specific to the suggested methodology, which can be applied irrespective of the type of
record selection and scaling procedures (83.2.3).

3.3.5 Application of the Def-BD procedure

Step 1: A standard RSA was performed to provide the strength of the members (energy dissipation
zones) that are expected to respond inelastically under EQII having a relatively high probability of
exceedance (approximately 40% in 50yrs) according to the ‘ordinary bridge’ performance
objective adopted herein (Fig. 3.2). The S-factor related to the required performance of the structure
under the selected earthquake level (83.2.2) was taken equal to 0.75. Pier stiffness was estimated
on the basis of yield condition in the pier by taking into account the effects of axial load ratio as
per Fig. 3.4, considering axial load from service loading (quasi-permanent combination), and
assuming a minimum longitudinal reinforcement ratio p; of 10%.. An effective flexural stiffness
equal to 43% and 39% of the gross section was obtained for piers in Zones Il and I11, respectively
(different diameter is used in each zone, see next steps).
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The strength of the selected dissipation zones (i.e. the base and top of piers) was estimated
taking into consideration the range within which the inelastic deformations should fall, which
corresponds to the degree of damage allowed according to the SP2 ‘operationality’ criteria
(associated with EQII in ordinary bridges). The allowable rotational ductility factors ugse Were
estimated according to Eq. (3.1), where the index ‘SP’ indicates a deformation or ductility factor
limit value associated with SP2 at this stage. Assuming an ‘operationality’-related concrete strain
between 3.5 and 4.0%o, psp> Was derived from relevant charts, proposed by Kowalsky (2000), ¢y
and Ly were obtained from Egs. (3.8) and (3.9) respectively (Priestley et al. 2007), whereas heq Was
estimated from the results of RSA; the same equations were used in Kappos et al. (2013). Updated
and more accurate values of strains, curvatures, chord rotations and ductility factors corresponding
to specific PLs were computed in Step 2. ug.sp Was found equal to 1.65 and 1.55 for Pier 1 and Pier
2, respectively, for Zone Il design, and 1.58 and 1.48 for Zone I1l. Finally, the allowable strain of
the bearings in the specific PL was assumed equal to 1.0 (Table 3.1).

@y =225 Sy/Dp (3.8)

f
Ly =k-h+0.022- -0, k= 0.2-[f—“—1j <0.08 (3.9)

y

Following the design process described in §3.2.2, elastic chord rotations e were related to the
corresponding inelastic ones (i.e. Ginat), Using an empirical magnification factor of 1.22 as
recommended by Bardakis & Fardis (2011a). The reduced pier yield (design) moments, implicitly
related to the flexural demand under EQI (Fig. 3.2, Table 3.1) that correspond to the yield state of
the bridge, were calculated according to Fig. 3.5(left). The more accurate procedure for defining
the pier design moments illustrated in Fig. 3.5(right) was not used since the pertinent combination
of permanent and transient actions does not affect the transverse response of the bridge considered
herein.

Using standard design aids for flexure with axial loading and design values for strength of
materials, Step 1 yielded in the case of Zone Il a longitudinal steel ratio of 10.4 %o for each pier
column, with a diameter of 1.2m. It is worth noting that a 1.5m diameter was considered as a
starting point for the case of Zone I, corresponding to the design outcome of the MDDBD method
(83.3.1); however, since the longitudinal reinforcement demand was found to be less than 10%o
(actually less than 5%o) and the shear strain of the elastomeric bearings was less than 1.0, the
diameter was gradually reduced to 1.2m. As noted in §3.2.2, this type of iterations is not inherent
to the methodology; in fact, it is associated with the decision to adopt as a starting point the outcome
of the MDDBD methodology regarding the geometry of the piers (83.3.1). The resulting design
quantities are shown in Fig. 3.13, Fig. 3.14 (D-RSA case) and in Annex A (i.e. Table A.1, ‘Design-
RSA’ column). Uoy-y, My, Oy« in the figures represent relative displacements of the deck along the
transverse axis of the bridge y-y, pier bending moments and chord rotations about the longitudinal
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axis x-x, respectively (Fig. 3.8). Likewise, for Zone Il (Table A.2), wherein a 1.7m diameter was
selected, the design process yielded a longitudinal steel ratio of 12.5%. and 9.5%o, accompanied by
a minor exceedance (i.e. 7%) of the bearing strain limit at the right abutment (i.e. Abt 2 in Fig. 3.6),
noting that a larger diameter of column would result in substantially lower pi.

Step 2: A partially inelastic model of the structure was set up according to §3.2.3, 3.3.2. Assuming
a code minimum transverse mechanical reinforcement ratio (i.e. wwmin = 0.18, according to
EN1998-2), the strength and the effective stiffness of the dissipating zones, based on mean values
for material properties and the p; computed in Step 1, were defined through M-¢ analysis (8§3.3.2).
Refined deformation limits (i.e. curvatures and curvatures ductility factors) based on the allowable
strains associated with SP2 requirements (83.3.2, Table 3.1) were subsequently calculated in this
step. It should be noted that a strict approach requires the definition of different bilinear M-¢ curves
under different PLs for the same section and detailing, due to the adopted bilinearisation criterion
(i.e. equality of areas under the ‘exact’ and the bilinear curve) and the relevant allowable strains,
that result in different yield conditions and post-elastic slope of the bilinear curve. Nevertheless,
for the sake of simplicity and to avoid the definition of different PIMs in cases wherein the pier
longitudinal reinforcement ratio is not differentiated during Steps 2 and 3, the yield state (i.e. My,
¢y) and the post-elastic slope derived from a single approximation of the ‘exact’ curve based on the
minimum transverse mechanical reinforcement ratio py, were assumed constant, adjusting only the
relevant SP curvatures (associated with the allowable material strains). Apart from reducing the
computational effort during analysis, the above simplification is not expected to yield significantly
different results since a bilinear curve based on an allowable concrete strain of & = 3.5%o (i.e. SP2)
would yield a lower My, but also a lower ¢, compared to the case when the minimum py is
considered providing a larger allowable SP2 ductility limit under EQ(SP2). In a similar context,
the adoption of a larger (than the minimum) ratio pw at Step 4, that can be 2~3 times the minimum,
further reduces the SP2 ductility limit but also provides some additional flexural strength,
decreasing the deformation demand under EQ(SP2).

Inelastic dynamic analyses of the bridge were performed under the suite of records of Fig. 3.10
and Fig. 3.11 scaled to the level of seismic action associated with EQII. ‘Operationality’
verifications included specific limits for maximum curvature and chord rotation ductility factors in
the case of piers, and specific strain limits in the case of the elastomeric bearings as per Table 3.1.
Limits of chord rotation ductility factors were computed based on the refined yield and SP
curvatures (resulting from the M-¢ analysis), and the estimation of the pier equivalent cantilever
heights according to the results of the NLRHA; the latter were calculated as the mean of the span
ratio values observed in the piers during the seven RHAS at the time step each member enters the
inelastic range (i.e. when the bending moment at the critical section first reaches the yield moment).
Key results are discussed after the following step.

Step 3: Inelastic dynamic analyses were run for the same accelerograms, now scaled to EQIII. SP3
verifications also included limits for maximum curvature and chord rotation ductility factors for
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columns, and strain limits for elastomeric bearings adopting a shear strain limit of 2.0. EN1998-2
(CEN 2005a) imposes the same deformation limit on the maximum total design strain under the
‘design earthquake’ (i.e. EQIII) which is associated with the combined effect of seismic design
displacements ugq (including effects of torsional response around a vertical axis), long-term
displacements due to the permanent and quasi-permanent actions ug (e.g. prestressing after losses,
shrinkage, creep), and displacements due to thermal actions ur. Nevertheless, its adoption
exclusively for the seismic design displacement should not be deemed incompatible since, in the
transverse direction considered herein, ug and ur are equal to zero, while the value of ugqg at the
level of the deck soffit does not include a contribution from the rotation of the deck end section.

The displacement profiles obtained from the design Steps 2 and 3 (denoted with D in the figures)
are also illustrated in Fig. 3.13, whereas in Fig. 3.14, Fig. 3.15 chord rotation demands resulting
from the design procedure (D-NLRHA) are compared with the target deformations (SP). Further
design quantities, i.e. effective stiffness, curvature and displacement ductility factors, column drifts,
pier equivalent cantilever heights and elastomeric bearing strains, are presented in companion
tables provided in Annex A (i.e. Table A.1, Table A.2). Displacements and deformations presented
in the aforementioned figures and tables as the nonlinear case (NLRHA) are mean values calculated
from pertinent quantities recorded in the structure during the seven RHAs, at the time step each
member enters the inelastic range (yield state) and at the time step of maximum response.

It is evident that the performance requirements associated with the ‘operationality’ SP2 criteria
control the design while excellent agreement is found between target deformations and design
quantities resulting from NLRHA. This is mainly due to the consistent assumptions made for pier
stiffness; simplifications in defining bilinear curves provided demand quantities that are on the side
of safety. In the case of Zone Il, further reduction of the column diameter aiming at bringing the
demand closer to the deformation limit at the location of Abt 2 would render critical the design
under the quasi-permanent combination of ‘non-seismic’ actions. A slight exceedance of the target
deformations under EQII is observed at the base of Pier 1 (Fig. 3.14(left)); however, since the
relevant curvature (or chord rotation) corresponds to a compressive concrete strain that is equal to
4%, (i.e. within the range of accepted values in Table 3.1), it was deemed appropriate to proceed
the design to the next step without increasing the pier longitudinal reinforcement. With regard to
the performance of Pier 2 (for Zones Il & Il1), a decrease of p (that would result in improved
convergence) was omitted due to the adopted minimum ratio (i.e. 10%o). It is also worth noting that
in the case of Zone II, the underestimation of the pier strength during the linear analysis (RSA)
derives from the fact that the S-factor does not account for the increase in strength due to the effect
of the increased axial load ratio ny. Although this indicates the need for considering lower values
of p (e.g. accounting for the ratio fe / fom in cases of high values of ni), minimum reinforcement
requirements preclude their adoption.

SP3 requirements were not found critical in any of the cases studied herein, although the bearing
strains of the Abt 2 were close to the deformation limits (Table A.1, Table A.2: Row No. 20)
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especially in the case of Zone Ill. In fact, pier deformation demands resulting from this PL were
somewhat lower than the deformation limits corresponding to the minimum transverse
reinforcement ratio p considered in Step 2 (Table A.1, Table A.2, Step 3, ‘pwmin” column). In the
tables provided in Annex A, design quantities at the top of the piers are also presented; however,
as expected, these are not critical to the design since the base reinforcement is continued up to the
pier top, according to common practice for low to medium height bridge columns.

Step 4: Design and detailing for shear in Step 4 was carried out using shear forces obtained from
NLRHA under EQIII, implicitly related to those corresponding to the EQIV seismic action through
appropriately selected magnification factors. In the case of Zone I, pier shear forces are not
expected to increase under EQIV, due to the elastic-perfectly plastic bilinear approximation of the
M-¢ curves (Fig. 3.14, Fig. 3.15) derived from moment-curvature analysis, and the fact that piers
exhibit inelastic behaviour at both ends (i.e. base and top) under EQIII. Nevertheless, a
magnification factor SF, of 1.10 was applied to account for the increase in flexural strength due to
the expected increase of the transverse reinforcement ratio py associated with the shear and
confining requirements of Step 4 (recall that a minimum ratio of transverse reinforcement was
considered so far, assumed in Step 2). Regarding Zone I11, a factor of 1.20 was used to account for
the strain-hardening effect (Fig. 3.14, Fig. 3.15) considering an increase of x, in V-u diagrams equal
to SFeav (EQ. (3.7)). Pier shear design for the two seismic zones was performed according to the
EN1998-2 (CEN 2005a) provisions using design values for material properties and assuming yug =
1.0 (i.e. the safety factor against brittle failure) as a means to avoid over-conservatism introduced
mainly from neglecting the shear ‘carried by concrete’ (Isakovi¢ et al. 2008a); the transverse
reinforcement was found to be governed by the confinement requirements apart from the case of
Pier 1 in Zone I11.

Detailing of piers for confinement was carried out with due consideration of the expected level
of inelasticity (quantified by x,) under EQ(SP4) (Fig. 3.2). A magnification factor SF, equal to 2.0
was used to implicitly relate the curvature ductility demands derived from Step 3 to those expected
under EQIV. The magnification factor was set equal to the expected increase of w, (i.e. SFeqwv)
(rather than that of u,) as the latter was found to provide more reasonable approximations of
inelastic demand as discussed in the following. Using the yield curvatures calculated in Step 2, the
expected curvatures associated with EQIV were defined as ¢ueqiv = uy,z01v - @y and subsequently
associated with anticipated ultimate concrete strains ecy according to the moment-curvature
analysis results of Step 2. The required transverse reinforcement ratios were then easily obtained
as a function of the ultimate concrete strains in accordance with the stress-strain model adopted in
Step 2 (i.e. Kappos 1991, §3.3.2). The above procedures (i.e. shear, confinement requirements)
yielded transverse reinforcement ratios of pwpier1 = 12.4%o, pw,pier 2 = 10.6%0, and pw,pier 1 = 13.2%o,
pw,pier2 = 10.4%o for Zones Il and 111, respectively.
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The same magnification factor (i.e. SF,q = 2) was also used to check that the bearings do not
exceed their ultimate deformability based on stability criteria according to Eqg. (3.10) (Constantinou
etal. 2011);

, AGRSI'
Ny =PGRS (3.10)
R

In the empirical Eqg. (3.10), N¢' is the buckling load of a bearing with bolted plates subjected to
combined compression and lateral deformation, 4 depends on the assumption for the value of the
rotational modulus of the elastomeric bearing (A = 2.25 for rectangular or square bearings), Gr is
the nominal shear modulus of the elastomer, S is the shape factor of the bearing, ' is the radius of
gyration of the bonded area of the elastomer (+'2 = I'/ A', where I" is the moment of inertia and 4’
the bonded area of the bearing, i.e. the area of the steel reinforcing plates), Ap i the reduced
bonded area defined as the overlap between the top and bottom bonded elastomer areas of the
laterally deformed bearing (hence a function of the bearing strain), and tr is the total thickness of
the elastomer. A more detailed presentation of elastomeric bearing verifications is provided in
85.3.5.1 for the general case of seismic isolators.

Considering the transverse response of the rectangular bearing (details of the bearings can be
found in 8§3.3.1) mounted with the longer side parallel to the transverse direction of the bridge (to
minimise the rotational restraint in the longitudinal direction) and equating the buckling load with
the axial load of the bearing under EQIII implicitly related to EQIV by a magnification factor of
1.30 (the expected increase in the axial load of bearings can be approximated from the results of
the RSA performed in Step 1), the previous relationship was re-ordered to derive the ultimate
bearing strain (Table A.1, Table A.2: Row No. 30, ‘SP4’ column), that was in turn compared with
the bearing strains recorded under EQIII and multiplied by SF,, = 2.0. Similarly, EN1337-3 (CEN
2005b) adopts Eq. (3.10) to check the buckling stability of bearings under the ‘design earthquake’
(corresponding to EQIII) incorporating a safety factor of about 2 (for rectangular bearings). It is
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Fig. 3.13 Response spectrum (RSA) and nonlinear response history (NLRHA) peak displacement demands
Up,-y, derived from design (D) and assessment (A) under EQII, EQIIL, EQIV for Zone II (left) and
IIT (right)
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Fig. 3.14 Moment (M,.,) vs. chord rotation (6,.,) demand curves (RSA, NLRHA) derived from design (D)
and assessment (A) in the case of Zones II and III, under EQII at the base of Pier 1 (left) and Pier
2 (right), compared with allowable SP2 deformation limits (solid dots)
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Fig. 3.15 Moment (M..) vs. chord rotation (0...) demand curves (NLRHA) derived from design (D) and
assessment (A) in the case of Zones II and III under EQIII at the base of Pier 1 (left) and Pier 2
(right), compared with allowable SP3 deformation limits (solid dots)
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Fig. 3.16 Moment (M..) vs. chord rotation (0y.) demand curves (NLRHA) derived from design (D)
(explicitly calculated) and assessment (A) in the case of Zones II and III under EQIV at the base
of Pier 1 (left) and Pier 2 (right), compared with allowable SP4 deformation limits (solid dots)
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clear that in the case of Zone Il (Table A.2), SP4 are the critical performance requirements given
the exceedance of the deformation limit observed at the location of the right abutment under EQIV
(yqeQiv = 3.9 > yq.5p4 = 3.0). In principle, a designer should opt for an upgrade of the displacement
capacity of the (low-cost) elastomeric bearings (while maintaining their horizontal stiffness); on
the other hand, an increase of the column diameter would penalise (in terms of cost) the flexural
and shear design of piers under EQII, 1V (i.e. adoption of minimum reinforcement ratios, increase
of shear forces) and distort NLRHA results derived from the previous step (hence requiring
iterations, Fig. 3.1b). Herein, the above solution (i.e. upgrade of bearings) is not adopted for the
sake of consistency in the design results of Def-BD and MDDBD; it is noted that the bearings of
the right abutment are the critical elements (i.e. govern the design) in both approaches.

Although not required by the suggested procedure (83.2.5), the seismic demand deriving from
explicitly considering the effects of EQIV is presented in Fig. 3.13, Fig. 3.16 (and Table A.1, Table
A.2: ‘Design-NLRHA’ column); these values were determined from NLRHA assuming that EQIV
is characterised by twice the spectrum of EQIII (Eqg. (3.7)). Attention is finally drawn to the fact
that the EQIV deformation demand (D-NLRHA) in Fig. 3.16 (and Table A.1, Table A.2) is not
followed by an SP4 limit deformation, since the demand calculated at this stage of design is used
directly for detailing the piers for confinement in Step 4 (i.e. SP limits cannot be calculated prior
to detailing).

From the design quantities presented in the figures and summarised in the Annex A tables, it is
seen that the pier ductilities resulting from explicit analysis are higher than the demand estimated
implicitly through magnification factors (i.e. ‘SF-Step 3° column in Annex A tables), or else, the
increase of deformation ductilities is larger than the considered SFeqiv. The above indicates that an
explicit consideration of EQIV by magnifying the ground motions associated with EQIIl may lead
to a more conservative design compared to the implicit magnification of response resulting from
analysis under EQIII. Given that implicit design procedures should yield more conservative results
compared to explicit analysis, the previous remark may be seen as an inconsistency of the method.
Nevertheless, it simply points to the fact that the calibration of magnifications factors was made to
obtain the peak response derived from assessment procedures accounting for the final design
configuration of the structural elements (i.e. modification of yield properties attributed to final
detailing and increased transverse reinforcement), using artificial records closely matching the
design spectrum, and resulting in general to a safe design as demonstrated in 83.3.6.

3.3.6  Assessment of design

Assessment of the designs presented in the previous section was carried out in order to evaluate
the efficiency of the proposed design procedure for the three different PLs associated with SP2,
SP3, and SP4 requirements under EQII, EQIII, and EQIV, respectively, using the artificial records
presented in 83.3.4. Moment-curvature analyses based on mean values for material properties and
the final detailing of reinforcement according to the results of 83.3.5 were performed for each pier
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section (83.3.2) updating the deformation and ductility factor SP limits. The assessment focused
mainly on whether the critical response quantities recorded during the design stage were close to
those estimated at the assessment stage and whether the design can be deemed as safe, i.e. if the
values resulting from analysis at the assessment stage are below the ‘refined” SP limits.

In Fig. 3.13-Fig. 3.16 (supplemented by Table A.1 and Table A.2) mean response quantities of
interest derived from the assessment procedure (denoted with A in the figures) are compared with
those computed during the design (D) in the cases of Zones Il and I11. An overall agreement of
deformation demand can be observed between design and assessment, more so in the case of EQII,
where the piers enter the inelastic range without developing large deformations (as dictated by the
SP2 requirements). The largest difference between design and assessment quantities is noted under
EQIV (explicit case) in the area of Abt 1 and Pier 1, wherein large inelastic deformations develop,
with differences decreasing in the area of Pier 2 and Abt 2. These differences imply that some
conservatism is introduced during design. The overestimation of deformation demand in the case
of explicit analysis (compared to the assessment case) is associated with the adoption of code-type
linear scaling procedures (e.g. EN1998-2) that do not set an upper limit of spectral deviation to the
mean (or the individual record) spectrum (Sextos et al. 2011) resulting in higher spectral ordinates
over a broad period range (Fig. 3.10, Fig. 3.11); recall that the limit of 0.9 in §3.3.4 represents a
threshold value applied to the mean spectrum. The above conservatism can be mitigated or further
amplified by the increased variability in seismic response (quantified by the standard error
measure), which in turn results from significant deviations of the individual record spectra from
the target spectrum (related to the application of a single scaling factor as per EN1998), and from
large inelastic deformation demands. Apart from ‘poor’ estimates of mean response (i.e. of low
reliability, Shome et al. 1998) further practical complications may be induced, e.g. the problematic
definition of mean response when both elastic and inelastic quantities are involved (discussed later
in 85.3.6.2), as opposed to the assessment stage wherein response quantities are expected to be less
affected by the adopted scaling procedure and the increased variability.

To quantify the introduced conservatism and assess its significance, the mean displacement
demand at the top of Pier 1 under EQIV, derived from each possible suite of n = 3, 5, and 7 artificial
records formed out of the initial bin of 10 records, is plotted against the normalised root-mean-
square-error RMSEn (representing the ‘goodness-of-fit” of each suite) in Fig. 3.17. It is seen that
the suite of 7 natural records used at the design stage (represented by a solid line since its RMSEn
corresponds to a value in the order of 0.15 located beyond the RMSEn -axis limit) predicts
reasonably well the mean displacement, providing an estimate located at the upper part of the
sample-means obtained from the alternative suites of artificial records. In this regard, the ‘structure-
specific’ selection criterion regarding the limitation of the response variability (assessed on the
basis of linear RHA) was able to prevent unrealistic mean response values (Sextos et al. 2011).
Yet, the increased associated standard error values due to the vibration of the bridge in the inelastic
range (~30% in Fig. 3.18) indicate that the selected suite estimates the mean response with less
confidence compared to artificial suites of 5 records. In the latter case values of SEM are
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constrained below 15%, associated in most cases with lower sample-means as illustrated in Fig.
3.17 (more clearly in the case of n = 3 records). In any case, improved mean estimates can be
attained from natural records by (i) setting upper spectral deviation limits, (ii) increasing the
number of records, and/or (iii) selecting records based on ‘structure-specific’ criteria evaluated on
the basis of NLRHA. Nevertheless, adopting the third approach in combination with the EN1998
scaling procedures is prohibitive due to the significantly increased computational effort involved,;
e.g. investigating the range of standard error values derived from all possible suites of 7 records
formed out of a bin with 10 eligible events would require 840 nonlinear dynamic analyses (due to
the 840 different scaling factors) in contrast to the 10 NLRHAS used to construct the relevant chart
in Fig. 3.17.

Mean response quantities derived at the assessment stage under EQIV were found closer to the
design quantities implicitly estimated from NLRHA results under EQIII through magnifications
factors; although the implicit approach cannot capture significant modifications of the dynamic
characteristics of the bridge due to the increased inelastic deformations, as indicated by the
different shape of displacement profiles in Fig. 3.13(left), it resulted in better approximations of
the peak response indicating the efficiency of the selected SFs (83.3.5). Regarding the structural
performance evaluation of the bridge at the assessment stage, the design was found to be safe, in
that the bridge response satisfied the SP deformation limits associated with the relevant PLs (even
in the case of EQII-Zone Il where a slight exceedance of the deformation limit was observed during
design at the base of Pier 1), since the deformation demand derived from the assessment procedure
was in general lower that the one derived at the design stage. Only in the case of the SP4 assessment
verifications (under EQIV and Zone I11) a minor exceedance of the deformation capacity (~6%)
was recorded at the base of Pier 2 (Fig. 3.18(right)). Similar conclusions are drawn with respect to
the shear strength, the confinement requirements and the bearing strains (the exceedance of bearing
strains at Abt 2 under EQIV-Zone 11 was discussed in 83.3.5).

Apart from the introduced conservatism during the design, the reduced deformation demand
(compared to the relevant deformation capacity) in the EQII-Zone 111 assessment case (Fig. 3.14)
is also ascribed to the bilinear approximation of the moment-curvature curves at the design stage
(based on the equality of areas under the ‘exact’ and the bilinear M-¢ curve) that included a post-
elastic branch with a non-zero slope and thus entailed a lower (effective) yield moment (deriving
from the consideration of a minimum py in Step 2). In this case, a zero post-elastic slope of the M-
@ curve is expected to lead to smaller discrepancy between design and assessment quantities (as in
the case of Zone I1). Nevertheless, in the example studied herein, the adoption of elastic-perfectly
plastic curves in Zone I11 would not result to a substantially different design output since an attempt
to reduce pi during design (aiming to match more closely the deformation limits) would be
obstructed by the adopted minimum reinforcement requirements. Despite these minor differences
in the verifications between design and assessment, both stages indicate the SP2 ‘operationality’
criteria as the critical ones for the flexural design of the piers in both seismic zones. Highlighting
a deficiency of code-type (force-based) design procedures to satisfy ‘operationality’ requirements
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by defining ‘strength’ on the basis of ‘life-safety’ verifications (in general described by the SP3
requirements in Table 3.1), this outcome also implies that following an ‘occasional’ seismic event,

significant repair costs may be required in bridges designed according to the minimum
requirements set by codes.

Zone I, EQIV (n=3)

suite of natural records

0.08 | | | | | |
0.02 0.03 0.04 0.05 0.06 0.07 0.08
RMSEn
0.32 0.32
— ] Zone 1I, EQIV (n = 5) f ] Zone II, EQIV (n=7)

0.28 r 0.28 r
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Fig. 3.17 Sample-mean estimates of Pier 1 displacements uy,., (dots), confidence intervals (error bars in red),
target variability (i.e. £15%, dashes) and mean of sample-means (red line) derived from NLRHA
under EQIV considering suites of n=3, 5, 7 artificial records versus RMSERn, also compared with
ug derived from RHA under the suite of 7 natural records (black line)

]
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Fig. 3.18 SEM of peak pier displacements uy,., (dots) derived from linear (left) and nonlinear (right) RHA
under EQIV versus RMSEN, considering alternative suites of 5 artificial records, also compared

with SEM(uy) values derived from RHA under the suite of 7 natural records used in design (D-Pier
1,2)
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3.4  Closing Remarks

A deformation-based design procedure initially developed for seismic design of buildings was
tailored herein to bridge structures, aiming at efficient structural design for multiple performance
levels through the control of a fairly broad range of design parameters and the aid of nonlinear
dynamic analysis. To this purpose, required extensions and/or modifications to the version of the
method developed for buildings (Kappos & Stefanidou 2010) were presented.

The key issues in this respect were the proper consideration of the intended plastic mechanism
in the case of bridges under the relevant PLs, allowing yielding of the piers instead of the
superstructure, and also the design of the bearings (which are typically not used in buildings, except
in isolation schemes). Improvements including the preliminary estimation of pier stiffness,
strength, and expected inelastic response on a member-by-member basis in Step 1, along with the
inelastic modelling of dissipating zones, and the estimation of allowable deformation limits and
confinements requirements on the basis of refined section analysis in subsequent steps (i.e. Step 2
to Step 4), represent novel features of the methodology that were feasible mainly due to the smaller
number of dissipating elements compared to the generally large number of beam plastic hinges in
buildings. Further modifications, addressed specific bridge engineering aspects such the proper
(and simplified, compared to buildings) definition of required strength in dissipating zones, the
expected elastic response of the deck, and the explicit treatment of elastomeric bearings (i.e.
required verifications and consideration of appropriate deformation limits). Finally, an integrated
performance-based design framework was set by introducing different performance objectives
explicitly accounting for the importance of the bridge under investigation, and properly adapting
the relevant performance requirements.

The validity of the suggested procedure was verified by applying it to an actual bridge
previously used as a case study for a different performance based-design approach (Kappos et al.
2013). The following conclusions were drawn based on the application of the methodology and the
evaluation of design for two different seismic zones adopting the ‘ordinary bridge’ performance
objective:

* Regarding the application of the Def-BD method, SP2 ‘operationality’ criteria governed the
flexural design of the piers in both seismic zones considered. Excellent agreement was found
between target deformation quantities and seismic action effects resulting from NLRHA under
EQII, due to the consistent assumptions made for pier stiffness, while adopted simplifications
in defining bilinear curves provided demand quantities being on the side of safety. SP3
verifications were not found to be critical, resulting in deformation demands similar to
deformation limits that corresponded to code requirements for minimum transverse
reinforcement. On the other hand, EQ(SP4) (i.e. EQIV for ordinary bridges) imposed critical
(with respect to stability) deformations at the elastomeric bearings.

» Assessment of the two designs by NLRHA using artificial records closely matching the design
spectrum associated with each PL, revealed that the suggested design procedure predicted well
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the structural response generally resulting in safe design, in the sense of respecting the relevant
deformation limits with only occasional and marginal exceedances. Adopting a ‘structure-
specific’ ground motion selection criterion by constraining the variability of elastic responses
prevented a significant overestimation of peak inelastic response quantities, commonly
introduced during design when code-type scaling procedures are applied to natural records over
a large period range without setting an upper limit to the maximum deviation from the target
spectrum.

At both the design and assessment stages, the criticality of ‘operationality’ requirements was
confirmed in defining the flexural strength of the piers, revealing at the same time an inherent
weakness of code-type procedures commonly assuming that relevant requirements are met

when strength is estimated on the basis of ‘life-safety’ verifications.

Limited iterative effort using linear analysis was required during the first step of the procedure,
wherein the initially selected diameter of the piers was gradually reduced to ensure that the
required longitudinal reinforcement ratio p; was higher than the adopted minimum ratio pimin.
This is a standard iterative process aiming at cost effective design of the piers irrespective of
the adopted design methodology.
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Chapter 4
Direct Estimation of Peak Seismic Response in
Reduced-DOF Isolation and Energy Dissipation Systems

4.1 Introduction

A methodology for the development of generalised design equations (GDES) capable of providing
direct estimates of peak inelastic response (i.e. without requiring iterations) in reduced degree-of-
freedom (RDOF) isolation and energy dissipation systems is presented in this chapter. The starting
point is a procedure previously proposed by Ryan & Chopra (2004a, b) for bilinear hysteretic
isolation systems, disregarding any source of viscous damping; it involves first the normalisation
of the dynamic equation of motion with a view to uncoupling the (normalised) response from the
level of seismic intensity and minimising the dispersion in peak normalised relative displacements
i and total accelerations Up, and second the development of design equations by statistically
processing nonlinear response history analysis results derived from the previous step.

In contrast to the Ryan & Chopra (20044, b) methodology where the key idea is to diminish the
effect of the record-to-record intensity variability within an ensemble of motions characterising a
specific seismic scenario (i.e. moment magnitude My, closest distance to the ruptured area Ryyp),
and hence estimate the peak response with higher confidence, uncoupling the normalised response
from seismic intensity is seen herein from a different perspective, i.e. the reliable estimation of
peak inelastic response under different performance levels (PLs) associated with hazard levels
expressed as a single target spectrum (common frequency content) but scaled to different
intensities. In this respect, the suggested methodology includes the following modifications and
advancements compared to the Ryan & Chopra (2004a, b) approach:

» Extension of the field of application to a wider range of seismic isolation systems that may
consist of linear and bilinear isolators (e.g. low or high damping elastomeric bearings
(LDRB/HDRBS), lead-rubber bearings (LRBs), flat sliding bearings (FSB) and friction
pendulum bearings (FPBs)), supplementary energy dissipation devices (i.e. linear (LVVDs) and
nonlinear viscous dampers (NLVDs)), as well as combinations thereof, hence covering most

isolation schemes commonly used in modern bridges.

+ Derivation of generalised design equations for the direct estimation of inelastic response under
code-compatible spectra in terms of both peak relative displacements uo and total accelerations
Uo, since the maximum force of the isolation and energy dissipation system (mUo) is not directly
associated with up due to the introduction of viscous dampers (VDs).

» Derivation of GDEs for two-degree-of freedom (2DOF) systems accounting for linear viscous
damping and bi-directional excitation.
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» Use of GDEs to identify ‘near-optimal’ characteristics of the isolation and energy dissipation
system.

* Integration of ‘design principles’ by means of using design (target) spectra (code-type or site-
specific) and code-compatible scaling procedures; herein the EN1998-1 (CEN 2004b) design
spectrum with some modifications is adopted.

In this context, an analysis framework is first presented in 84.2 including the definition of target
spectra associated with different PLs, alternative representation of seismic actions, modelling
issues and statistical processing procedures. The dynamic equation of motion is then normalised to
reduce the number of design parameters that significantly affect the response. The sensitivity of
normalised response quantities to the seismic intensity is investigated via extensive parametric
nonlinear dynamic analysis of isolated single-degree-of-freedom (SDOF) systems with linear
viscous damping (84.3); regression analysis is finally employed to develop GDEs. The
aforementioned procedure is further extended to address nonlinear viscous damping in 84.4, and
the effect of the transverse component of seismic action in 2DOF systems under bidirectional
excitation in 84.5.

The design equations provided in this chapter strictly refer to the EN1998-1 ‘Type 1’ spectrum,
and isolation systems consisting of elastomer-based isolators; nevertheless, the procedure was fully
automated within the MATLAB (Mathworks 2016) code IDEC (Isolation Design Equations Code)
to facilitate the development of GDEs in different cases. Considering that GDEs can be extracted
for prescribed target spectra and provided as ready-to-use design tools, the suggested procedure
represents an alternative to equivalent linearisation approaches commonly adopted by codes, and
as such, it can be implemented either on a ‘stand-alone’ basis in isolated bridges with stiff
substructure and insignificant torsional effects, or for preliminary design purposes in more complex
systems and design procedures. Herein, the methodology presented in this chapter is incorporated
in the Def-BD methodology of seismically isolated bridges for the preliminary design of the
isolation-energy dissipation system and the substructure (i.e. Step 1 in §5.2).

4.2  Analysis Framework

4.2.1 Target spectra

Any type of design spectrum (code-type or resulting from site-specific hazard analysis or zonation
study) can be used as the target spectrum. Herein the EN1998-1 ‘Type 1° (CEN 2004b) 5%-damped
elastic spectrum was selected as the basis for seismic design under unidirectional excitation
(denoted as 1D) (Fig. 4.1). The corner period defining the beginning of the constant displacement
response range of the spectrum was set equal to Tp = 4.0 s as a more representative value of high
seismicity regions compared to Tp = 2.0 s (the recommended value in EN1998-1) in line with
83.3.3. Identifying the importance of displacements in the design of isolated bridges, EN1998-2
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(CEN 2005a) allows similarly the specification of a Tp value that is longer than the value prescribed
in the National Annex to EN 1998-1 (CEN 2004b).

Assuming that the seismic action is defined in terms of the reference peak ground acceleration
(PGA) tigo,ref (CEN 2004b), the value of the modification factor SFeq required to scale the reference
seismic action with a return period Tr . to a different period Tr was calculated according to §3.3.3
(Eq. (3.4)). Similarly to 83.2.3, the shape of the design spectrum was assumed the same regardless
of the intensity of the earthquake. The previous assumption enables the use of the same design
equations irrespective of the performance level (PL) under consideration, since, as it will be shown
in 84.3-4.5, the formulation of GDEs depends on the frequency content rather than the intensity of
the target spectrum.

S,/ PGD

.T(S).

Fig. 4.1 Reference 1D target design horizontal acceleration S,/PGA (left) and displacement S;/PGD (right)
response spectra for different site conditions (SFrp=1.0, T ~=475yrs)

The target spectrum under bidirectional excitation (denoted as 2D) was represented by the
square root of the sum of squares (SRSS) of the target spectra per horizontal direction assuming
unidirectional excitation, resulting in V2EQ for the reference seismic action (Fig. 4.3) in line with
EN1998-2 (CEN 2005a). Although this may be considered a rather conservative approach, it was
selected herein with a view to assessing the expected increase in uo, Uo when records are scaled
according to EN1998-2 (84.5.3).

Generalised design equations presented in 84.3-4.5 strictly refer to a frequency content
associated with site conditions ‘C” (site amplification factor Sc = 1.15) (Fig. 4.1, Fig. 3.9) and a
period range of 1.0~5.0 s, somewhat extended compared to the range of practical interest in the
design of isolated bridges (1.5~4.0 s); however, the procedure was fully automated within a
MATLAB (Mathworks 2016) code that can derive GDES for ‘user-defined’ target spectra and period
range, provided that a relatively small number of spectrum-compatible acceleration records is
specified (84.2.3).
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4.2.2 Representation of seismic action

Nonlinear response history analyses (NLRHASs) presented in the following sections were
performed under different ensembles of artificial and natural records. Artificial accelerogram
generation was based on the Gasparini & Vanmarcke (1976) approach using the Saragoni & Hart
(1974) envelope function with a total duration (t,) of 25s and time step (dt) of 0.01s. Three
alternative suites were generated (Seismosoft 2016) to fit the reference target spectrum (Fig. 3.9),
namely, Art A (Annex B, 8B.1.1), Art B (Fig. 4.2), and Art C (8B.1.1), consisting of 5, 10, and 20
artificial records, respectively (Table 4.1); the records were properly scaled using SFeq to represent
seismic actions associated with different return periods.

Table 4.1 Peak ground acceleration (PGA), velocity (PGV), displacement (PGD), and Arias intensity (la) of
artificial excitations; individual records (left), suites of records (right)

No. PGA (g) PGV (m/s) PGD (m) I (m/s)  Set PGA (g) PGV (m/s) PGD (m) I (mVs)

1 1 H1 0240 0.301 0.165 1.037 A 1,2,4,58 Hl

2 2 H1 0240 0.320 0.142 1.355 Min: 0.240 0.266 0.139 0.948
3 3 H1I 0240 0.320 0.128 1.106 Max: 0.240 0.355 0.165 1.355
4 4 HL 0240 0.355 0.139 0.948 GM: 0.240 0.309 0.149 1.163
5 5 H1 0240 0.309 0.158 1.247 B 1-10 H1

6 6_H1 0240 0.290 0.126 0.927 Min: 0.240 0.266 0.123 0.927
7 T7_H1 0240 0.299 0.138 1.210 Max: 0.240 0.355 0.165 1.355
8 8 HL 0240 0.266 0.142 1.283 GM: 0.240 0.302 0.138 1.136
9 9 H1 0240 0.301 0.123 1.053 C 1-20

10 10 H1  0.240 0.270 0.127 1.290 Min: 0.240 0.261 0.104 0.927
11 1 H2 0241 0.372 0.171 1.162 Max 0.241 0.372 0.171 1.578
12 2. H2 0.240 0.279 0.108 1.297 GM: 0.240 0.307 0.137 1.209

13 3 H2 0240 0201 0132 1320 D H1 1-10_H1(x 1.13)

14 4 H2 0240 0261 0139 108  Min: 0271 0301 0140 1186
15 5 H2 0240 0320 0139 138  Max 0272 0401 0187 1735
16 6 H2 0240 0323 0130 1545 GM: 0272 0342 0156 1455
17 7. H2 0240 0302 0151 1367 D_H2 1-10_H2 ( x 0.85)

18 8 H2 0241 0330 013 1125 Min: 0204 0221 0088  0.783
19 9 H2 0240 0307 0163 1112 Max 0204 0315 0145 1136
20 10 H2 0240 0342 0104 1578 GM: 0204 0264 0115 0927

To investigate the effect of the transverse component of seismic action in bidirectional
excitation using artificial records, an additional suite (Art D) was formed by arranging the
previously generated acceleration histories in 10 pairs of horizontal components (H1, H2). In line
with the concept of principal axes (Penzien & Watabe 1974) described later in the section (for the
case of natural records), each pair was characterised by a near-zero correlation coefficient (8B.1.1)
and an intensity ratio of the horizontal component spectra equal to 0.75 according to Lépez et al.
(2006) for far-field ground motions and long vibration periods (i.e. >1.5s). Consistency to the target
spectrum V2EQ for bidirectional excitation (§4.2.1) was established by scaling H1 and H2
components with the scaling factors SFu1=1.13SFeq and SFu, = 085SFgq that maintain the adopted
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intensity ratio (Fig. 4.3). In addition, it was ensured that the ensemble spectrum (i.e. the geometric
mean GM of the SRSS spectra of the individual records) was not lower than 0.9 times the 2D target
response spectrum (CEN 2005a), in the entire period range (i.e. 0~5.0 s). Ground motion intensity
and energy parameters for individual records and suites of records are presented in Table 4.1.
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Fig. 4.2 Spectral matching of response acceleration (left) and displacement (right) geometric mean (GM)
spectra to the 1D target spectrum (PGA of 0.21g, site ‘C’, Tryer) for Art B suite of artificial records
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Fig. 4.3 Spectral matching of response acceleration (left) and displacement (right) geometric mean (GM)
spectra to the 1D component (PGAy; of 0.24g, PGA» of 0.18g, site ‘C’, Tg ) (top) and 2D (PGA:zp
of 0.30g) (bottom) target spectra for the Art D suite of SFy-scaled artificial records
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Selection and scaling of natural records aimed at forming a suite for assessment purposes with
a mean spectrum that matches as closely as feasible the target spectrum while suppressing the
variability in structural response, since the uncertainty of the input motion is already incorporated
in the definition of the target spectrum (Katsanos & Sextos 2013). Considering the target spectra
described in 84.2.1, eligible pairs of seismic events were initially selected from the PEER NGA-
West 2 (http://ngawest2.berkeley.edu/) database (Ancheta et al. 2013) excluding records
containing long velocity pulses.

Adopted preliminary search criteria were moment magnitude My, = 6.5~7.0, closest distance
from the record site to the ruptured area Rny, = 20~40km, average shear wave velocity to a depth
of 30 m Vs 30 = 180~360 m/s (corresponding to site conditions ‘C’ of EN1998-1, CEN 2004b), and
lowest usable frequency 0.2 Hz (corresponding to a period of 5.0 s). The sample of eligible events
was further constrained by assessing the similarity of spectra of the selected records to the target
spectrum over the entire period range; the overall fit was quantified herein by the mean-square-
error (MSE) of the differences (summed over the period range) between the spectral accelerations
of the record S."' (or the SRSS spectrum of the pair of records S,°**%) and the 1D (or 2D) target
spectrum S,"9, computed using the natural logarithms of spectral accelerations as per Eq. (4.1).
SFuse in the same equation represent the local (i.e. per record or pair of records) scaling factors
that minimise MSE over the considered period range according to Eq. (4.2);

MSE = Zi:{w(Ti )[ln(s;afg (T0))~In(SFyse - 85758 (T, ))T} /iZW(Ti) (4.1)

InSFyse = | w(T;)In (S50 (T;)/85/5°% (7;)) | /Z.: w(T,) (42)

In Egs. (4.1) and (4.2), w(T;) is a function allowing consideration of weights to different parts
of the target spectrum; equal weights (i.e. w(Ti) = 1) were applied in the corner periods within the
selected range of 0~5.0 s. Adopting an allowable SFuse of 0.7~2.5 and employing the above
procedure initially for the H1 components (Ancheta et al. 2013) and subsequently for the pairs of
horizontal components of the NGA preliminary selected pairs, resulted in the suite of 16 eligible
records presented in Table 4.2, Fig. 4.4, and Table 4.3, Fig. 4.5, for analysis under uni- and
bidirectional excitation, respectively.

In the case of bidirectional excitation, the horizontal components of selected events shown in
Table 4.3 were rotated into their principal axes defined as the axes along which the two horizontal
components are uncorrelated (i.e. r = 0) and assumed statistically independent (Penzien & Watabe
1974). The major principal axis (1) is defined as the one parallel to the major principal component
(HI), i.e. the component with the larger Arias intensity, as opposed to the minor principal axis (I1)
and component (HII) associated with the smaller Ia. The counter-clockwise rotation angle 0 < 6=
< 90° (Table 4.3) (for which the correlation coefficient between two (unrotated) acceleration
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Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

histories is zero) and the rotated acceleration histories, were calculated according to Rezaeian &
Der Kiureghian (2012) (8B.1.1).
Ground motion intensity and energy characteristics of the SFuse-scaled records presented in

Table 4.2 and Table 4.3 incorporate (similarly to the data of Table 4.1) the site (‘C”) amplification

effect (i.e. intensity parameters are comparable to Sc = 1.15 times the peak ground characteristics

of the target spectra) and present a good overall match to the relevant values derived in the case of

Table 4.2 Characteristics of natural records; unrotated (as-recorded) SFuse-scaled H1 components

SF mse x H1 Component

Earthquake . Rwp SFmse PGA PGV  PGD Ia
Region  Year My
No. RSN Name (km) ) g) (ms) (m) (m/s)
1 68 SanFernando USA 1971 661 2277 117 0262 0254 0186 0.923
2 176 Imperial Valley-06 USA 1979 653 2198 225 0266 0363 0246 1.392
3 761 Loma Prieta USA 1989 693 3985 203 0389 0259 0122 1281
4 772 Loma Prieta USA 1989 693 3049 254 0340 0321 0098 1.681
5 776 Loma Prieta USA 1989 693 2793 075 0278 0474 0243 1.257
6 778 Loma Prieta USA 1989 693 2482 105 0283 0466 0207 0.8%
7 1008 Northridge-01 USA 1994 669 2974 249 0247 0340 0134 1417
8 1057 Northridge-01 USA 1994 669 3174 218 0313 0334 0.096 1569
9 1100 Kobe JP 1995 690 2485 150 0330 0318 0.119 1.300
10 1110 Kobe JP 1995 690 2478 127 0273 0345 0137 2025
11 4840 Chuetsu-oki JP 2007 680 2945 251 0228 0326 0202 2203
12 4849 Chuetsu-oki JP 2007 680 2218 128 0324 0563 0.176 1.388
13 4853 Chuetsu-oki JP 2007 680 2790 138 0290 0480 0.134 1558
14 4883 Chuetsu-oki JP 2007 680 2991 206 0275 0293 0130 1.7%
15 5784 Iwate JP 2008 690 3512 169 0233 0457 0161 1913
16 6953 Darfield NZ 2010 7.00 2455 124 0246 0365 0249 1597
MinimumValue 653 2198 075 0228 0254 0.09 0.894
MaximumValue 7.00 3985 254 0389 0563 0.249 2203
Geometric Mean 0.283 0.363 0.158 1470
1.00
rrrrrrrr Nat (H1)
0.80 - —GM (H1)
—GM (H1) +EC
0.60 —Target (EQrer)
@ T O-Q(EQref) ’§
o> 0.40 :,?
0.20 -
0.00 — 1 ‘ 0.00 ‘ ‘ ‘ ‘

2.0

3.0 4.0

T(s)

1.0

2

0 30
T(s)

4.0 5.0

Fig. 4.4 Spectral matching of response acceleration (left) and displacement (right) geometric mean (GM) and
EN1998-2-scaled geometric mean (GM+EC) (SFrc=1.05) spectra to the 1D target spectrum (PGA
of 0.21g, site ‘C’, Tr ) for the adopted suite of SFuse-scaled natural (Nat) records considering H1
components
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artificial records, noting however, their superiority in terms of both intensity and energy (PGV, la).
Finally, according to the Eurocode (EC) 8 requirement, the ensemble spectra depicted in Fig. 4.4
and Fig. 4.5 were scaled by a global (i.e. per suite) scaling factor SFec (equal to unity in the case
of artificial records) to ensure that their spectral values are not lower than 0.9 times the target
spectra (CEN 2005a) over the entire period range (i.e. 0~5.0 s); SFec was found equal to 1.05 in
both cases of target spectra (1D, 2D) associated mainly with relevant exceedances in the short (i.e.

Table 4.3 Characteristics of natural records; rotated SFmse-scaled HI & HII components

SF umse % HI Component SF mse % HII Component
Earthquake 0,—o SFmse PGA PGV PGD Ia PGA PGV PGD Ia
No. RSN Name (deg) () (9) (ms) (m) (ms) (9) (ms) (m) (ms)
1 68 SanFermmando 213 161 0356 0328 0239 1850 0282 0326 0.158 1.102
2 176 Imp.Valley-06 423 247 0295 0466 0241 1854 0258 0414 0186 1.458
3 761 Loma Prieta 484 237 0435 0430 0232 2115 0305 0272 0169 1473
4 772 Loma Prieta 304 247 0275 0308 0.099 1624 0274 0416 0117 1500
5 776 Loma Prieta 89.1 072 0267 0454 0231 1152 0128 0.224 0.143 0.408
6 778 Loma Prieta 27 087 0238 0307 0123 0788 0.231 0383 0.176 0.609
7 1008 Northridge-01 206 249 0443 0309 0.086 1.816 0248 0268 0141 1.358
8 1057 Northridge-01 134 209 0305 0323 0106 1481 0156 0343 0159 0.869
9 1100 Kobe 410 162 0259 0234 0201 1530 0310 0369 0171 1.508
10 1110 Kobe 76 125 0275 0341 0140 1957 0159 0259 0.129 0.858
11 4840 Chuetsu-oki 625 187 0350 0519 0158 1520 0177 0276 0132 1.139
12 4849 Chuetsu-oki 439 110 032 0556 0172 1171 0209 0276 0078 0.874
13 4853 Chuetsu-oki 633 115 0344 0576 0148 1865 0163 0230 0.084 0.888
14 4883 Chuetsu-oki 476 186 0267 0263 0117 1742 0231 0241 0084 1128
15 5784 Iwate 671 140 0178 0377 0102 1348 0.157 0.243 0147 1.106
16 6953 Darfield 03 09 0213 0539 0467 1200 0190 0280 0.189 0.947
MinimumValue 03 072 0178 0234 0.08 0788 0.128 0.224 0.078 0.408
MaximumValue 89.1 249 0443 0576 0467 2115 0310 0416 0189 1.508
Geometric Mean 0293 0381 0162 1519 0210 0295 0.137 1.022
1.00 0.60
rrrrrrrr Nat (SRSS) ]
080 —GM (SRSS) 050 -
—GM (SRSS) +EC ]
060 — Target (1L4EQer) 0.40 1
= --- 0.9(1.4EQrer) € 030 1
= =
v 0.40 1 s 0.20
0.20 1 0.10 -
0.00 ‘ ‘ ‘ ‘ | 0.00 ~£— | | |
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
T(s) T(s)

Fig. 4.5 Spectral matching of response acceleration (left) and displacement (right) geometric mean (GM) and
EN1998-2-scaled geometric mean (GM+EC) (SFec=1.05) SRSS spectra to the 2D target spectrum
(PGA:p of 0.30g, site ‘C’, Tgy) for the adopted suite of rotated and SFmse-scaled natural (Nat)
records
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0.1-0.2s) and long (> 4.0 s) period range. In view of the previous considerations, the scaling factor
SF per record and considered probability of exceedance is determined as per Eg. (4.3) attempting
to reduce the variability of responses through SFwse as opposed to the ‘structure-specific’ selection
criterion used in 83.3.4.

The design (or target) value of peak ground velocity (PGV) ugo, required during the development
of generalised design equations, was selected herein equal to the geometric mean of PGVs of the
records included in Art B suite (i.e. 0.302m/s for Tr = 475yrs, SFgo = 1). The above decision was
driven first from the fact that the selected value was close to the mean PGV derived from
relationships proposed in recent research studies (varying from 0.244 to 0.345 with a mean of
0.301m/s, 8B.1.1) compared to the rather unconservative estimate provided by EN1998-2 (CEN
2005a) and the Ttalian Code (NTC 2008) (i.e. 0.225m/s, 8B.1.1), and second, from a prerequisite
of the methodology presented in 84.3-4.5 to use records with an ensemble spectrum that closely
matches the target spectrum in terms of shape and PGV, noting that further scaling of records
aiming at a target PGV that is significantly different from the geometric mean of PGVs of the
selected records would distort their ‘goodness-of-fit’ presented in Fig. 4.4; the issue is further
discussed in §4.3.2.

4.2.3 Modelling issues and numerical evaluation of dynamic response

Response history analyses (RHAS) according to 84.3-4.5 were performed using the unconditionally
stable implicit Newmark constant average acceleration method (Carr 2004a); the procedure was
fully automated with the development of the MATLAB (Mathworks 2016) code IDEC that enables
parametric nonlinear dynamic analysis of RDOFs using RUAUMOKO 3D (Carr 2004b) and
DYNAPLOT (Carr 2004c¢) in batch mode, post-processing of results involving data collection,
statistical processing (84.2.4), regression analysis, development of generalised design equations
(84.3.3), and diagram plotting, with average time of less than 5s per analysis and post-processing
of a single case, using an 8 GB RAM 2.20 GHz quad core processor.

A bilinear hysteretic and a dashpot element were used to model the inelastic force-displacement
response of isolators and viscous dampers according to Fig. 4.6 and Fig. 4.7, respectively. The
restoring shear force (V) of the bilinear isolator can be described by Eq. (4.4), where u(t) represents
the displacement history, k, the post-elastic stiffness, and Vo is the shear resistance of the isolator
at zero displacement (i.e. the characteristic strength in US terminology). z(t) is a hysteretic
dimensionless parameter of the Bouc—-Wen model (Wen 1975, 1976) governed by the evolution
equation (4.5) (i.e. a function of u, «, and the initial stiffness k); defining the fraction of the applied
Vo (maxima of +1) or else the ‘yielding history’ (Ryan & Chopra 2004b), |z(t)| = 1 when the system
enters the inelastic range and |z(t)| < 1 otherwise (i.e. elastic response). uy in Eq. (4.5) represents

[
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the yield displacement and s controls the smoothness of the transition from the elastic to the

inelastic range in the force-deformation relationship; for s = 8 a sharp transition is obtained. For Vo

equal to zero the hysteretic response collapses to linear behaviour with stiffness equal to k, (Fig.

4.6);
k s
p_— - 28770 SO
/it L u 5
/0/‘ /},@’ eff / i ke:kp E
U Uty i
=i
2u,, Ep,=0
Fig. 4.6 Force-displacement response of bilinear hysteretic (left) and linear (right) isolator
V(1) =Voz(t) +kpu(t) (4.4)
. 1 (. 1,. 1 1.
z=u—[u(t)—5|u(t)|z(t)lz(t)ls —Eu(t)|z(t)|s) (4.5)

y

The behaviour of the bilinear isolator is intrinsically determined by three parameters, which can

be selected as Vo, uy, and k,. The yield displacement of the isolation system was reported in earlier

studies (e.g. Makris & Chang 2000, Makris & Vassiliou 2011) to have a minor impact on the

maximum inelastic response; herein a constant value associated with different groups of yielding

isolators was introduced similarly to Ryan & Chopra (20044, b) in order to capture more accurately

the peak response, and at the same time limit the complexity of the proposed generalised design

equations (84.3-4.5). In addition, uy was considered constant for different values of the post-yield

stiffness kp (i.e. instead of assuming a constant ratio of ke / kp) resulting to an initial stiffness that is

directly proportional to the yield strength (Vy) according to the suggestion of Ryan & Chopra

(2004b). Therefore, Eqgs. (4.6), (4.7) were used to express k. and Vy as functions of Vo, kp, and uy

for modelling purposes;

Ke :V—°+kp
Uy

Vy =keuy
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Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

Finally, the hysteretic energy Epn dissipated per cycle at the maximum displacement uo
(represented by the area of the hysteresis loop in Fig. 4.6) is given as;

Epn =N (Up Uy ) :4(Vyu0 _VUOUV) 4.9)

Fig. 4.7 Force-displacement response of linear (a=1) and nonlinear (a<1) viscous damper under a cycle of
harmonic motion; dampers of equal ¢ (force normalised to the peak damping force) (left), dampers
of equal dissipated energy (force normalised to the peak linear damping force) (right)

The axial force (F) in the general case of nonlinear viscous dampers can be analytically
expressed as a fractional velocity power law as per Eq. (4.9) where cqni is the damping coefficient
(i.e. units of force per velocity raised to the power of a), a is a real positive velocity coefficient
with typical values for seismic applications in the range of 0.1~1 (Christopoulos & Filiatrault 2006,
Di Paola & Navarra 2009), and sgn(-) is the signum function.

Fi (t) = Cq N SN (U(t))|u(t)|a (4.9)

The energy dissipated by the nonlinear damper during a cycle of harmonic motion u = ugsinwt is
determined by Eqg. (4.10) where I'(-) represents the gamma function;

2% (1+ a/2)

a+l_a
T (2+va)

= 7Cq LU @ f (M) (4.10)

L—

Introducing a = 0 and a = 1, Egs. (4.9) and (4.10) collapse to the limit cases of pure friction
(Egs. (4.11) and (4.12)) and linear viscous dampers (Egs. (4.13) and (4.14)), respectively.

FuL (£) = G4 s (U(t)) (4.11)

Ep.v.n =4CH nlo (4.12)
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FL(t)=cq Ut (4.13)

EpvL = ”Cd,LUoza’ (4.14)

The effect of the nonlinear parameter a on the response envelope is illustrated on the left-hand side
of Fig. 4.7 where F /cquo (i.e. F normalised to the peak damper force) is plotted against u = uesinwt.

The response of nonlinear viscous dampers was investigated in this study following the ‘energy-
equivalence’ approach (Lin & Chopra 2002) according to which energy-equivalent dampers are
characterised by two dimensionless and independent parameters; i.e. the parameter a and the
equivalent damping ratio & i, associated with the degree of nonlinearity and the energy dissipation
capacity, respectively. Equating the energy per cycle of harmonic motion of a linear damper (i.e.
Egs. (4.10)) to Eq. (4.14)) yields the damping coefficient cy. of an energy-equivalent nonlinear
damper (i.e. dissipating energy equal to the energy of the linear damper);

(an))l_a

Ca ,NL ZWCM (4.15)

Substituting Eq. (4.15) in Eq. (4.9) yields the damper force of the energy-equivalent nonlinear
damper (Eq. (4.16)) and the associated ratio (i.e. nonlinear to linear) of peak damper forces (Eqg.
(4.17));

(an))l_a . . a
_ (4.16)
Fre (1) T (r.a) Cg,. QN (U(t))u (o)
Fo.nL _ 1 Up® e (4.17)
Foo  f( o)\ Uy

For energy-equivalent dampers of a = 0, 0.2, 0.5, 1, under harmonic motion (i = wUo), Eq. (4.17)
results in the peak force reductions depicted in Fig. 4.7. In the case of an SDOF system under non-
harmonic excitation, the response should be assessed at w = wp (i.e. the system’s isolated
frequency) (Chopra 2012) and the ratio of forces depends additionally on the ratio of the pseudo-
velocity PSV (= uowp) to the peak relative velocity uo.

Considering again the SDOF system of mass m, isolation frequency wp, and a nonlinear viscous
damper of cqnc, the equivalent damping ratio & can be expressed using Eqg. (4.10) and o = wy,
by Eq. (4.18) which reduces in the form of Eqgs. (4.19), (4.20) fora=0and a=1,

Epune  Cane (7, @)
2 —
27K, Up”  2Ma, (Uowp )1 a

SdNL = (4.18)
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SanL = 2Cq N /77K pUg

oL =Cq,L/2May,

(4.19)

(4.20)

In summary, the isolation schemes depicted in Fig. 4.8 can be realised by properly combining

the modelling parameters describing the force-displacement response of the bilinear hysteretic and

dashpot element, i.e. the strength at zero displacement Vo, the post-yield stiffness k, (associated

with the isolation period Tp), the yield displacement uy, the damping ratio ¢ of energy equivalent

dampers, and the velocity exponent a.

Vinax=Vitgg oo Vua=Vo=V,| k0
Vo=0 ke=k, / ike /
Ho / @ “y / Up
(a) (b)

(e) =(atd)

()

Fig. 4.8 Idealisation of force-displacement response of common isolation systems: (a) elastic, (b)
elastoplastic (rigid-plastic if u,—0), (c) elastoplastic with stiffening (rigid-plastic with stiffening
if u,—0), (d) equivalent energy linear (solid) and nonlinear (dashed) viscous, (€) equivalent energy
linear (solid) and nonlinear (dashed) viscoelastic, (f) equivalent energy linear (solid) and nonlinear
(dashed) elastoviscoplastic with stiffening (viscoplastic with stiffening if u,—0)
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4.2.4 Statistical processing of key response quantities

In the following sections, the dynamic response retrieved from analysis of isolation and energy
dissipation systems under a suite of records was characterised by the geometric mean (GM) of
responses under individual records (or pair of records in bidirectional analysis), and the standard
error of the geometric mean (SEGM) estimate employed to assess the reliability of the geometric
mean prediction according to §B.1.2. The central tendency measure of geometric mean is preferred
over the more common arithmetic mean mainly due to its consistency with lognormally distributed
data, i.e. an assumption which was found to be realistic for earthquake response quantities. It should
be noted, nevertheless, that the above decision has a minor effect on results so long as a consistent
definition of the central tendency is adopted both on scaling of accelerograms (84.2.2) and analysis
results processing (Hancock et al. 2008). The standard error of the sample geometric mean estimate
is the standard deviation of the sampling distribution of the geometric mean and represents the
dispersion of sample-means around the true (i.e. the population) geometric mean.

Assuming that the sample size is small (i.e. number of records n < 30), exact confidence
intervals of the geometric mean estimate (GM., GMy) and associated SEGM limits defined as
percentages of the estimated geometric mean (SEGM., SEGMy) can be calculated (§B.1.2) by
considering a CL confidence level and n-1 degrees of freedom df for the two-sided Student-t
probability density function. In the analyses presented in 84.3-4.5, peak absolute seismic response
quantities (i.e. peak relative displacement and total acceleration) are of interest, hence, reported
SEGM (%) values correspond to the upper (and more conservative) confidence interval. For
example, given a sample of n peak relative displacements resulted from dynamic analysis of an
isolated system under a suite of n records (df = n-1), a confidence level of 90%, a sample geometric
mean GM, and SEGM limits equal to SEGM, and SEGMy, then if one were to construct many
response samples of the same n drawn from the same population, and the standard deviation of the
samples remained constant, approximately 90% of the £ SEGMy confidence intervals (which
would differ for each sample) would encompass the true mean (Cox & Hinkley 1974), or in other
words, the sample-mean peak relative displacement is estimated with a confidence band of
approximately + SEGMy (Katsanos & Sextos 2013). A limit value of SEGMy = 15% of GM with
a 90% confidence level was generally adopted herein to assess the accuracy of the mean estimates
rather than introduce an increase in values derived from analysis.

4.3  Isolated SDOF System with Linear Viscous Damping

4.3.1 Dynamic equation of motion

The dynamic equation of motion of an SDOF system is reformed herein with a view to uncoupling
the response from the seismic intensity and thus linearising the structural dynamics problem. The
key advancement in this procedure is the explicit consideration of linear viscous damping as
opposed to earlier studies (Ryan & Chopra 2004a, b, Sayani & Ryan 2009) wherein viscous

3§
tE)

CITY 94



Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

damping was ignored. The considered SDOF system (Fig. 4.9) idealises an isolated straight bridge
with a rigid deck of total mass m under unidirectional excitation. The deck is mounted on a single
isolator of hysteretic force-displacement response and a single LVD representing the combined
response of the bridge isolators and dampers, respectively, while the effect of the substructure’s
stiffness (elastic or inelastic), inertial, and damping characteristics is disregarded.

—_ Viscous
damper u(?)
7] Deck (m) o
Ca

Isolator Vo, uy, k),

— Ce

——g— |
(1)

Fig. 4.9 Idealised SDOF system

Applying the dynamic equilibrium of inertia (f;), elastic (or inelastic) (fs) and damping (fo)
resisting forces at each time instant t according to D ’Alembert’s principle, the differential equation
governing the displacement of the idealised SDOF is written as:

[, 0]+ fo®]+[ fs (1] =0 (4.21)

Substituting in the previous equation the shear force of the bilinear isolator (Eq. (4.4)) and the axial
force of the LVD (Eqg. (4.13)) results in:

[m(t‘j(t) +U, (t))] +[(ce,L +cd,|_)u(t)] +[Voz (. ke, u,0) +kou(t) | =0 (4.22)

() +[((ce,|_ +cqy) /m)u(t)} +[ %02 (1. ke u,t) + @Fu() | =g (1) 4.23)

In Egs. (4.22), (4.23), u(t), u(t), #(t) are the relative displacement, velocity and acceleration of
m, respectively, g is the ground acceleration, and wy is the isolation frequency associated with the
post-elastic stiffness k, and isolation period Tp,. The damping coefficients ce., ca. (EQs. (4.20),
(4.24)) associated with viscous damping originating from the rubber of elastomer-based isolators
(i.e. linear) and LVDs, respectively, represent ‘quantifiable’ sources of damping, hence, they are
kept constant during NLRHA as opposed to ‘unquantifiable’ sources (e.g. inherent damping of
deck and substructure) where the constant parameter should be the critical damping ratio (Ray et
al. 2013).

CoL =2MwpSe ), Cy L =2Mawpdy (4.24)
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It is noted that inherent structural damping is deliberately disregarded on the basis that neither the
deck nor the pier deformations are associated with the u dynamic degree of freedom in the idealised
SDOF (Fig. 4.9) which represents the horizontal relative displacement of the rigid (i.e.
undeformed) deck or else the deformation of the isolation system, excluding the effect (i.e.
deformations) of the substructure.

Vo represents the normalised strength of the hysteretic part of the isolator to the weight of the
superstructure (i.e. the seismic coefficient) according to Eq. (4.25), where Vq is defined in 84.2.3
and g is the acceleration of gravity, and it can be also seen as the acceleration at yield of a rigid-
plastic system with strength Vo;

0=—> (4.25)

z is the dimensionless parameter (Eq. (4.5)), and g is the ground acceleration.

The maximum residual displacement u, under which the system can be in static equilibrium
(Fig. 4.6), corresponding to a shear force of £2V, and representing a system property (i.e.
independent of the excitation), is equal to;

Up =" (4.26)

Dividing Eq. (4.23) by ur and substituting Ce,, C4L, o from Egs. (4.24), (4.25), reduce the equation
of motion in the normalised form of Eqgs. (4.27)-(4.29) (symbols with bars represent normalised
guantities);

ﬁ(t)+[2a)p(cfe‘L+§d’L)J(t)]+[a)§(z(t,ke,u,u)+U(t))]=—(a)g/77a)D)u_'g(t) (4.27)
G(t) =(t)/u,, ut)=u)/u,, T(t)=u(t)/u, (4.28)

(i (t) =g () /Ugo (4.29)

The normalised strength # (Eq. (4.27)), which describes the system strength relative to the PGV
(tigo), is defined according to Eqg. (4.30) where the frequency wp, included to render  a
dimensionless quantity, corresponds to the period Tp marking the transition from the velocity-
sensitive to the displacement-sensitive region of the target spectrum (Fig. 4.1);

2
@pU,
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The characterisation of the isolation system strength by #» along with the consideration of a
constant yield displacement (84.2.3), reduce the governing parameters that influence the response
to the natural period defined from the post-yield stiffness (i.e. the isolation period Tp), the
normalised strength #, and the damping ratio & (= &, + &) of the isolation system, as opposed to
the parameters Tp, Vo, C (= CeL + Cau), Uy, tigo in the non-normalised case of Eq. (4.22). More
specifically, Eq. (4.27) indicates that the normalised response is independent of the seismic
intensity rendering the non-normalised quantities linearly proportional to u, according to Eq.
(4.28). The numerical study in 84.3.2 investigates the validity of the previous statement in typical
isolation schemes with linear viscous damping and explores its practical value in design with the
aid of statistical analysis (84.3.3).

4.3.2 Parametric analysis of SDOF system

The normalised relative displacement and total acceleration response histories u(t) , #(t) can be
found either directly by solving Eq. (4.27) for selected values of &, #, w, (or Tp), and uy, or indirectly
by first solving Eq. (4.22) with values of ¢, Vo, k, corresponding to ¢ #, T, and uy, and then by
calculating the normalised response from Eqg. (4.28). In the latter case, ¢ and k, are given by Eq.
(4.24), (4.31), and V, is calculated from Eqs. (4.26), (4.30) rearranged as Eq. (4.32); Egs. (4.6),
(4.7) are finally required to define the bilinear hysteresis parameters in line with the considerations
of 84.2.3. In all cases, ug represents the scaled PGV of the considered record (not the mean)
according to 84.2.2; for a specific value of 7 this results in a variation of ¥, with seismic intensity
(i.e. per record) according to Eq. (4.30).

kp = 47°m/T ? (4.31)

Geometric means of peak normalised relative displacements i, total accelerations U,
logarithmically transformed response quantities Inii, InUp (i.e. natural logarithms), and non-
normalised relative displacements uo and total accelerations Up under Art B suite (Fig. 4.2) are
presented in Fig. 4.10 for a range of design parameters (i.e. &, = 0.05, &, = 0~0.25, = 0~1.5, T,
= 1~55s). Considering Tp = 4.0 s, the mean PGV for Art B (i.e. g = 0.604 m/s for Tr ~ 2500yrs),
and a range for v from 0.0 to 0.15, Eq. (4.30) leads to an approximate range of # from 0.0 to 1.50;
larger  values are expected if lower seismic intensities are considered, noting however, that in the
latter case low wo values will be normally selected. The yield displacement uy is considered equal
to 1cm representing the yield displacement of elastomer-based hysteretic isolators (e.g. LRBS)
(Ryan & Chopra 2004b) while the viscous damping ratio of the elastomer & and the supplemental
dampers & were dealt as a single variable due to the inherent linearity of the system according to
84.3.1. An issue that requires some further consideration in the case of linear systems (n = 0), is
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the computation of normalised response quantities (Eq. (4.28)); zero strength ( or wo) results in
zero residual displacement ur rendering impossible the derivation of normalised quantities
according to the definitions provided in 84.3.1. The issue was treated numerically by adopting # =
0 when solving Eq. (4.22) and a relatively low value of # equal to 0.01 when calculating the
normalised response as per Eq. (4.28) since the system response was found practically insensitive
to such a small increase of strength. This approach deals also with a different problem associated
with the logarithmic transformation of data with zero values required in §4.3.3.

—o = N W R L 2

T, () 0.1

Fig. 4.10 NLRHA results under Art B suite: GM of peak normalised response (i, 170), log-transformed peak
normalised response (lnito, InUp), and non-normalised response (Up, Up) for PGA=0.42g
(Tg=2500yrs, SFro=2)
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Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

Each surface in Fig. 4.10 represents a three-dimensional spectrum associated with a specific
value of #. Top surfaces (n = 0) corresponding to normalised data are located at a greater distance
compared to the cases of ##0.01 due to the normalisation with respect to a relatively small value
of ur according to the previous considerations. Dispersion d, and hence SEGM, of non-normalised
response depends on the generation and/or scaling approach adopted for the considered suite of
records, while in the case of normalised response the normalization procedure of 84.3.1 is
equivalent, in terms of dispersion, to scaling of records to a common PGV; in other words, if
records were scaled to the same PGV, dispersion and SEGM of uy, ito and U, Us would be identical.

0 7 117 T L 40 e
go\ 35+ PGA=021g §.1§4=0.05 | g\'o\ 35 PGA= 0.21g €,.1€,703 |
s = =0.00
1§30 1 =30f '7:0257
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Fig. 4.11 NLRHA results under Art B suite: SEGM (%) of Uo, Uy (solid) and i, Uo (dashed) for PGA=0.21g
(Tr=475yrs, SFrp=1), PGA=0.42g (Tz=2500yrs, SFro=2), £&=5, 30%, and #=0~1.5
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In Fig. 4.11, SEGM of normalised and non-normalised response estimates are plotted for different
values of &, #, T,. Upper values of SEGM are close to 15% with a 90% confidence level in the case
of io and lower than 10% in the case of U, corresponding to values of dispersion & (Eq. (B.13))
lower than 0.25 and 0.20, respectively, which in turn are lower than ¢ values reported by Ryan &
Chopra (2004b) for bilinear isolation systems disregarding viscous damping (i.e. 0.3~0.6 referring
to normalised displacements). Although such low values of SEGM allow for reliable mean response
estimation, it should be noted that statistical processing of non-normalised response results in
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Fig. 4.12 NLRHA results under Art B suite: GM of iy (left) and Uo (right) for PGA=0.21g (Tr=475yrs,
SFpo=1) (dashed), PGA=0.42g (Tr=2500yrs, SF5p=2) (solid), &=5, 15, 30%, and #=0~1.5
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Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

similar SEGM values (Fig. 4.11) due to the low scattering of artificial spectra around their mean
(and target) values (Fig. 4.2), and the resulting low variability of response estimates (i.e. low &
values).

In view of the previous considerations, the main advantage of the normalisation approach
described in 84.3.1 lies in the fact that the seismic intensity has indeed a negligible effect on the
mean normalised peak response of linear/nonlinear isolation systems with or without supplemental
linear viscous damping as illustrated in Fig. 4.12 and Fig. 4.13 for two different seismic intensities;

7=000 &.+£;=0.05 -

h’lu_()

hld()
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InT
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Fig. 4.13 NLRHA results under Art B suite: GM of Iniz (left) and InUp (right) for PGA=0.21g (Tr=475yrs,
SFpo=1) (dashed), PGA=0.42g (Tr=2500yrs, SF5p=2) (solid), &=5, 15, 30%, and #=0~1.5
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in fact, the minor influence of the increased intensity is evident only in the displacement response
of systems with increased » and/or short isolation periods that are of little interest in seismic
isolation of bridges. SEGM(io) values roughly indifferent to the increase of seismic intensity (Fig.
4.11) support the above statement. The combination of increased reliability in mean response
estimation and the independence of the normalised response from the seismic intensity allows the

development of generalised design equations (84.3.3).
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Fig. 4.14 NLRHA results under Art A (dotted), Art B (solid), Art C (dashed), Nat(H1) (SFec=1) (dashed-
dotted): GM of Initp (left) and InUp (right) for PGA=0.42g (Tx=2500yrs, SFro=2), &=5, 15, 30%,
and #=0~1.5
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Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

Prior to proceeding to the aforementioned task, the effect of the number and type of the adopted
suite of accelerograms on the normalised/non-normalised relative displacement and total
acceleration response is investigated. To this purpose, the procedure described earlier was re-
applied using the Art A, C, and Nat(H1) (SFec = 1) suites of artificial and natural records (§84.2.2).
Normalised response quantities i, U are first plotted in Fig. 4.14 revealing some divergence from
the Art B suite response, mainly in the case of displacements derived from analysis under Nat(H1).
Deviation of curves in plots of normalised response are attributed primarily to the ‘goodness-of-
fit’ of the GM spectrum of the selected records to the target spectrum (Fig. 4.2, Fig. 4.4) since the
normalised inelastic spectra of Fig. 4.14 are disengaged from the effect of seismic intensity.

Shifting from the normalised response of Fig. 4.14 to non-normalised relative displacements
and total accelerations, depicted in Fig. 4.15, requires the definition of a target (or design) value
for PGV (i.e. ug). In other words, having established the mean normalised peak response by solving
Eq. (4.22) or Eq. (4.27) under different suites of records and statistically processing the results, the
non-normalised response should be subsequently derived from Egs. (4.28), (4.30) using a design
PGV provided either by the code or a site-specific hazard analysis (or even the relationships cited
in 8B.1.1). Adopting, as discussed earlier in 84.2.2, a design value of PGV equal to 0.302m/s for
Tr=475yrs, SFro =1 (i.e. equal to the GM of PGVs of records included in Art B suite), results in
the non-normalised response presented in Fig. 4.15 for Tx ~ 2500yrs. In this case (i.e. non-
normalised response), the accuracy in mean response estimation will now depend, in addition to
‘goodness-of-fit’ to the target spectrum, on the degree of matching of the design PGV to the GM
of the PGVs of the individual records included in the considered suite. This is valid for the suites
of artificial records and especially Art B resulting in response estimates that clearly follow the
target spectra (Fig. 4.2) in the case of £ = 5%, n =0, and Tz = 475yrs (Fig. 4.18). It is also seen
(Fig. 4.15) that the number of records in the case of artificial records does not have a significant
effect on the estimated response; only the Art A (5 records) curves seem to slightly diverge from
Art B results. On the other hand, the suite of 16 natural records underestimates significantly relative
displacements, and total accelerations for low values of ¢ and #, due to the adoption of a design
PGV that is smaller than the GM of records PGVs (i.e. 0.363m/s for Tr = 475yrs, SFro = 1, Table
4.2), further distorting the spectral matching depicted in Fig. 4.4 and implying that a larger number
of natural records (i.e. >16) may be required to describe more efficiently the shape and the design
PGV of the target spectra. These trends derive from a marked difference between the Ryan &
Chopra (2004a, b) approach and the extended method presented herein; the former uses a number
of records associated with a specific seismic scenario to determine a target spectrum and a design
PGV, while the latter sets a (code/site-specific-based) target spectrum (and design PGV) as the
starting point, and requires the selection of spectrum and intensity compatible records.

To further assess the reliability of mean response estimates, SEGM of normalised response is
plotted in Fig. 4.16 for the considered suites and a representative value of £ = 5%, considering that
usually SEGM of responses marginally decreases with the increase of ¢ (see for example Fig. 4.11
for Art B case). In general, SEGM (i) was found more difficult to be limited within a preselected
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value, herein +15% of GM with a 90% confidence level, compared to SEGM(U). Art A curves
also imply that even when artificial records are used, more than 5 records may be required to
constraint SEGM (i) due to the increased standard deviation of inelastic response (i.e. upper values
of & approximately equal to 0.3 and 0.25 for i and Ug, respectively); nevertheless, in the latter case
satisfactory results will still be obtained, according to Fig. 4.15, leading to some conservatism in
displacement response estimation, as opposed to the unconservative estimates derived from the use
of the Nat(H1) suite. In the latter case (i.e. natural records), resulting peak SEGM(io, Ubp) values
are constrained approximately below 20% corresponding to ¢ values of 0.4 which remain at the
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Fig. 4.15 NLRHA results under Art A (dotted), Art B (solid), Art C (dashed), Nat(H1) (SFrc=1) (dashed-

dotted) suites: GM of Up (left) and Uy (right) for PGA=0.42g (Tz=2500yrs, SFrg=2), &5, 15, 30%,
and #=0~1.5
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Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

lower limit of the values reported in Ryan & Chopra (2004b) indicating the effectiveness of the
normalisation procedure of 84.3.1, but reveal once more that a larger number of records will be
required to attain a predefined degree of reliability compared to artificial records. The effectiveness
of the scaling approach introduced in 84.2.2 for natural records is evident in Fig. 4.17, since peak
SEGM values of non-normalised response was found somewhat increased but in general of the
same order as SEGM (i, Ub) values.
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Fig. 4.16 NLRHA results under Art A (dotted), Art B (solid), Art C (dashed) (top), Art B (solid), Nat(HI)
(SFrc=1) (dashed-dotted) (bottom) suites: SEGM of iy (left) and Up (right) for PGA=0.42g
(Tr=2500yrs, SFrp=2), &5%, and 1=0~1.5
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Fig. 4.17 NLRHA results under Nat(H1) (SFzc=1) suite: SEGM (%) of U, Up (solid) and i, Uo (dashed) for
PGA=0.42g (Tr=2500yrs, SFr0=2), &=5%, and n=0~1.5
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Considering the degree of complexity and the computational effort involved when natural
records are used to derive the normalised response (i.e. difficulties in selecting records compatible
with the shape and PGV of code-based target spectra over a wide range of periods, use of additional
selection criteria, scarcity of recorded accelerograms associated with selected criteria, increased
number of records and analyses) in contrast with the simpler approach of artificial records that can
easily satisfy the above requirements and provide robust estimates of mean response within a
purely ‘intensity-based’ (ATC 2012) design framework disregarding member strength degradation
(which is reasonable in seismically designed bridges), generalised design equations are hereafter
developed for the Art B suite. The inherent variability of natural records can be considered at a
later stage of design using a more refined type of analysis as in the design method proposed in
Chapter 5. Nevertheless, if required, based on the objective of the analysis (84.1), derivation of
GDEs based ideally on a large number of natural records, is feasible using the IDEC code (§84.2.3).

4.3.3 Derivation of generalised design equations

Uncoupling the response from the seismic intensity allows the development of generalised design
equations that can provide direct estimates of normalised relative displacements ip and total
accelerations Uy as a function of & #, Tp, irrespective of the performance level and associated
intensity under consideration. The problem of deriving GDEs can be tackled by developing
regression models extending to a 3D-space (x-x axis: Tp, Y-y axis: & z-z axis: 7). To this end, linear
regression equations were fitted to the logarithmically transformed normalised response derived
from NLRHASs (§4.3.2) since it was found that Iniz and InU vary almost linearly with InZ and InT,
(Fig. 4.10). Different linear regression models using three independent predictors (i.e. & 7, Tp) were
developed for ir and Uy since peak total accelerations (and hence maximum forces) in the isolation
and energy dissipation system cannot be directly associated with peak relative displacements due
to the introduction of viscous damping (i.e. fo term in Eq. (4.21)) with values of & in general larger
than 5%, i.e. the maximisation of total accelerations and relative displacements occurs at different
time intervals (Fig. 4.8). Although complex regression models can be derived using the IDEC code,
an effort was made to simplify the relevant design equations with a view to increasing their
usefulness in practical design, therefore different GDEs were extracted for linear ( = 0) and
nonlinear systems (#+#0).

High-degree polynomials are first fitted to the normalised response variable ¥ (i.e. i or Up)
resulting in GDEs of the general form of Eq. (4.33) for a complete m-degree polynomial with g
terms, where j, k, | indices are permuted accordingly, and b; coefficients are estimated using the
method of least squares. uo and Uy response can be subsequently predicted by shifting GDEs of
Eq. (4.33) to the non-normalised space using Eq. (4.34) (in analogy to Eqg. (4.28)) that accounts for
a specific seismic intensity in terms of PGV through Eq. (4.30). Equations in the form of Eq. (4.34)
provide direct estimates of uo and Uy under different PLs associated with target spectra of common
frequency content but different intensity (84.2.2).
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m
Iy, (IN&Inp,InTo)=3b (Ing) (Inp) (InTp)', j+k+I<i
20 (4.33)

[q:(m+1)(m+2)(m+3) /6]

Y =Ur exp(In¥,, (IN&,In7,InTp)) (4.34)

Stepwise regression is finally employed to assess the statistical significance of terms using the R-
squared criterion (Mathworks 2016) and reduce the total number of terms in the model.

The ‘goodness-of-fit” of the regression models was assessed both in terms of limiting the
divergence of the predicted response from analysis results (i.e. residuals), and in terms of
identifying ‘near-optimal’ isolation systems under different seismic intensities; a ‘near-optimal’
isolation system is defined herein as the one that results in ‘near-minimum’ peak total acceleration
Uy similarly to Inaudi & Kelly (1993). Regarding the first assessment criterion, the predicted-to-
observed deviation of responses was quantified by common statistical measures such as R-squared
(R?), and root mean square error (RMSE) (Mathworks 2016). rmax (Eq. (4.35)) represents in addition
the maximum percentage residual of a regression model prediction yicpe With regard to the
corresponding analysis value yigna (i.e. the geometric mean of peak responses derived from
statistical processing of response history analysis results as per 84.2.4), while rem (EQ. (4.36)) is
the geometric mean of residuals in the data sample; n is the product of the different damping,
strength, and period values nsn,-nr, (i.e. the number of observations-grid intersections in Fig. 4.10).

" (%):100.maxﬂ Yi.cDE _yi,RHA| |yi+1,GDE_yi+1,RHA| |yN,GDE _yN,RHA| (4.35)
> Yi,RHA ‘ ‘ Yi+1,RHA ‘ ’ YN,RHA .

rem (%) =100- ﬁu Yicoe ~ Yi.Rra U (4.36)

i1 Yi RHA

Representative results of different m-degree regression models (RM) with g terms (m x q) are
presented in Table 4.4 for two different seismic intensities associated with Tr = 2500yrs (Fig. 4.19)
and Tr = 475yrs (Fig. 4.18); the first was used to develop the regression models and the second to
assess the robustness of models in predicting estimates of non-normalised response under a
different seismic intensity. As expected, models of # = 0 predict response quantities under different
earthquake intensities with the same accuracy due to their inherent linearity; a minor decrease in
accuracy is observed when models are used to predict the response under Tr = 475yrs.
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In general, all models present excellent fit based on R?, RMSE measures (Table 4.4), and the
larger rmax Values are mainly associated either with the upper limit of the considered period range
(i.e. T, = 5s) (which is not common even in isolated bridges) or with low values of uo and Up.
Nevertheless, a significant reduction of terms results in models that fail to predict the shape (or
curvature) of displacement and acceleration curves.

Table 4.4 Evaluation of alternative linear regression models for 1D excitation based on ‘goodness-of-fit’

Model Uo Model Us

77:0 TR (yrs) m Xq Rz RMSE I max (%) r'em (%) m xq Rz RMSE I max (%) r'em (%)
RM1 475  4x15 3.46 095 4x15 3.76 1.10
2500 0999 0.019 3.46 0.96 1.000 0.020 3.75 111
RM23 475 3x5 10.87 181 2x5 12.87 3.17
2500 0.996 0.039 10.87 1.81 0999 0.052 1284 3.17
RM4 475 1x3 26.66 4.16 1x3 26.88 4.57
2500 0979 0087 26.65 4.17 0997 0087 26.91 4.57

n#0 Tr(yrs) mxq R? RMSE rpax (%) rem (%) mxq R? RMSE rpay (%) row (%)
RM1 475  4x35 20.36 582 4x35 12.43 294
2500 1.000 0.014 3.96 0.66 1.000 0.009 2.73 0.41
RM2 475 3x11 23.92 6.28 3x11 14.27 2.80
2500 1.000 0.024 8.01 1.16 1.000 0.027 1044 1.30
RM3 475 2x8 22.32 6.79 2x8 20.58 2.94
2500 0.999 0.045 16.76 2.36 0.999 0.044 1741 2.48
RM4 475 2x7 24.22 7.66 2x7 21.03 2.90
2500 0998 0.0541 21.21 3.13 0999 0.0562 17.23 2.49

This is of particular importance when identification of ‘near-optimal’ isolation systems is
additionally sought by the adopted regression model, and is more conveniently illustrated by
plotting the inelastic spectra in a uo-vo, Uo-vo format (e.g. Fig. 4.20) that facilitates the identification
of isolation schemes (&, v, Tp) With a ‘near-optimal” performance (i.e. minUs). In Fig. 4.20, Us(opt)
curves represent a visualisation of the design criterion of minUs per Tp, and up(opt) indicates the
corresponding relative displacements of the isolation system, both plotted for the case of & = 5%
where relevant deviations from RHA are more significant and involve response quantities of higher
magnitude.

It is seen that RM2 can accurately capture the location of ‘near-optimal’ isolation systems for
the entire range of T, = 1~5s, however, the simpler RM3 model was finally adopted since it is
deemed adequate for practical applications in bridge engineering (i.e. Tp = 1.5~4s). GDE:s (i.e. Eq.
(4.34)) in the case of RM3 take the general form of Eqgs. (4.37) and (4.38) wherein y represents
either uo or Uy, and the seismic intensity is expressed for convenience in terms of PGA at bedrock,
i.e. iigo in m/s. In the case of elastomer-based isolators and a target spectrum with a frequency
content corresponding to site conditions ‘C” of EN1998-1 (CEN 2004b) Eq. (4.37) is simplified
according to the data of Table 4.5.
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Since earlier studies (e.g. Makris & Chang 2000, Makris & Vassiliou 2011) have demonstrated
that the response of isolated structures is not sensitive to the exact value of uy, the regression
coefficients of Table 4.5 may also be used to approximately predict the peak inelastic response of
isolation systems consisting of friction-based devices (u,<1mm); however, derivation of case-
specific GDEs using IDEC is expected to yield finer response estimates both in terms of accuracy

in peak response prediction and ‘near-optimal” system identification.
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Fig. 4.18 NLRHA up (left) and Up (right) under Art B (solid) compared to response predicted from RM2
(dashed), RM3 (dashed-dotted), and RM4 (dotted) for PGA=0.21g (Tz=475yrs, SFro=1), &=5, 15,
30%, n=0~1.5
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Fig. 4.19 NLRHA uo (left) and Uy (right) under Art B (solid) compared to response predicted from RM2

(dashed), RM3 (dashed-dotted), and RM4 (dotted) for PGA=0.42g (Tx~2500yrs, SFrp=2), &5, 15,
30%, n=0~1.5
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Fig. 4.20 NLRHA response Uo (solid), Up (dashed), optimal peak total accelerations Uopt (solid) and
corresponding relative displacements uopt (solid) under Art B suite, compared to uopt, Uopt
(solid) derived from RM2, RM3, RM4 (dashed) for PGA=0.42g (Tz=2500yrs, SFrp=2), &=5%, 1D

excitation

Int 2
_ 0.362¢ §(ﬂ+yln 77+5InTp)77(1+g+§|n,7+K|n T)T (2+2+uInTy+v(InTp) )U . (4.37)
o0 g p g
Vod
n=431— (4.38)
ag
Table 4.5 RM3 regression coefficients: EN1998-1, site conditions ‘C’ (CEN 2004b), 1D excitation
Case y Int B y 0 & ¢ K A u %
n=0 Ug 5245  -0.428 - - - - - -1.194 0.797  -0.443
U 0 8.952  -0419 - 0.150 - - - -2.266  -0.226 -
n=025-15 u, 0.623 -0178 0.097 - -1192  -0.095 0175 -1.100 -0.209 -

U] 0 4769 -0114 0094 0128 -0.754 0153 0255  -2.393 - -

x X
by
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4.4  Isolated SDOF System with Nonlinear Viscous Damping

4.4.1 Dynamic equation of motion

The procedure described in 84.3.1 is further extended in the following to investigate the effect of
non-linear viscous dampers (NLVDs) on the peak response of isolated SDOF systems. In this
context, the dynamic equation of motion of the idealised system of Fig. 4.9 is re-written substituting
in Eq. (4.21) the shear force of the bilinear isolator (Eq. (4.4)) and the axial force of the LVD (Eq.
(4.13)) and NLVD (Eq. (4.9));

Gi(t) +[(ce'LU(t) +Cq SN (U)|u)? )/m}+

(4.39)
...+[Vogz(t,ke,u,u)+a)gu(t)} =~y (1)

The constant damping coefficients ce,, Can. associated with viscous damping originating from
elastomer-based isolators and NLVDs, respectively, are expressed by Egs. (4.24) and (4.18)
introducing the ‘energy-equivalence’ approach (Lin & Chopra 2002) described in 84.2.3; the
unknown displacement amplitude uo required for the calculation of can. (Eg. (4.15)) when a#1.0
is defined herein as the peak displacement of the SDOF with an energy-equivalent LVD of ¢ =
Gertéaneand a = 1.

l-a
2wp§d,NL(an’p) sgn(u(t))|u(t)|a +...

udt) + prge,Lu(t) + f(I,a) (4.40)

...+[vogz (t, ke,u,u)mgu(t)] =l (1)

The characterisation of NLVDs by the ‘energy-equivalence’ approach (i.e. dampers of the same
damping ratio & but different a) is introduced as the first of the two conditions required to uncouple
the response from the seismic intensity. The second condition involves the characterisation of the
isolation system strength by # as described in §4.3.1. Dividing Eq. (4.40) by u: (Eq. (4.26)), the
equation of motion is reduced in the normalised form of Eqgs. (4.41)-(4.43);

1-a
2a)pfol,NL(an’p) = N\ [T
) sgn (U @)@ |+... .

ot @] (2(t keou,0) +T () | = —(h /e ) T ()

() +| 2w,&, U (t)+

0(t) =)y, TE) =u®/u,, T =u(t)/u, @.42)
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lig (t) =g () /Ugo (4.43)

The normalised equation of motion along with the consideration of a constant yield
displacement (84.2.3), reduce the governing parameters that influence the response to the isolation
period T, (or frequency wp), the normalised strength #, the damping ratio & (= &, + &inu), and the
nonlinearity of dampers (i.e. parameter a) as opposed to the parameters Ty, Vo, Ce, CanL, @, Uy, tigo
in the non-normalised case of Eq. (4.39). More specifically, Eq. (4.27) indicates that the normalised
response is independent of the seismic intensity rendering the non-normalised quantities linearly
proportional to u, according to Eq. (4.28). The following numerical study (84.3.2) investigates the
validity of the previous statement by exploring the effect of nonlinearity of viscous dampers in Eq.
(4.41).

4.4.2 Parametric analysis of SDOF system

The numerical study of 84.3.2 is repeated in this section by calculating the normalised response of
representative isolation and energy dissipation systems for a range of design parameters (i.e. &L =
0.05, & = 0~0.25, = 0~1.5, Tp = 1~5s, a = 0.2~1, uy = 1cm) under the suite of artificial records
Art B (Fig. 4.2). Similarly to 84.3.2, u(t), u(t) response histories can be found either directly by
solving Eq. (4.41) for the selected values of &, a, 7, Ty, Uy, or indirectly by first solving Eq. (4.39)
with corresponding values of Cey, Cane, Vo, Kp, (i.€. EQs. (4.24), (4.18), (4.31), (4.32), respectively)
and then by calculating the normalised response from Eqg. (4.42). In case the nonlinearity parameter
aequals unity, Eq. (4.41) is simplified to Eq. (4.27) (i.e. linear viscous damping) and 8§4.3.2 applies.
Statistical processing of parametric analysis results reveals that the range of SEGM (i, Uo) is
not significantly affected by the value of the nonlinearity parameter of viscous dampers, implying
small differentiations of uo and Uy response compared to the case of linear viscous damping (a =
1); Fig. 4.21 presents SEGM values for ¢ = 15 and 30% that are close to those resulting for linear
damping (a = 1) with peak values below 15% and 10% for relative displacements and total
accelerations, respectively, which allow meaningful statistical analysis of the results and reliable
mean response estimation. Furthermore, it was found that the seismic intensity has a negligible
effect on the mean normalised response irrespective of the degree of the nonlinearity of viscous
dampers, or else, the reduction of the velocity exponent a in Eq. (4.41) reduces the maximum axial
force developing in the dampers (Fig. 4.7(right)) without significantly affecting the system’s
overall response (i.e. uo, Us). In Fig. 4.22, where the log-transformed normalised mean peak
response is plotted under two different earthquake intensities (i.e. Tr 0f 475 and 2500yrs), the minor
influence of the increased intensity is mainly evident in the displacement response of systems with
increased » and/or short isolation periods similarly to Fig. 4.13 (i.e. regardless of the a value).
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Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

The insignificant effect of a on the peak inelastic response is more clearly illustrated in Fig.
4.23 where the non-normalised uo, Us response is evaluated for energy-equivalent damper systems
ofa=0.2,0.4, 0.6, 1.0 and different values of normalised strength (the case of & =0.05, & =0 is
excluded from the figures of this section as this coincides with the & = 0.05 case of 8§4.3.2). It is
seen that the influence of the nonlinearity of dampers in the displacement response becomes
stronger as & ni increases and a reduces.
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Fig. 4.23 NLRHA results under Art B suite: GM of up (left) and Up (right) considering energy-equivalent
VDs of a=1 (solid), a=0.6 (dashed), a=0.4 (dashed-dotted), a=0.2 (dotted) for PGA=0.42g
(Tr=2500yrs, SFEp=2)

More specifically, considering a total damping ratio of &= 0.30, divergences (Div) in the range
of £15% and £10% are displayed between the a = 1, and a = 0.2 cases of displacement response
(Fig. 4.24), depending on # and T, but being relatively insensitive to the seismic intensity (not
shown in Fig. 4.24), while Divu, further reduces to £10% with the increase of a to 0.4. Total
accelerations are even less affected, exhibiting values of DivU, within -7.5~5% in the case of a =
0.2, and -7.5~2.5% in the case of a = 0.4. Useful from a design point of view is the remark that as
& increases, positive Div values indicating increase in seismic response due to the introduction of
nonlinearity in viscous damping are mainly observed for (i) long periods in the case of uo, (ii) short
periods in the case of Uy, and (iii) increased values of normalised strength # in both up and Uy cases.
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VDs of a=0.4 (dashed-dotted), a=0.2 (dotted) for PGA=0.42g (Tx=2500yrs, SFrp=2)

4.4.3 Derivation of generalised design equations

The independence of the normalised response from the seismic intensity combined with increased
reliability in mean response estimation, allows the development of generalised design equations
following the procedure described in §4.3.3. Nevertheless, since the introduction of nonlinearity in
viscous dampers was found in 84.4.2 to have a minor effect on the overall response of different
isolation and energy dissipation systems with maximum divergence response rates mainly
associated with low displacement amplitudes at short periods (Fig. 4.23, Fig. 4.24), the parameters
influencing the i, U response can be further reduced (§4.4.1) to & (= & + Can), 7, and Ty, (i.e.
excluding a), resulting in the regression model and GDEs that were developed in 84.3.3, and thus
limiting the complexity of design equations (by limiting the number of considered independent
variables during regression analysis).

The effectiveness of the RM3 model in predicting the inelastic response in the case of systems
with nonlinear viscous damping is demonstrated in Fig. 4.25 and Fig. 4.26, where response
guantities predicted by GDEs (Table 4.5) are compared with analysis results derived for thea =1
and a = 0.2 cases under two different seismic intensities associated with Tg = 475 and 2500yrs.
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45  Isolated 2DOF System with Linear Viscous Damping
4.5.1 Dynamic equation of motion

The procedure described in 84.3.1 is further extended in the following to investigate the effect of
bidirectional excitation on the peak response of isolated 2DOF systems with linear viscous
damping. In this context, the dynamic equation of motion of the idealised system of Fig. 4.9 is re-
written considering two dynamic degrees of freedom along x-x and y-y horizontal axes and identical
mass (m) stiffness (kp), strength (Vo) and damping (ce., Cq.) characteristics of the deck, hysteretic
isolator and linear damper in both directions (symbols in bold represent quantities in vector form);

[FiO]+[fo®]+[fs®]=0 (4.44)

f, , (t fp, (t fo  (t
I,x() + D,x() + S,x() ~0 (4.45)
fl,y(t) 1:D,y(t) fS,y(t)
Substituting in each horizontal direction the shear force of the bilinear isolator (Eq. (4.4)), the

axial force of the LVD (Eqg. (4.13)), and considering bidirectional interaction between the isolator
yield forces with a circular yield surface (i.e. |z|<1) (Huang 2002), result in Eq. (4.46);

t(t) {w U(t)] +[vogz(t, ke, U, U)+ mgu(t)] =~y () (4.46)

Dividing Eq. (4.46) by ur (Eq. (4.26)) and substituting Ce., Cq. by EQ. (4.24), reduce the equation
of motion in the normalised form of Eqs. (4.47)-(4.49);

] EXERRE et o] ]|
_ (4.47)
]
G(t) = t(t)/u, , U(t) =u(t)/u,, Tet) =u()/u, (4.48)
(g (t) = Ug (t) /Ugo 20 (4.49)

The normalised strength # in Eq. (4.47), which describes the system strength relative to the
PGV, is defined according to Eq. (4.50);
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_ 2
1 R

. =— (4.50)
WpUgo2p  @pUgo 2D

Under bidirectional excitation, the peak ground velocity ugo 20 characterising the seismic intensity
of a pair of horizontal components is defined as the PGV of the SRSS spectrum of the pair of
records scaled to the target spectrum under unidirectional excitation (i.e. the target spectrum of the
single component, Fig. 4.1); uigo2p is approximated as follows;

R 2 . 2
. Ugox +Ugoy (4.51)

u =
g0,2D N

The above definition is preferred over ‘the PGV of the stronger component of ground motion’

adopted in Ryan & Chopra (2004a, b) for the sake of compatibility with the target spectra and the
scaling approach adopted in §4.2, and hence, with relevant code-based requirements (e.g. EN1998-
2, CEN 2005a). More specifically, Eq. (4.51) enables direct comparisons of relevant response
guantities derived from analysis under unidirectional excitation (84.3.1) associated with the target
spectra of Fig. 4.1 and bidirectional excitation associated with the target spectra of Fig. 4.3, since
in both cases a specific # value will correspond to (nearly) the same isolation system strength (i.e.
Vo).

The peak inelastic normalised (iz, Us) and non-normalised (uo, Us) response under bidirectional
excitation is defined according to Egs. (4.52), (4.53) as the peak values of response histories
defined by adding the relevant response vectors in x-x and y-y axes. The angles at which relevant
peak response quantities are developed, are identical in the cases of non-normalised and normalised
response (i.e. independent of the normalisation procedure of §4.5.1) and are calculated from Eqg.
(4.54) (i.e. with respect to the x-x axis) where t; and tj represent the time instances at which 20
and Us,2p (or io20 and Up2p) are recorded;

Up 2p = Max \/Ux (t)* +a, ()%, Jo,zo =max \/ljx (t)? +Jy (t)? (4.52)
Up zp = MaX. /ux(t)2 +u, ()2, Ugop = max \/U'X(t)z +U, (1) (4.53)

U, (t;
]:0%, 6 —tan| [ |y (0<o<90°) (4.54)

Uy (ti )
Ux (ti )

- Uo

G- =tant
N ( Yo U (t;)

The characterisation of the isolation system strength by #» along with the consideration of a
constant yield displacement (84.2.3), reduce the governing parameters that influence the response
to the natural period defined from the post-yield stiffness (i.e. the isolation period T,), the
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normalised strength #, and the damping ratio & (= &, + &) of the isolation system, as opposed to
the parameters Tp, Vo, C (= CeL + Cdu), Uy, tigo in the non-normalised case of Eq. (4.46). More
specifically, Eq. (4.47) indicates that the normalised response is independent of the seismic
intensity rendering the non-normalised quantities linearly proportional to u, according to Eq.
(4.48). The following numerical study (84.5.2) investigates the efficiency of the above
normalisation procedure in uncoupling u(t), ﬁ(t) from the seismic intensity, and thus developing
GDEs, and presents some useful comparisons of peak inelastic response under uni- and
bidirectional excitation.

4.5.2 Parametric analysis of 2DOF system

The numerical study of 84.3.2 is repeated in this section by calculating the normalised response of
representative isolation and energy dissipation systems for a range of design parameters (i.e. & =
0.05, & = 0~0.25, # = 0~1.5, T, = 1~5s, uy = 1cm) under Art D, and Nat(SRSS) (SFec = 1) suites
of artificial and natural records (§4.2.2). Similarly to 84.3.2, u(t), l7(t) response histories can be
found either directly by solving Eq. (4.47) for the selected values of & #, Tp, Uy, or indirectly by
first solving Eq. (4.46) with corresponding values of Ce, Can, Vo, Kp, (i.€. EQs. (4.24), (4.18), (4.31),
(4.32), respectively, using go,20) and then by calculating the normalised response from Eq. (4.48).

In Fig. 4.27, SEGM of normalised and non-normalised response estimates are plotted for
different values of & #, Tp. Upper values of SEGM in the case of the Art D suite are lower than
15% with a 90% confidence level in the case of iz and lower than 10% in the case of U similarly
to unidirectional excitation (84.3.2), apart from » = 1.50 that exhibits peak values of SEGM (ix)
around 20% (o ~ 0.3); this is an indication that an increase in the number of artificial records may
be required to attain the same degree of reliability with unidirectional excitation for increased #»
values. The seismic intensity has once more a negligible effect on the normalised peak response
(Eq. (4.52)) as demonstrated in Fig. 4.28 for two different seismic intensities, indicating the
effectiveness of the normalisation procedure proposed in §4.5.1. The combination of the above
properties allows the development of generalised design equations in §4.5.3.

Relevant implications emerging from the use of natural records (84.3.2) apply also in the case
of bidirectional excitation using the Nat(SRSS) suite. Increased computational effort involving a
larger number of records and analyses will be required to attain the same degree of reliability with
the case of artificial records (e.g. increased SEGM values in Fig. 4.27 for Nat(SRSS)), and
effectively control the shape and the PGV of the mean spectrum of the selected records to match
the target spectra and design PGV. Fig. 4.29 and Fig. 4.30 reveal that adopting the Nat(SRSS) suite
underestimates uo and Uy, in accordance with Fig. 4.14 and Fig. 4.15 for unidirectional excitation,
due to the adoption of a design PGV that is smaller than the GM of records PGVs (i.e. 0.353m/s for
Tr = 475yrs, SFro = 1, derived from Table 4.3 and Eq. (4.51)), further distorting the spectral
matching depicted in Fig. 4.5.
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Fig. 4.27 NLRHA results under Art D (solid), Nat(SRSS) (SFec=1) (dashed) suites: SEGM of ip (left) and
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Fig. 4.31 presents a comparative evaluation of peak non-normalised response up and Uy
resulting from NLRHA of the considered isolation and energy dissipation schemes under
unidirectional and bidirectional excitation (84.5.1) associated with Tr=2500yrs. A significant
increase in peak response estimates is observed in the case of bidirectional excitation wherein ug
and Up incorporate the effect of the transverse component of seismic action according to the
definitions of Eq. (4.53). More importantly, Fig. 4.31 displays the expected increase in relative
displacements and total accelerations when the target spectrum under bidirectional excitation is
defined according to EN1998-2 (CEN 2005a) requirements as V2 times the target spectrum of the
single component (84.2.2), noting that the adopted intensity ratio of the horizontal component
spectra (i.e. 0.75, with SFu; = 1.13SFgq and SFu; = 085SFeg) was found to have a rather
insignificant effect on the peak resultant response derived from Eg. (4.53) (compared to the case
of SFu1 = SFu2 = SFeg, i.e. intensity ratio of components equal to unity, not shown herein); in fact,
the 0.75 ratio was selected to evaluate in a more realistic context (Lépez et al. 2006) the angle of
peak response quantities. Furthermore, design codes (e.g. CEN 2005a, AASHTO 2010) usually
constraint response spectrum and nonlinear dynamic analysis results by relevant response
guantities calculated from the fundamental mode method (CEN 2005a), however, without
providing specific guidelines on the proper consideration of the transverse component of seismic
action in the latter method. Hence, the expected increase in up and Up can serve as a means to
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Fig. 4.31 NLRHA results under Art B (dashed), Art D (solid) suites: GM of Uo (left) and Uy (right) for
PGA=0.42g (Tr=2500yrs, SFrg=2), &=5, 30%, and #=0~1.5
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evaluate the consistency of results among different analysis types (e.g. by appropriately scaling the
response calculated from the fundamental mode method), and in this context, is quantified with the
aid of regression analysis in 84.5.3.

Returning to the issue of the angle of peak responses, Fig. 4.32 reports 8y and 6o values derived
from parametric analysis results using the Art D suite (strong component assigned to y-y axis) and
Eqg. (4.54); solid lines represent geometric means of observed values from analyses under the
considered suite (i.e. 10 pair of records), while solid dots represent recorded values per individual
analysis (i.e. observations). Interestingly, as & increases, mean angles stabilise close to the value
associated with the seismic intensity ratio of horizontal components adopted in analysis (i.e. tan™(
1/ 0.75) = 53°) representing approximately the incidence angle of the resultant of components.
However, the reliability of the adopted measure of central tendency (i.e. GM) is significantly
reduced with peak SEGM(uo, Us) values exceeding 100% due to the increased scattering of
observations presented in Fig. 4.32. In fact, clear response patters cannot be identified and 6, and
Ouo may take any value within 0-90°; this justifies and encourages the common practice of
designing isolators to sustain the maximum relative displacement in any random direction (but
unfortunately not always required by codes, e.g. CEN 2005a) and indicates the need for applying
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Fig. 4.32 NLRHA results under Art D suite (HI assigned to y-y axis): Angles 0 with respect to x-x axis
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the selected records at different angles of incidence when designing the substructure of isolated
bridges, unless a more conservative approach is adopted. Results from analysis using the suite of
natural records (not presented herein) support the previous statements.

4.5.3 Derivation of generalised design equations

Following the procedure described in §4.3.3, regression models and associated GDEs (Egs. (4.33),
(4.34)) were first developed for the case of bidirectional excitation, and subsequently assessed in
terms of accuracy in peak response prediction and effectiveness in ‘near-optimal’ System
identification (84.3.3). Table 4.6 and Fig. 4.33-Fig. 4.35 include representative results of different
m-degree regression models (RM) with g terms (m x @) presented for two different seismic
intensities associated with Tr = 475yrs and Tr = 2500yrs (Fig. 4.19) as in Table 4.4 and Fig. 4.18-
Fig. 4.20 for unidirectional excitation.

Table 4.6 Evaluation of different linear regression models for 2D excitation based on ‘goodness-of-fit’

Model Uo Model Us

7=0 Tr(yrs) mxq RZ? RMSE rpa (%) rom (%) mxgq R%2 RMSE rpay (%) rowm (%)
RM1 475 4x15 6.09 090 4x15 6.52 0.93
2500 0999 0018  6.09 0.90 1000 0019 653 0.93
RM23 475 3x5 12.46 174  3x5 13.34 1.97
2500 0.996 0.037 12.46 1.74 0.999 0.051 13.34 2.05
RM4 475  1x3 25.35 425 25.40 419
2500 0981 0082 2535 4.25 0997 0080 2540 4.20
RM5 475  3x5 11.49 216  2x5 11.43 3.13
2500 0996 0.037 11.49 2.16 0999 0051 1143 3.13

’7?50 TR (yrS) m xq R2 RMSE I max (%) r'em (%) m xq R2 RMSE I max (%) I'em (%)
RM1 475 4x35 11.31 243  4x35 8.98 1.23
2500 1000 0015 566 0.72 1.000 0012 454 0.57
RM2 475 3x11 12.27 318 3x11 10.73 2.03
2500 0999 0029 1057 1.54 1000 0028 10.28 1.45
RM3 475 2x8 2189 419 2x8 2193  3.09
2500 0.998 0.051 24.80 2.70 0.999 0.055 2154  3.10
RM4 475  2x7 23.20 505 2x7 21.11 3.40
2500 0997 0064 22.76 3.26 0998 0070 20.27 3.38
RM5 475  2x8 25.73 577 2x8 22.12 3.12
2500 0995 0078 27.32 414 0998 0061 21.72 3.10

The RM3 regression model was adopted herein since it exhibits similar behaviour to the case
of unidirectional excitation, i.e. predicting accurate peak response quantities and adequately
identifying the location of ‘near-optimal’ systems for practical applications. GDESs (i.e. Eq. (4.34))
in this case take the general form of Egs. (4.37) and (4.38). In the case of elastomer-based isolators
and the target spectra of §4.2.2, Eq. (4.37) is simplified according to the data of Table 4.7. The
seismic intensity is expressed in terms of PGA at bedrock (i.e. #ig in m/s?) of the target spectrum
under unidirectional excitation (according to Eq. (4.51)).
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Fig. 4.33 NLRHA response U (left) and Uy (right) under Art D (solid) suite compared to response predicted
from RM3 (dashed-dotted), and RMS5 (dotted) for PGA=0.21g (Tz=475yrs, SFrg=1), {=5, 30%
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Fig. 4.34 NLRHA response U (left) and Uy (right) under Art D (solid) suite compared to response predicted
from RM3 (dashed-dotted), and RMS5 (dotted) for PGA=0.42g (Tz=2500yrs, SFrg=2), {=5, 30%

CITY 126



Chapter 4: Direct Estimation of Peak Seismic Response in RDOFs

8
——1u,(opt) RHA
-e-u,(opt) RM2
—-U,(0pt) RHA | | 6
-o-U,(opt) RM2
%
. 4 é
)
-2
0.0 : T T 0 0.0 T T T 0
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
vy Vo
0.8 ——uy(Oph) RHA T 8 0.8 —e—u,(opt) RHA |1 8
, - -uy(opt) RM3 || | -e-u,(opt) RM5 ||
. —o=U,(opt) RHA —o—{J,(opt) RHA
06 | \ -o-U(op) RM3_| 6 06 - ~o-{J,(opt) RM5 || ©
1 , fn o a0
Eo04 “4E E o4 R
§ i 1 S =
:b = ;bb
0.2 1 -2 0.2 - -2
0.0 ‘ ‘ ‘ 0 0.0 ‘ ‘ ‘ 0
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Vo vy

Fig. 4.35 NLRHA response Uo (solid), Up (dashed), optimal peak total accelerations Uopt (solid) and
corresponding relative displacements uopt (solid) under Art D suite, compared to uopt, Uopt
(solid) derived from RM2, RM3, RM5 (dashed) for PGA=0.42g (Tz=2500yrs, SFro=2), &=5%, 2D
excitation

Table 4.7 RM3 regression coefficients: EN1998-1, site conditions ‘C’ (CEN 2004b), 2D excitation

Case y Int s y 0 € ¢ K A u %
n=0 Ug 5418  -0.440 - - - - - -1206 0803 -0.438
U, 9425  -0.305 - - - - - -3165 0756  -0.399

7=02515 U, 0865 -0.222  0.106 - -1126 -0.131 -0230 -1074 -0.185 -

U] 0 4890 -0163 0116 0152 -0.715 0157 0249 -2335 - -

Table 4.8 RM5 regression coefficients: EN1998-1, site conditions ‘C’ (CEN 2004b), 2D excitation

Case y Int p y 0 & ¢ K A i v
n=0 U, 5445 0428 - - - - - 1194 0797 -0.443

U, 9148 -0419 - 0.150 - - - -2.266  -0.226 -

n=025-15 u, 0978 0178 0097 - 1192 -0095 -0175 -1100 -0.209 -

U] 0 5001 -0.114  0.094 0128 -0.754  0.153 0.255  -2.393 - -

Representing an alternative to RM3, RM5 model (Table 4.8) was developed by constraining the
regression coefficients (except for the Intercept (Int) term) to the values obtained from RM3 under
unidirectional excitation since the relevant coefficient values were found reasonably close (i.e.
Table 4.7 vs. Table 4.5). This approach allows further simplification of the adopted models since

#
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the peak response under bidirectional excitation can be calculated from GDEs of unidirectional
excitation by simply scaling relevant response quantities according to Egs. (4.55)-(4.58).

Int,2D
Uo.20 = ez Yoo =1.22uy,5 (7=0) (4.55)
. eInt,2D . .
Uozp = oINtID Upip =1.22U4,p (7=0) (4.56)
olnt2D
Up2p = WUOJD =1.43Uy,p (720.29) (4.57)
~ nt2D )

Eqgs. (4.55)-(4.58) reflect in addition the ‘mean increase’ in relative displacements and total
accelerations due to the introduction of the transverse component of seismic action when target
spectra are defined according to EN1998-2 (CEN 2005a), thus, offering an effective means to
evaluate results deriving from different types of analysis according to 84.5.2. It is also noted that
the calculated magnification factors are in line with the upper limit of values proposed by Fardis et
al. (2012) (i.e. 1.15~1.25), without however presenting background analysis in support of these
suggestions.

Although the case of the 2DOF system with nonlinear viscous damping under bidirectional
excitation was not explicitly checked, the minor effect of the nonlinearity of viscous damper in uo,
Uy response under unidirectional excitation (§4.4) implies that GDEs presented in this section can
provide reasonable estimates of peak response in the case of systems involving NLVDs too.

4.6  Closing Remarks

A methodology for the direct estimation of peak inelastic response in bilinear isolation systems
was extended in this chapter with a view to developing generalised design equations capable of
providing reliable estimates of peak inelastic response under different performance levels (PLS)
associated with code-based target spectra of common frequency content but different intensity,
while properly capturing the effect of linear/nonlinear viscous damping, and hence addressing a
wide range of isolation and energy dissipation configurations. The procedure starts with the
normalisation of the dynamic equation of motion of SDOF and 2DOF systems representing
idealised isolated bridge decks under uni- and bidirectional excitation, respectively, aiming at
uncoupling the normalised response from the seismic intensity and limiting the dispersion of peak
normalised relative displacements iz and total accelerations Up. Subsequently, it progresses to the
)
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development of generalised design equations by statistically processing (with the aid of regression

analysis) response quantities derived from parametrically solving the normalised equation of

motion. The following conclusions were drawn from extensive parametric nonlinear dynamic

analysis of the idealised RDOFs associated with three different cases, namely, (i) isolated SDOFs

with linear viscous damping, (ii) isolated SDOFs with nonlinear viscous damping, and (iii) isolated

2DOFs with linear viscous damping:

Two conditions were identified and introduced in order to uncouple the normalised response
from the seismic intensity; the first involved the characterisation of the isolation system strength
by # (i.e. strength at zero displacement V, normalised to the seismic intensity as expressed by
the peak ground velocity (PGV) iug); the second was associated with the characterisation of
nonlinear viscous dampers by the ‘energy-equivalence’ approach (i.e. dampers of the same
damping ratio ¢ but different a). The above conditions along with the assumption of a constant
value for the yield displacement uy reduce the governing parameters that significantly affect the
response to the isolation period T,, the normalised strength #, and the damping ratio of energy-
equivalent dampers &, as opposed to the parameters of isolation period Tp, strength Vo,
linear/nonlinear damping coefficients ce,, Cane, NONlinear parameter a, yield displacement uy,
and seismic intensity g in the non-normalised case.

The suggested normalisation procedure was found effective since the seismic intensity had a
negligible effect on the mean normalised peak response (i.e. i and Up) of linear/bilinear
isolation systems with or without supplemental linear/nonlinear viscous damping (i.e. in all
three cases considered), and the standard error of the mean (SEGM) statistical measure
characterising the degree of reliability in mean response estimation was constrained in low

levels.

Integration of ‘design principles’ in the suggested procedure, by means of using code-
compatible scaling procedures and target spectra, require the selection and/or generation of
records with mean characteristics (i.e. mean spectrum, mean PGV) that closely match the target
properties (i.e. shape of target spectrum and design PGV). The above requirements have certain
implications associated with increased computational effort when natural records are used. On
the other hand, artificial (or synthetic) accelerograms may easily satisfy the above requirements
(using a relatively small number of records) and provide robust estimates of mean response
when member strength degradation is not considered (which is a reasonable assumption in
seismic design of bridges).

The combination of increased reliability in mean response estimation and the insensitivity of
the normalised response to the seismic intensity allows the development of generalised design
equations for the direct estimation of non-normalised relative displacements uo and total
accelerations Uy since the maximum force of the isolation and energy dissipation system (mUy)
cannot be directly associated with uo due to the introduction of viscous dampers (VDs).
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Developed regression models were assessed both in terms of accuracy in peak response

prediction and effectiveness in ‘near-optimal’ system identification.

In the case of bidirectional excitation, the large dispersion in the angles at which peak response
occurs, justifies and encourages the common practice of designing isolators to sustain the
maximum relative displacement in any random direction; it also indicates the need for applying
the selected records at different angles of incidence when designing the substructure.

Development of regression models by constraining the regression coefficients of relevant
models under unidirectional excitation revealed expected mean increases of 22% in uo and Uy
response of linear systems (i = 0), and 43% in uo and 26% in Uy in the case of nonlinear systems
(n#0). Such magnification factors offer an effective means to evaluate results derived from
different types of analysis according to code requirements.

Results presented in this chapter address a target spectrum with a frequency content
corresponding to site conditions ‘C” of EN1998-1 (CEN 2004b) and focus on elastomer-based
isolators. Nevertheless, the procedure was fully automated within the MATLAB (Mathworks
2016) code IDEC (Isolation Design Equations Code) to facilitate the development of GDEs in
other cases.

The suggested procedure represents an alternative to equivalent linearisation approaches
commonly adopted by codes, and as such, it can be implemented either on a ’stand-alone’ basis,
or for preliminary design purposes in more refined design procedures. Herein, the methodology
presented in this chapter is incorporated in Def-BD methodology of seismically isolated bridges
for the preliminary design of the isolation-energy dissipation system and the substructure in
Chapter 5.
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Chapter 5
Deformation-Based Design of Seismically Isolated Bridges

51 Introduction

The deformation-based design (Def-BD) method, proposed in Chapter 3 for seismic design of
bridges relying on hysteretic energy dissipation through ductile behaviour of the piers, is extended
in this chapter to address seismically isolated bridges with (or without) supplemental energy
dissipation devices, focusing on systems wherein a continuous ‘isolation interface’, formed
between the superstructure and all the substructure elements, allows movement of the deck in both
principal directions of the bridge. Accounting for multiple performance levels (PLs) and different
performance objectives (POs), the proposed method initially identifies the critical hazard level and
‘near-optimal’ alternatives of the isolation system in terms of both economy and performance,
based on the inelastic response of a reduced-degree-of-freedom (RDOF) system (Chapter 4). By
incorporating nonlinear response history analysis (NLRHA) of the multi-degree-of-freedom
(MDOF) system in a number of successive design steps that correspond to different performance
levels, it subsequently leads (essentially in a non-iterative way) to a refinement of the initial design
solution through the control of a broad range of material strains and deformations.

Sharing the same principal concepts and analysis tools (notably nonlinear dynamic analysis)
with the procedure for bridges with energy dissipation in the piers (83.2), by means of providing a
logical design route wherein specific members design and type of verifications are associated with
certain performance levels depending on the selected performance objective, the version of the
methodology incorporating seismic isolation and energy dissipation systems entails some key

modifications summarised as follows:

» Enhancement of performance objectives (i.e. expected structural performance under different
seismic hazard levels) to properly reflect the higher performance expected in the case of
seismically isolated bridges (when bridges of the same PO are compared) along with specific
conditions ensuring the effectiveness of the isolation system under the considered PLs (e.g. the
proper consideration of the intended plastic mechanism of the substructure under the relevant
PLs).

» Use of generalised design equations (i.e. methodology developed in Chapter 4) for preliminary
design purposes with a view to providing the required tools for a direct comparative evaluation,
at the early stages of design, of the various alternative isolation schemes that may be realised
by properly combining isolation and supplementary energy dissipation devices providing linear
and/or nonlinear viscous damping, while avoiding computationally intensive iterative analysis.

§

A

CITY



Konstantinos I. Gkatzogias

» Proper consideration of the adverse effect of the orthogonal component of seismic action under
bidirectional excitation.

* Incorporation of ‘design principles’ and approaches to account for the peculiarities of
seismically isolated bridges that arise from the use of passive control devices, i.e. realisation
and design of the selected scheme through base isolation and energy dissipation devices
(interchangeably referred as ‘passive’ in the following), and the treatment of the variability of
their design properties (DPs).

The above modifications along with the basic principles of Def-BD, aim to deliver a rigorous
design method that constraints the increased computational effort characterising complex design
frameworks (81.1) while treating ‘well-documented’ deficiencies of traditional equivalent
linearisation techniques, such as the requirement for iterative structural analysis, the inaccurate
estimation of inelastic response due to the introduction of the ill-defined (i.e. non-physical)
‘effective’ isolation period (Makris & Kampas 2013b) and the ‘equivalent’ damping ratio
(Franchin et al. 2001, Miranda & Ruiz-Garcia 2002), the approximate estimation of relative
velocities required for the calculation of peak damper forces (Chopra 2012), and the inconsistent
treatment of systems with non-classical (or non-proportional) damping matrices (Franchin et al.
2001, Chopra 2012).

Detailed steps of the proposed Def-BD methodology and required modifications with regard to
83.2, are first put forward in 8§5.2. Following a description of the adopted analysis and design
framework (85.3.1-5.3.4), the efficiency of the method under unidirectional excitation is
subsequently explored in 8§5.3.5.1 by applying it to an actual concrete bridge previously used for
the evaluation of Def-BD in the case of bridges with energy dissipation in the piers (referred also
as ‘ductile-pier’ bridges in the following for the sake of brevity) (83.3.1). The suggested procedure
and the resulting designs for three different isolation schemes are evaluated in the light of NLRHA
using a number of spectrum-compatible motions, offering a useful insight into some additional
pitfalls of modern code-based approaches (85.3.5.2); a comparison among the different designs,
with emphasis on both economy and structural performance, is also presented. Following the same
design and assessment format, the effect of bidirectional excitation in the design procedure is
investigated in §5.3.6.

5.2  Methodology

5.2.1 Performance-based design framework

The suggested procedure consists of five distinct steps (Fig. 5.1a) including a preliminary design
and subsequent verifications involving nonlinear response-history analysis (NLRHA) at a number
of performance levels depending on the performance objective sought in terms of bridge
importance as in §3.2.1. Herein, three different importance classes are defined, in contrast to the
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five classes considered in the case of bridges designed for ductile behaviour of the piers (for reasons
explained in the following), namely, Non-essential (bridges of minor importance), Ordinary
(average importance), and Essential (high importance). Similarly to ‘ductile-pier’ bridges, the
performance objective is described with reference to the member (abutment, pier, deck, isolator,
etc.) structural performance level (SP) and the associated seismic action (EQ), whereas four
different SPs and EQs are introduced to formulate the ‘performance matrix” depicted in Fig. 5.2.
SPs are qualitatively described in terms of post-earthquake operationality, damage, and feasibility
of repair; representative structural performance criteria associated with each SP defining member
(upper) performance states within a ‘design’ framework, are provided in Table 5.1 and presented
in detail in 85.2.2-5.2.6. EQs correspond to a ‘frequent’ (EQI), an ‘occasional’ (EQII), a ‘rare’
(EQIII) and a ‘very rare’ (EQIV) seismic event, while the considered range of return periods Tr
coupled with each SP is in line with the widely varying requirements prescribed in different codes
according to 83.2.1.

The ‘performance matrix’ in Fig. 5.2, combined with the structural performance criteria in Table
5.1, assigns higher POs to isolated bridges compared to the corresponding importance classes of
‘ductile-pier’ bridges (also included in the figure for the sake of comparison). This is in line with
code specifications (e.g. CEN 2005a, AASHTO 2010) regarding the necessity of limiting the
inelastic response of the substructure, aiming at the proper performance of the isolation system,
since it has been demonstrated (Constantinou & Quarshie 1998, Vassiliou et al. 2013, Tsiavos et
al. 2017) that when inelastic action develops, the effectiveness of the isolation system may be
reduced, resulting in larger deformation demands in the isolated structure. In the light of the
previous consideration, controlled inelastic response of the piers (e.g. associated with spalling of
concrete cover) is allowed under the highest SP considered in ordinary bridges (i.e. SP3). In this
context, the SP3 criterion in ‘ductile-pier’ bridges (Table 3.1), associated with the feasibility of
repair in the piers, is omitted in seismically isolated bridges (Table 5.1) since the essential
requirements in the latter case (i.e. seismic isolation) are the proper performance of the isolation
system under EQ(SP3) (dictating a more stringent criterion compared to ‘hoop yielding’ in Table
3.1), and ‘collapse-prevention’ under EQ(SP4) (identical criteria in both ‘ductile-pier’ and isolated
bridge piers). On the other hand, the SP3 requirements of seismic isolators (Table 5.1) are relaxed
compared to common (non-seismic) bearings allowing for the development of their ultimate
deformability under EQ(SP3) (i.e. EQIV for ordinary and essential bridges). This strategy emerges
from the activation of seismic links and the abutment-backfill system under EQ(SP4) (explicitly
checked only in non-essential bridges according to 85.2.6), indicating that inertia forces of the deck
are transferred directly to substructure elements without the engagement of moveable bearings and
dampers (i.e. a state described as ‘locked’ in Table 5.1). The “critical’ PO, associated with bridges
of major importance in the case of energy dissipation in the piers, is not defined in isolated bridges.
The reason behind this, is that such a design approach would result in a practically inactive isolation
system (i.e. base shear V lower than, or close to, the shear resistance of the isolation system at zero
displacement Vo) under the highest (and only considered) hazard level, i.e. EQIV.
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Considering for example an ordinary seismically isolated bridge, then the target performance

of a single pier and the isolators located on its top (Fig. 5.3) is associated with the ‘operationality’

performance state of isolators corresponding to undisrupted service of the bridge under EQII (Tr =

50~100yrs), with gquasi-elastic response of piers and limited damage in the isolators without
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significant disruption of service under EQIII (Tr = 500~1000yrs), and with ‘ultimate’ response of
isolators, limited inelastic response of piers, and limited service of the bridge under EQIV (Tr =
2500yrs).

v .
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Seismic hazard Structural performance
EQ |Tr (yrs) SP1 SP2 SP3 SP4
EQI <50 Ductile - -
EQIl | 50-100 Isolated Ductile -
EQIII | 500-1000 Isolated Ductile
EQIV | ~2500 Isolated Ductile
Service Full Operational Limited Disrupted
Damage Negligible Limited Significant Severe
Repair No/Economic | Economic Feasible Non-feasible
Seismic hazard "Ductile-pier’ bridges: Analysis type per PL
EQI <50 IMP L - -
EQIl | 50-100 IMP L+NL NL -
EQIIl |500-1000 L+NL NL IMP
EQIV | ~2500 L+NL NL IMP
Seismic hazard Isolated bridges: Analysis type per PL
EQI <50 GDE - - -
EQIl | 50-100 NL GDE+NL - -
EQIII | 500-1000 NL GDE+NL GDE+NL -
EQIV | ~2500 - GDE+NL GDE+NL NL
Analysis: Generalised design equations (GDE), Implicit calculation
(IMP), Linear (L), Nonlinear (NL)
Importance: Non-essential, Ordinary, Essential, , Critical 11

Fig. 5.2 ‘Performance matrix” adopted in Def-BD method

Table 5.1 Suggested structural performance criteria for seismically isolated bridges®:2

Isolated bridges
Member SP1 SP2 SP3 SP4
Isolated pier Yield Conc. spalling Ultimate response

@ <mMing (& ¢y, hoop
P =0y @ < ¢(ec=3.5-4%0) fracture, long. bar
buckling/fracture)

Elastomeric bearing Yielding of anchor bolts,
No damage  cracking of pedestals, lower  Ultimate response Locked
limit for yielding of shims

7a< 2.5yt <7,

< 1/SF <1 . . Link activation
Va g Va tension, stability
Bilinear hysteretic Full service Operational
isolator (restoring Ues, Aace— 0 Uolu, >0.5 . .
capabilit
pability) V <V, (orVy)
Viscous damper Ultimate response Locked
- - Uog <u
0 = Tstroke Link activation
Fo<For
Abutment Activation Ultimate response
- - Mapt <M
Apt = Tyt Backfill activation
Uo = Uclearance
Foundation - - Yield Ultimate response

!Definition of symbols and terms included in this table is provided in §5.2.2-5.2.6
“Criteria for additional members (e.g. deck) and other type of bearings are described in §5.2.2-5.2.6
[
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The analysis type prescribed by the proposed method for each PL is reported in Fig. 5.2 and
discussed in detail in the following sections. To meet current code requirements (e.g. CEN 2005a,
AASHTO 2010, ASCE 2016), member verifications should be performed for both lower bound
(LB) and upper bound (UB) design properties of isolators and dampers, i.e. two different sets of
analysis per PL, each set, in the case of nonlinear dynamic analysis, consisting of seven (or more)
pairs or triplets of accelerograms (since the vertical component of seismic action may have a critical
effect on the in-plane deformation of the deck) applied using different incidence angles (84.5.2).
The scheme proposed in 85.2.2-5.2.6 reduces the required sets of analyses to two per each PL,
noting however, that performing the ‘full set’ of analyses and designing members using their
‘envelope’ response will in any case minimise the associated cost of the adopted design solution.

For the sake of completeness detailed steps of the procedure, including those that are essentially
the same with §3.2, are provided in Fig. 5.1b and thoroughly described in 8§5.2.2-5.2.6.
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Fig. 5.3 Performance objective for an ordinary seismically isolated bridge: Pier column (p: in red) and
bilinear isolators response (I: in blue) under EQII, III, IV
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5.2.2 Preliminary design (Step 1)

In the case of isolated bridges, the first step aims at the identification of the critical (in terms of
economy and performance) PL and at a first ‘near-optimal’ estimation of the basic parameters of
the isolation system, namely, its (normalised) strength vy, post-elastic stiffness k, (or isolation
period T,), and damping ratio &; according to the definitions provided in Chapter 4, v represents
the ratio Vo / (mg), where m the isolated mass. The ‘near-optimal’ isolation solution is defined
herein as the one that results in ‘near-minimum’ peak total acceleration U, of the superstructure
while keeping within allowable limits the peak relative displacements uo of the isolation system
and the deformations of the substructure (piers) (Inaudi & Kelly 1993). Different approaches can
be explored by duly exercising engineering judgement.

Both objectives of the preliminary design can be investigated either on the basis of an elastic
(e.g. response spectrum) analysis by introducing an iterative equivalent linearisation technique,
similar to code-based approaches (e.g. CEN 2005a), or on the basis of the approach developed in
Chapter 4 using generalised design equations (GDES) that provide direct estimates of uo, Uo for an
RDOF as a function of &, # (i.e. strength normalised to seismic intensity, 84.3-4.5), and T,, under
different PLs associated with target spectra (e.g. code-based) with the same frequency content but
different intensity. The latter approach, apart from being compatible with the framework of Def-
BD (i.e. estimated response based on nonlinear dynamic analysis), has also the potential to remedy
certain pitfalls of common equivalent linearisation procedures (85.1). To this end, ‘design
equations’ in the form of Eqs. (4.37) and (4.38) are used in this step to identify both the reference
(or critical) PL and a ‘near-optimal’ isolation scheme, recalling that GDEs can be extracted for
code-prescribed target spectra and be provided as ready-to-use tools; although development of
regression models is required in cases wherein spectra of different frequency content are adopted,
the procedure can be easily performed using the IDEC code as discussed in Chapter 4.

Uo and Up inelastic spectra for the adopted seismic actions EQ(SP2) and EQ(SP3) are first
established by plotting GDEs in a uo-vo, Uo-vo format (Fig. 5.4), facilitating the identification of
isolation schemes (&, wo, Tp) with a ‘near-optimal’ performance under different earthquake
intensities, and systems consisting of different passive devices. The above ‘near-optimal’ selections
for a given ¢ are characterised by a constant value of # (i.e. the ‘near-optimal’ # is independent of
the seismic intensity) but in general correspond to different ‘actual’ isolation schemes due to either
the variation of vy (see Eq. (4.38) and optimal selections denoted with blue in Fig. 5.4) or the
variation of cqn Since the latter depends on uo when a < 1 according to Eq. (4.15). Fig. 5.4, in
agreement with other studies (e.g. Ramallo et al. 2002), indicates that when an isolated structural
system designed for optimal performance under a ‘rare’ event (e.g. optEQIII) is subjected to
stronger ground motions (e.g. EQIV), it results in suboptimal uo response compared to the
displacement response of a system optimised for the higher seismic action (i.e. optEQIV). On the
other hand, increased Uy (and hence base shear) are obtained in the case of the optEQIV system
when the latter is subjected to shorter return period events (e.g. EQIII). In design terms, the
previous observation may be translated into an increased cost of isolators in the first case and an
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increased cost of reinforcing steel in the concrete piers in the second. In view of the previous
remark, the decision on the reference PL to be used, or else, the level of earthquake under which
the isolation and energy dissipation system is ‘near-optimally’ selected, i.e. EQ(SP2) or EQ(SP3),
should be made cautiously apart from the case of inherently linear systems (as explained in the
following), and in essential bridges wherein the isolation system is activated only under EQ(SP2)
(Fig. 5.1b). In all other cases, the divergence from the optimal response when the selected system
is subjected to a different PL and/or different DPs along with its relevant effect on economy and
performance, should be considered. It is noted that the variability of mechanical properties can be
easily assessed provided that the relevant input (i.e. & o, T, corresponding to LB-DP or UB-DP)
is used in Egs. (4.37) and (4.38).
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Fig. 5.4 Direct peak response estimation of RDOF systems (m, &, 7,=3.0 s, a=1.0) optimally designed (in
blue) under EQIII (i.e. optEQIII) (left), EQIV (i.e. optEQIV) (right), and corresponding response
of optEQIII under EQIV (in red)

Based on the ‘energy-equivalence’ approach presented in §4.4, Eq. (4.37) and the corresponding
inelastic spectra (Fig. 5.4) can additionally predict with sufficient accuracy the response of systems
equipped with nonlinear viscous dampers (NLVDs) since the nonlinear parameter a was found to
have a minor impact on uo and Up. By approximating the response of a NLVD with an energy-
equivalent linear viscous damper LVD, Eq. (4.37) can provide direct estimates of response for
systems with the same & but different a. However, since cqni depends on ug, an iterative application
of Eqg. (4.37) (i.e. in contrast with design procedures based on effective properties that require
iterative structural analysis) will be required whenever the response of a ‘near-optimally’ selected
system is sought under a PL and/or DPs other than those used for its selection. The procedure can
be summarised as follows:

i. Uoand U, response estimates of a ‘near-optimally’ selected system (&, vo, Tp, and a < 1) under
the reference seismic action are directly calculated from Eq. (4.37) assuming a = 1.

ii. Assuming & = 0.05 (in the case of elastomer-based isolators) and & = &~¢&, c. and cq are
calculated under the reference seismic action using Egs. (5.1) and (5.2) (i.e. Egs. (4.24) and
(4.18)), and up from Step (i).
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CeL =2Mwp&e | (5.1)
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iii. e, Cq, Vo, Tp are subsequently modified to account (whenever required) for the variability of
design properties of devices, otherwise they are kept constant (i.e. corresponding to specific
devices).

iv. 7 and & = & + & are calculated under the different PL and/or design properties by re-arranging
Egs. (5.1) and (5.2). Assuming that a < 1.0, calculation of & . requires the definition of an
energy-equivalent linear system which in turn will provide the unknown uounder the considered
PL and/or DPs. An initial estimate of & n. can be derived from Eqg. (5.2) by assuming a = 1,
thus uncoupling the above calculation from the displacement response.

v. Substituting & # (from Step iv) and T, (from Step iii) in Eq. (4.37) provides initial estimates of
Uo and Uy under the different PL and/or DPs.

vi. Once ug has been determined, Steps (iii) to (v) are repeated until all relevant design quantities
(i.e. & uo and Up) have practically stabilised; normally, no more than 2~3 iterations will be
required.

When a = 1.0 Step (vi) will be redundant (i.e. no iterations required), whereas the decision on the
adopted reference level of seismic action will have no effect on the system’s optimal response in
the special case of a=1.0 and = 0, due to the system’s inherent linearity (Fig. 5.1b). The selection
of a system with a ‘near-optimal’ performance may also encompass various design constraints,
such as, maximum deformations of the isolation system (i.e. uo), adequate restoring capability
(85.2.3, 5.2.4), a base shear (mUo) resulting in reinforcing steel demands close to the minimum
requirements (e.g. in cases when non-seismic loads affect the pier dimensions), a maximum damper
force Fo, or simply target values for T, & vo, accounting for both economy and market availability
of dampers, isolators, and expansion/contraction joints. Note also that the decision on the type of
devices required to materialise the selected system will normally follow the selection of &, #, T,
apart from the case when specific restrictions apply. Table 5.2 and Fig. 4.8 provide some useful
guidance in support of this task by associating specific design parameters (&, #, Tp, Uy) with common
passive schemes, and corresponding force-displacement responses. Examples of the above
procedure are presented in 85.3.5, 5.3.6.

Selecting an isolation and energy dissipation system will result in a first estimation of the
geometrical and mechanical (LB, UB) properties of devices to be used in subsequent steps, so long
as ¢, n, and T, of the selected system are properly distributed to a sufficient number of units located
at the piers and abutments. The distribution of the basic properties of the isolation system should
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account for the weight distribution of the deck to the substructure, and the (potential) minimisation
of the eccentricity between the centre of stiffness of the substructure-isolation system and the centre
of mass of the supported deck as a means to mitigate torsional effects. Uniformity of the stiffness
of piers with different height can be achieved to some extent by tailoring the isolator properties so
that the bearing stiffness counterbalances the difference in pier stiffness (Fardis et al. 2012, Jara et
al. 2013). Notwithstanding the importance of the previous factors, reliability and cost issues will
normally dictate the above distribution, e.g. selection of two isolators per pier/abutment is the most
reliable and cost-effective design solution in the case of box girder section decks (Constantinou et
al. 2011), while identical devices are preferable in small-to-moderate bridges since the cost for
testing of devices is minimised. It is worth noting that the constraint of maintaining classical normal
modes (i.e. distribution of damping coefficients proportional to the lateral stiffness of the
substructure members) does not apply here due to the use of NLRHA, hence, optimal distributions
of dampers can be explored (e.g. Christopoulos & Filiatrault 2006).

Distribution of properties of the selected isolation system and determination of LB/UB-DPs of
devices will also provide an estimate of the pier strength required to ensure the target performance
under the selected reference level of seismic action, i.e. quasi-elastic response of piers under
EQ(SP2) or controlled inelastic response under EQ(SP3) (Fig. 5.3). Regarding the second case, the
strength at the pier ends should be established to retain the effectiveness of the isolation system
under an ‘extreme’ event through proper consideration of the range within which the inelastic
deformations should fall, associated with the degree of damage allowed under EQ(SP3) (i.e.
curvature ¢ corresponding at a concrete strain of &c = 3.5~4%o. in Table 5.1). To meet this objective,
the procedure described in Step 1 of Def-BD for ‘ductile pier’ bridges (83.2.2), used to ensure that
the bridge remains operational during and after EQ(SP2), can be fully implemented herein for
EQ(SP3) without requiring an elastic analysis; pier column forces and chord rotations can be
estimated from the maximum inertia force transferred through the isolator to the pier top, and a
proper estimation of pier equivalent cantilever heights heq (e.g. based on the distribution of bending
moments along the pier height derived from statically applying a unit displacement to the deck). In
case the longitudinal reinforcement demand p; is found to be less than the minimum requirement,
reduction of cross sections is in order. When non-seismic loads dictate the area of the piers (Apier),
& wo, Tp can be modified instead, aiming at increased total accelerations as a means to exploit the
available pier strength (provided due to the minimum p; requirement), reduce the relative
displacements of the isolation system, and thus minimise its cost. The procedure shown as a closed
loop in Fig. 5.1b, simply involves the selection of appropriate values of & wo, T, from plotted
diagrams (e.g. Fig. 5.4), rather than iterative analysis required in the case of equivalent linearisation
approaches.

An issue deserving some further consideration relates to the case of bidirectional excitation; Eq.
(4.37) in this case provides the peak relative displacement uo 20 and total acceleration Uo2p (i.e. the
peak values of response histories defined by adding the relevant response vectors along the
principal axes of the bridge, 84.5.1), but the angles at which these peak response estimates are
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expected to develop remain unknown. This is of minor importance in the case of displacements so
long as the passive devices are designed in such a way that they can sustain ug2p in any random
direction (84.5.2), but it may result in conservative or unconservative design of the piers depending
on the adopted #o value. Given that extensive parametric NLRHA of different isolation systems
has demonstrated that 80 may take any value within the 0~90° range when the two horizontal
components of seismic action are applied along the longitudinal and transverse direction of the
bridge (84.5.2), design of substructure members should be performed for the most adverse of the
effects derived by independently applying the maximum inertia force mUo2p in the principal
directions of the bridge.

Table 5.2 Isolation and energy dissipation schemes

Design Parameters

No. e &y n k uy (m)
1 >0.05 0 0 ke (5kp) -
2 ~0.05 >0.05 0 ke (Zkp) -
3 ~0.05 >0.05 0 ke (Zkp) -
4 0 0 >0.25 Kp ~0.001
5 0 >0.05 >0.25 Kp ~0.001
6 ~0.05 0 >0.25 kKp ~0.001
7 ~0.05 >0.05 >0.25 Kp ~0.001
8 ~0.05 0 >0.25 Kp ~0.01
9 ~0.05 >0.05 >0.25 Kp ~0.01
No. V-u Response Isolation hardware
1 Viscoelastic (apx elastic in LDRB case) HDRBs (LDRBs)
2 Viscoelastic LDRBs + LVDs
3 Rigid viscoplastic with stiffening LDRBs + NLVDs
4 Elastoplastic (apx rigid plastic) with stiffening FPBs
5 Elastoviscoplastic (apx rigid viscoplastic) with stiffening FPBs + L/NLVDs
6 Elastoviscoplastic (apx rigid plastic) with stiffening FPBs/FSBs + LDRBs
7 Elastoviscoplastic (apx rigid viscoplastic) with stiffening FPBs/FSBs + LDRBs + L/NLVDs
8 Elastoviscoplastic (apx elastoplastic) with stiffening LRBs, LRBs + LDRBs
9 Elastoviscoplastic with stiffening LRBs + L/NLVDs, LRBs + LDRBs +
L/NLVDs
HDRB: High damping rubber bearing FPB: Friction pendulum bearing
LDRB: Low damping rubber bearing FSB: Flat sliding bearing
(N)LVD: (Nonlinear) Linear viscous fluid damper LRB: Lead rubber bearing

Finally, it is noted that convergence of response quantities derived from GDEs and the MDOF
analysis in the following steps, depends on the substructure’s stiffness (potentially involving
limited inelastic response in the piers) and inertial characteristics that are ignored in Step 1.
Consideration of the latter parameters is deemed superfluous at this stage since their effect on ug is
not expected to be significant except for the case of very flexible and/or massive piers (Dicleli &
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Buddaram 2006), and subsequent steps of the method involve NLRHA of a detailed model of the
bridge.

5.2.3 PL1 verifications (Step 2)

During Step 2, a partially inelastic model (PIM) of the structure is set up and SP1 verifications are
performed based on the results of NLRHA for appropriately defined ground motions. Hysteretic
isolators and dampers are modelled as nonlinear spring and dashpot elements, respectively (84.2.3),
with mechanical properties as defined in Step 1 based either on LB-DPs or UB-DPs or both, as
described in the following. In the same model, the remaining parts of the bridge are modelled as
elastic members. The flexural stiffness of prestressed concrete deck elements is calculated
assuming uncracked deck sections while reinforced concrete pier column stiffness should
correspond either to yield (e.g. moment M vs. curvature ¢ analysis of sections based on p; estimated
in Step 1) or to the gross section; pier stiffness under EQ(SP1) is expected to have a minor effect
on isolator deformations used in the following verifications. NLRHA of the PIM also requires the
definition of a suite of ground motions, which should be compatible with the selected design
spectrum. Selection and scaling of input motions can be performed according to the procedures
described in 83.2.3. The selected earthquake motions will be used for both this step and the
following ones, and they should be properly scaled to the level associated with the PL considered;
alternatively, different suites of motions can be established for each PL based on different selection
criteria and shape of target spectra in a more refined approach (e.g. Baker & Cornell 2006) that is
expected to be more relevant in the case of bridges of higher importance. Based on the pier design
approach adopted in Step 1, rotation of the pairs of horizontal components of seismic action into
their principal axes (e.g. 84.2.2) and consecutive application along the principal axes of the bridge
is deemed adequate during this and the following steps of the procedure in the case of straight
bridges; a more detailed investigation involving application at a range of critical angles of incidence
is in order in the case of more complex bridge configurations.

Verifications under EQ(SP1) seismic actions should be carried out in terms of both
‘operationality’ and ‘structural performance’ of the bridge, hence, design criteria in this PL (Table
5.1) should ensure both ‘full’ service of the bridge (i.e. no closure) and ‘negligible’ (or preferably
no-) damage of the passive devices. The ‘operationality’ requirement can be satisfied by providing
an adequate restoring capability, a design strategy common in most codes (e.g. CEN 2005a, ASCE
2016), by dictating the presence of devices that can inherently apply recentring forces to the
superstructure, thus preventing substantial residual displacements (urs) after the seismic event and
accumulation of displacements during a sequence of seismic events or under ground motion
containing pulses, while allowing the prediction of displacement demand with less uncertainty
(Constantinou et al. 2011). The parameter mainly affecting the restoring capability of typical
bilinear seismic isolation systems, defined as Ures / Uo, is the ratio Uo / ur (Fig. 2.4), where Ures is the
residual displacement bounded by the maximum residual displacement u, (Eq. (4.26)) under which
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static equilibrium can be reached, i.e. -ur < ures < Ur. Due to the non-monotonic variation of ures with
respect to the ratio uo / u, (Katsaras et al. 2008), the restoring capability and/or the accumulation
of residual displacements during a sequence of seismic events expressed by the accumulation factor
Aace (varying from zero for systems with no accumulation up to 1.0 for systems with full
accumulation of residual displacements), should be assessed on the basis of design charts, like
those proposed by Katsaras et al. (2008) and Cardone et al. (2015) for elastomer- and friction-
based isolators, respectively. The relevant charts were derived from statistical analysis of responses
from a large number of NLRHAs since the absence of urs in NLRHA results under few (e.g. 3—
10) horizontal pairs of spectrum-compatible records is not always indicative of sufficient restoring
capability (Katsaras et al. 2008, Fardis et al. 2012).

In view of the previous remarks, the ‘operationality’ requirement can be satisfied by providing
an adequate restoring capability with a view to limiting residual displacements urs and the
accumulation factor Aacc to near-zero values (Table 5.1), and hence, ensuring ‘full” service of the
bridge. Efficiency of restoring capability can be addressed either by adopting a minimum value of
Uo / ur, i.e. equal to 0.5 in EN1998-2 (CEN 2005a) (corresponding to Ures / Up < 0.10 according to
Katsaras et al. 2008) or by directly assessing via relevant charts the expected value of uyes since the
rule of uo / ur 2 0.5 may be too conservative considering the low values of up involved in SP1. In
the latter case (i.e. direct evaluation of ures), engineering judgement will be required in defining
allowable ures values associated with the ‘closure/non-closure’ state of the bridge (e.g. horizontal
offsets of approximately 20 and 30 mm were associated with ‘non-" and ‘brief-closure’ in Porter
2004), noting that the capability of bilinear isolation systems is expected on average to be more
critical for seismic motions involving small-to-moderate displacements (Katsaras et al. 2008) and
UB-DPs; i.e. increase of ug / ur (either by increase of up or decrease of ur) results in the reduction
of Ures (Fig. 2.4). A more stringent (‘force-based’) ‘operationality’ criterion under EQ(SP1) can be
the limitation of the isolation base shear below V, (or Vy) assuming UB-DPs; this will ensure zero
Ures OF the deck in the case of sliding bearings (both horizontal and vertical if friction pendulum
bearings are considered), and thus, ‘full’ serviceability of the bridge, but is more difficult to apply
in lead rubber bearings due to the actual gradual transition from the elastic to the inelastic range of
response (i.e. uncertainty with regard to the definition of the yield displacement uy, Fig. 5.3)
requiring a conservative estimation of uy. Considering the requirement for ‘no- damage’ of
isolators, an upper limit on shear strains due to lateral deformation y4 corresponding to first visible
damage should be applied in the case of elastomer-based isolators and LB-DPs combined with an
appropriate safety factor SF,, (Table 5.1); a value of y4 close to 1.0 can be adopted, associated with
potential cracking of pedestals and/or yielding of anchor bolts (Padgett 2007) and with the lower
limit of yielding of steel shims (i.e. 1~1.5) according to Mori et al. (1993, 1997), similarly to §3.2.3.

Use of UB- or LB-DPs of devices during the analysis in this step, is recommended for the
verification of ‘force-based’ (including restoring capability) or ‘deformation-based’ operationality
criteria, respectively. In the (common) case wherein both types of criteria are involved, analysis
should be based either on UB- or LB-DPs depending on which is the most critical one (85.3.5).
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Verifications associated with mechanical properties not accounted for in the analysis should be
conducted using conservative estimates of the demand implicitly related to analysis results through
proper modification factors; the latter can be calculated as the ratio of the relevant UB/LB design
quantities derived from GDEs. Alternatively, the designer may opt to apply consecutively UB- and
LB-DPs, in this and the following PLs, to ensure a minimum cost of the adopted isolation solution.
If the adopted performance criteria are not satisfied, mechanical properties of devices should be
modified. Adjusting the mechanical properties of isolators without altering their stiffness (e.g.
increasing proportionally both the elastomer area and thickness in elastomer-based isolators) will
not require iterations, similarly to §3.2.3. In case ¢ wo, Tp are modified, conformity to the
requirements of Step 1 (i.e. performance under the reference PL) can be evaluated using GDEs,
without performing additional NLRHAs (Fig. 5.1b). When the required modifications in this step
do not satisfy the target performance set in Step 1, alternative (probably less economical) design
options can be explored, such as adding sacrificial devices that can restrain the relative movement
of the deck to the piers for the shear forces under EQ(SP1). In any case, operationality verifications
at this step are not expected to be critical for piers, as the latter are designed for responding quasi-
elastically up to the next PL. A notable exception to the procedure described above, is the case of
non-essential bridges, wherein NLRHA is omitted and response quantities required for the relevant
verifications are approximately estimated by GDEs, due to the reduced importance and the low
associated seismic actions.

5.2.4 PL2 verifications (Step 3)

During analysis in Step 3, the PIM should be used with pier stiffness corresponding to yield and
UB-DPs of devices as modified in Step 2. SP2 verifications (Table 5.1) should ensure that the
extent of damage is such that the bridge can be repaired after the earthquake without significant
disruption of service. Regarding the isolation system, the previous requirement can be expressed
as an adequate restoring capability allowing for ures that can result in a ‘brief” closure of the bridge
(e.g9. Uo / ur > 0.5), and ‘limited” damage in the isolators (e.g. yq = 1) (Table 5.1), both evaluated
according to the previous step. Required modifications of the mechanical properties of devices
should be assessed based on the requirements of Steps 1 and 2, and are dealt in line with §5.2.3
(Fig. 5.1b). The performance sought for the substructure at this PL refers to essentially elastic
response of piers (i.e. curvature ¢ lower than the yield curvature ¢y in Table 5.1), hence pier
response retrieved from NLRHA in this step is used to design pier columns in flexure (i.e. definition
of pier yield moments My in Fig. 5.1b). When design for flexure is carried out in terms of design
values of member resistance (hence using commonly available design aids), pier moments derived
from analysis (based on mean values of strength) should be properly reduced by the g-factor
similarly to Def-BD of ‘ductile-pier’ bridges (§3.2.2). The final p ratio should be selected by
adopting the highest demand derived from Steps 1 and 3.
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5.2.5 PL3 verifications (Step 4)

Verification of the ‘near-optimal’ performance sought in Step 1 and subsequently modified in Steps
2, 3, constitutes the primary objective in this step involving the three critical states of the isolation
system, namely, the states of peak deformation (critical for the deformation capacity of passive
devices), peak total acceleration (critical for the design of substructure elements), and peak velocity
(critical for the resistance of the dampers and their anchorage to the bridge members). Analysis is
not required for essential bridges in this step, since both EQ(SP2) and EQ(SP3) are associated with
EQIV (Fig. 5.1b, Fig. 5.2). Analysis in the above case will be meaningful only if a more refined
model is introduced in Step 4 for verification purposes (i.e. aiming to assess in more detail potential
changes of & v, Tp applied in the Step 3, or the LB response if the latter was omitted in §5.2.4).

In addition to the components of the isolation and energy dissipation system, piers are modelled
in Step 4 as yielding elements, with strength and stiffness characteristics derived from M-¢ analysis
using pi ratios determined in Step 3. Adoption of LB-DPs during analysis, followed by an explicit
calculation of the deformation demand in the isolation system, or adoption of UB-DPs that will
provide an accurate estimation of the deformations in the substructure, should be based on
comparisons of the estimated response from GDEs with the available capacity of substructure
members and devices, also accounting for the ensuing cost of overpredictions in response
estimation. For example, if the estimated displacement demand of the isolators from Step 1 (i.e.
from GDES) is close to the capacity of the devices selected in subsequent steps, it is preferable to
adopt LB-DPs during the analysis under EQ(SP3) with a view to assessing accurately, through
analysis, the deformation demand in the isolation system normally associated with the increased
cost of passive devices (except for isolation systems formed exclusively from LDRB), and
implicitly, through modification factors, the pier deformation demand. The designer may also opt
for analysing the isolated bridge under both LB- and UB-DPs, ensuring that neither the devices nor
the substructure members (piers) are overdesigned.

The deformation capacity of passive devices should be checked for ultimate deformations (e.g.
strain limits according to CEN 2005a, 2009 in Table 5.1) accounting for residual displacements
(Cardone et al. 2015) so that the isolation system can sustain possible aftershocks. Uplift or
maximum tensile stresses that may result in unseating of friction-based and cavitation of elastomer-
based isolators, respectively, should be constrained, ensuring also their stability (e.g. SP3
performance criteria in 85.3). Required modifications of the mechanical properties of devices are
assessed with the aid of GDEs in line with the previous steps. With regard to the piers, it should be
verified that the deformation demand is consistent with accurately estimated limit values derived
from M-¢ analysis, allowing for controlled inelastic response of piers under EQ(SP3) (i.e. EQIV
for ordinary and essential bridges in Fig. 5.2). Increase of the longitudinal reinforcement ratio p
will be required if the demand exceeds the relevant deformation limit in Table 5.1, requiring
iterative analysis within Step 4 (Fig. 5.1b). Nevertheless, it should be noted that neither device
property modifications nor p; adjustments were required in the examples studied so far (85.3)
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indicating the effectiveness of Step 1 in estimating the inelastic response; in this context, the above
options are included in Fig. 5.1b for the sake of generality.

Damper forces and relative displacements derived from analysis in this step define their axial
force resistance (For) and stroke (Uostroke), respectively. Furthermore, members considered elastic
in setting up the PIM (i.e. capacity-protected members in Eurocode terminology) such as, the deck,
abutments, and foundation, are designed in flexure for the action effects resulting from NLRHA.
Design of the superstructure should aim at the non-cracked, rather than non-yielding, state of deck
sections (Similarly to SP3 requirements for ‘ductile-pier’ bridges in §3.2.4), whereas activation of
the abutment-backfill system should be avoided under the seismic actions of this PL by providing
a sufficient clearance (Ucearance In Table 5.1) to accommodate the total design displacement
(involving displacements due to seismic, permanent, quasi-permanent, and thermal actions, e.g.
CEN 2005a) in both principal directions of the bridge. Seismic links (stoppers/shear keys) are
introduced as a second line of defence against seismic actions exceeding EQ(SP3), and their
inclusion in the PIM is not required (clearance between the link and the deck is treated as a design
parameter) unless a non-essential bridge is under consideration (see next step).

5.2.6 PL4 verifications (Step 5)

The final step involves explicit analysis only in the case of non-essential bridges, wherein the target
performance set in Table 5.1 and Fig. 5.2 is assessed through NLRHA under EQ(SP4). A realistic
bridge response involves exhaustion of clearances followed by pounding effects between the deck
and the substructure, activation of seismic links (i.e. ‘locked’ state in Table 5.1), activation of the
abutment-backfill system resulting in damage in foundation members (e.g. in piles) and/or
permanent deformations in the embankment, increased inelastic deformations in the piers, and
reduction of the effectiveness of the isolation system. Given that analysis complexity required to
properly capture the above modes of failure (e.g. modelling of pier-link-deck, backfill-abutment-
deck interactions) along with relevant uncertainties in structural response are disproportionate to
the associated low importance of the bridge, a simpler approach is recommended. This involves
two sets of analyses under EQ(SP4) using the PIM of Step 4, the first assuming that deck
displacements are constrained at the location of abutments while the second allowing free
movement of the deck ends, with a view to estimating the ultimate response of abutments and piers,
respectively, considering UB-DPs of passive devices in both cases. In all other POs, this step
includes detailing of piers for confinement, anchorages and lap splices with due consideration of
the expected level of inelasticity, and member shear design under EQ(SP4) (which coincides with
EQIV in ordinary and essential bridges) and UB-DPs. Finally, in case the characteristics of the
selected isolation devices deviate from those of typical devices provided by the manufacturer,
checking of stresses in reinforcing shims (internal plates) and design of end plates should also be
performed during this step (e.g. CEN 2005b, Constantinou et al. 2011).
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5.3 Case Study

5.3.1 Description of studied bridge

The efficiency of the proposed design procedure is demonstrated by applying it to a 3-span bridge
that has similar characteristics with the T7 Overpass, previously used in §3.3 as a case study of
Def-BD for bridges designed for ductile behaviour of the piers. Specifically, the superstructure has
identical geometrical and detailing characteristics on the basis that the deck design is governed by
non-seismic actions (86.2.5); the 10m wide prestressed concrete box girder deck with a total length
of L =99 m and a longitudinal slope of 7%, is supported by two single-column piers of cylindrical
section and heights hpier1 = 5.9 and hpierz = 7.9 m. The substructure lies on firm soil and both piers
and abutments have surface foundations (footings). In contrast to T7, where the deck is
monolithically connected to the piers, and rests on the abutments through elastomeric bearings, the
isolated deck rests on all piers and abutments through isolators (described later) that allow its
movement in any horizontal direction. Apart from the modification of the pier-to-deck connection,
the clear height of the piers is reduced herein to accommaodate the pier cap (height of 1.5 m) (Fig.
5.5). For the sake of consistency and with a view to enabling a meaningful comparison with T7,
certain design parameters associated with modelling issues and the definition of seismic actions
are defined in the following sections in line with §3.3, while in all subsequent designs the ‘ordinary
bridge’ PO is adopted (Fig. 5.2). The isolated bridge is first designed under unidirectional
excitation in 85.3.5 exploring the performance of different isolation and energy dissipation
schemes, focusing on the transverse response of the bridge. The effect of bidirectional excitation
in the design procedure is accounted for in 85.3.6.

5.3.2 Modelling issues and numerical evaluation of dynamic response

Response history analyses (RHAS) presented in 85.3.5, 5.3.6 for both design and assessment
purposes were performed using the unconditionally stable implicit Newmark constant average
acceleration method (Carr 2004a); the procedure was fully automated within a MATLAB script
(Mathworks 2016) that enables parametric nonlinear dynamic analysis of MDOFs using
RuaumMoko 3D (Carr 2004b) and DYNAPLOT (Carr 2004c) in batch mode, post-processing of
results involving data collection and statistical processing according to §4.2.4, and diagram
plotting.

Bilinear hysteretic 2-joint springs (i.e. ‘spring type’) and dashpot (i.e. ‘damping type’) elements
with six independent deformations (i.e. 1 axial, 2 shear, 2 flexural and 1 torsional internal
springs/dampers) were used in RUAUMOKO 3D to model the elastic/inelastic force-displacement
response of isolators and viscous dampers, realising through proper combination of their
mechanical characteristics different passive systems according to Fig. 4.8 and Table 5.2 (Fig. 5.5).
The effect of cavitation on the tensile axial stiffness of elastomer-based isolators was not explicitly

considered during analysis, but a maximum tensile stress ensuring linear axial force-deformation
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response with a tensile stiffness approximately equal to the compression stiffness was adopted and
verified during design in line with experimental results (Warn 2006) and code requirements (e.g.
CEN 2009). Likewise, the stability of elastomer-based isolators was verified at the design stage
and the variation of the critical buckling load with lateral deformations (Weisman & Warn 2012)
was not introduced in nonlinear dynamic analysis. In analyses involving two horizontal
components of seismic action (85.3.6), bidirectional interaction between the isolator yield forces
was accounted for by considering a circular yield surface for shear forces (Huang 2002) as per
84.5.1.

The post-elastic shear stiffness of elastomer-based isolators (i.e. equal to the elastic horizontal
stiffness of LDRBSs) was calculated from Eq. (5.3) (Naeim & Kelly 1999), where Gg, and tr are the
shear modulus, and the total thickness of the elastomer, respectively.

(5.3)

In Eq. (5.3), the effective plan area Ar" represents the bonded area of the isolator (i.e. corresponding
to the area of the steel reinforcing plates Ar’) increased by half the rubber cover area to account for
the effect of the latter on the horizontal stiffness (Constantinou et al. 2011). For the case of circular
LDRBs (Eg. (5.5)) and LRBs (Eg. (5.6)) that were adopted herein (85.3.5, 5.3.6), the total (Agr),
bonded (Ar’) and effective (Ar") areas are given as functions of the external, bonded, and effective
diameters (i.e. Dy, Dy, D,") disregarding the area of the lead core A_ (associated with D), noting
that according to EN15129 (CEN 2009), at least 4 mm of elastomer should cover laterally the edge
of the steel plate;

zD? , 7D 2 . 7D "2
DRB — T‘ ALDRB = 4| ) ALDRB = 4' (5.5)
2 2 2
7Z-<D|2 _ DLZ) I 7Z-(D| |2_ DLZ) ) 72'(D| "2_ DLZ) (56)
ALRB = 4 ) ALRB = 4 ) ALRB = 4

In the case of LRBs, the shear resistance at zero displacement Vo was associated with the yield
force of the lead core Vi, (and hence its plan area A.) according to Eq. (5.7) where G_ and fiy
represent the shear modulus and yield stress of the lead. Subsequently, the initial stiffness ke of the
isolator was calculated from Eq. (4.6) in line with the considerations of §4.2.3.

u

Vo =G, ty A =f A =ku, =V, (5.7)
R
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To approximately account for the low confinement of lead in LRBs located at the abutments (due
to the lower axial loads applied from the deck in this location compared to LRBs on top of the
piers), the shear resistance Vo of abutment bearings was reduced by assuming a 25% decrease in
the yield stress of lead f.y, (Ryan et al. 2005, Constantinou et al. 2011).

The torsional stiffness of the elastomer-based isolators was ignored, whereas the axial (k) and
flexural (k;) stiffnesses were calculated from Egs. (5.8) and (5.9), respectively (Naeim & Kelly
1999), where 1" represents the moment of inertia of the effective section of the isolator as per Eqg.
(5.10) (LDRBs) and Eq. (5.11) (LRBs).

E . n
K, = et 59
R
E, -lg"
k, =—=L—% (5.9)
tR
D I|4
liore "= = 611 (5.10)
. 7(D,"-D.)* (5.11)
ILFQB - 64 '

The compression (Ec) and bending (Er) moduli in Egs. (5.8), (5.9) were calculated following the
suggestions of Van Engelen & Kelly (2015) that provide the following equations for circular solid

pads;
11,4
E. 6GgS? 3E, (.12)
1 1 3
== o= (5.13)

E, 2GgS% 2E,

Ep is the bulk modulus of the elastomer assumed equal to 2000 MPa (CEN 2005b, 2009). The same
equations were also applied in the case of LRBs considering that the ‘confined’ lead core of modern
isolators prevents the lateral expansion of the elastomer layers under axial loading as opposed to
hollow elastomeric bearings. In the same context, the shape factor S, representing the ratio of the
loaded (i.e. bonded) area to the area of the elastomer that is free to bulge in a single elastomer layer
of tj thickness, was derived from Egs. (5.14), (5.15) in the case of circular solid LDRBS (Ssa1), and
circular LRBS (Sirs);
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D 1
Seol = (5.14)
1
D l2_ D 2
g - L 5.15
LRB 4D| Iti ( )

Viscous damping originating from the rubber of elastomer-based isolators was introduced in
the form of uncoupled linear dashpot elements connected in parallel with the shear internal springs
of the ‘spring-type’ elements (Fig. 5.5), with constant damping coefficients ce, calculated from Eq.
(5.1) assuming a damping ratio of &, = 5% at the corresponding translational isolated mode of
vibration, i.e. mode derived from classical modal analysis of the isolated bridge assuming that
isolators vibrate at their post-elastic stiffness k,. Linear/nonlinear dashpot elements were
introduced to model the response of supplemental linear/nonlinear viscous damping devices (i.e.
LVDs/NLVDs) according to §4.2.3; in this case cq,, Can along with the stroke and the maximum
force of the fluid dampers represent design parameters and are unknown at the start of the design
procedure.

The inelastic response of the piers was modelled in accordance with the assumptions provided
in 83.3.2. Axial force and flexural yield moment interaction (i.e. N-My) was not considered in
analysis since in isolated bridges the variation of pier axial forces affecting the yield moments at
the pier ends is expected to be low (also verified through analysis). Nevertheless, the coupled
yielding response of piers was captured by considering the bidirectional interaction of yielding
moments (i.e. Mx-My) with a circular yielding surface resulting from the double symmetry (in terms
of both geometry and detailing) of the cylindrical column sections. Likewise, pier strength and
stiffness characteristics, required to describe the strength envelope of the pier plastic hinges and
the SP limit values for member deformations, were obtained through M-¢ analysis accounting for
the performance criteria presented in Table 5.1 (described in §3.3.2). Elastic frame elements were
used to model pier cap beams (Fig. 5.5).

The deck, having geometry identical to the case of the ‘ductile-pier’ bridge in §3.3.2, was
modelled using linear three-dimensional beam elements with flexural stiffness corresponding to
the gross sections, since the bending moments of the deck under the maximum considered seismic
action (85.3.4) were found in general lower than the deck cracking moments derived from M-¢
analysis (86.2.5). In accordance with the adopted PO of ordinary bridges (Table 5.1, Fig. 5.2),
abutments were not included in the analysis model and the required clearance between the deck
and the seismic links of piers and abutments was treated as a design parameter (85.2.5).
Connectivity of the deck to the abutments (through passive devices) and the piers was modelled
according to Fig. 5.5 using rigid constrains and considering the height of the isolators (h;) and the
eccentricity of the deck mass centre. During the mass discretisation, one third of the pier column
mass was included in relevant pier cap joints (Fig. 5.5). Soil-structure interaction phenomena were
ignored in line with 8§3.3.2.

§

A

151 CITy



Konstantinos I. Gkatzogias

The system damping matrix [C], in general of non-classical form, was assembled from the
damping matrices of the different sub-systems (Chopra 2012) of the bridge, namely, the isolation
and energy dissipation system representing ‘quantifiable’ sources of (supplemental) damping (i.e.
[Cosup]), and the structural members of the bridge representing ‘unquantifiable’ sources of
(inherent) damping (i.e. [Cp,inn]) (Ray et al. 2013). Several pilot analyses were performed with a
view to assessing the performance of alternative damping model options available in RUAUMOKO
3D (Carr 20044, b) in terms of minimising (i) the energy (E) balance error EBE of Eq. (5.16) (energy
terms defined according to Christopoulos & Filiatrault 2006), (ii) the effect of ‘spurious’ damping
forces that may result in unbalanced moments (Chopra & McKenna 2016), and (iii) the hysteretic
‘inherent” damping force vs. relative velocity response emerging from the consideration of a
tangent stiffness proportional damping matrix (Carr 2004a); energy terms in Eq. (5.16) and
‘inherent” damping forces are provided directly as output response histories in RUAUMOKO suite
(Carr 20044, b, c).

Einput - ( Ekinetic + Edamping + Estrain + Ehysteretic)

EBE (%) =100 .

(5.16)

input

A tangent stiffness proportional damping matrix (Eq. (5.17)) was finally adopted for the
structural members of the bridge properly assembled with the damping contributions of the dashpot
members (modelling viscous damping resulting from the elastomer of isolators and VVDs), in order
to obtain the damping matrix for the complete system [C] used as a secant damping matrix (Carr
2004a, b); this is a variation of the Rayleigh tangent stiffness damping model where the mass-
proportional component is disregarded and the damping forces at each time-step are calculated
assuming a secant formulation of the damping matrix, i.e. the product of the damping matrix
(calculated using the tangent stiffness matrix [Kr]) times the current vector of velocities of the
structure (Eqg. (5.18)) with a view to eliminating the unrealistic ‘inherent’ damping hysteretic
effects (Carr 2004a, Chopra & McKenna 2016). In cases when NLVDs are included in the analysis
model, the damping forces are calculated assuming a tangent formulation of the damping matrix
[C] (Eq. (5.19)) where the damping forces at the end of the time-step are the damping forces at the
beginning of the time-step plus the tangent stiffness proportional damping matrix multiplied by the
increment of the velocity vector; although this damping model inevitably exhibits damping
hysteretic effects it is preferred due to potential numerical errors associated with the use of the
secant formulation in systems involving NLVDs (Carr 2004b).

2
[CD,inh:':ak [K+], a =4 - (5.17)

| fp(t+dt) |=[C][U(t+dt)] (5.18)
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[ o (t+dt) |=[ fp(t) |+[C][du(t)] (5.19)

In Eq. (5.17), the constant coefficient ax was calculated using the first translational isolated modal
frequency (wi = w1) derived from classical modal analysis of the bridge performed using the post-
elastic stiffness of isolators (kp) and setting & = 1% similarly to the suggestions of Ryan & Polanco
(2008), Fardis et al. (2012), Pant et al. (2013) regarding modelling of ‘inherent’ damping in base-
isolated structures.

The reference finite element model of the isolated bridge involving in total 68 three-dimensional
frame, spring, and dashpot elements, is presented in Fig. 5.5 for different isolation and energy
dissipation schemes (85.3.5, 5.3.6).

5.3.3 Variability of design properties of isolation and energy dissipation devices

Based on code requirements, the nominal design properties of passive devices should be in general
validated via special ‘prototype’ testing, while the variation of these properties due to external
factors (e.g. Annex J in EN1998-2, CEN 2005a), such as ageing (including corrosion) (f1),
temperature (f), contamination (f3), and wear (expressed as cumulative travel) (1), should be taken
into account in the design, quantified either through special tests or, for common isolator types,
estimated on the basis of simplified procedures. Herein, the variation of design properties was
calculated adopting the simplified approach of the informative Annex JJ in EN1998-2, CEN
(2005a) (or informative Annex J in EN15129 CEN 2009) that applies modification factors (i.e. A-
factors) to the nominal properties of isolators (DPnom) as a means to estimate lower LB- and UB-
design properties of isolators as per Egs. (5.20)-(5.22) (w1 = 0.7 for ordinary bridges). The variation
of the nominal damping coefficient of viscous dampers was assumed equal to +15% (Constantinou
et al. 2007a).

In general, the design properties of cyclic response of elastomer-based isolators influenced by
the above factors are the strength Vo and post-elastic stiffness k. A conservative range of variation
of the nominal properties of fi, (resulting in the variation of Vo) for use during the preliminary
design of isolated bridges (i.e. before ‘prototype’ testing) is given by Constantinou et al. (2011)
considering the yield stress of lead during the first cycle of seismic motion f.y: and the average
yield stress during the first three cycles of seismic motion fLy3. Minimum and maximum nominal
values of Gr (resulting in the variation of k,) were defined according to CEN (2009). The estimated
bounds of design properties are presented in Table 5.3.

LBDP =min DR, (5.20)
UBDP = max DR, (ﬂu,flﬂu,fzﬂu,mﬂu,m) (5.21)
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ZIR =1+(%ax, fi —1)'//ﬁ (5.22)

Table 5.3 Isolation and damper LB and UB design properties

DP nom A -factors DP
Property .
Min Max  Amaxsn Aunt Amaxz Aufe Amaxts Aum Amaxts Aum LB uB
' 100 100 130 121 100 100 120 114 10.00 22.48
fiy1 (MPa) 1350  16.29
GRr (MPa) 1107 1407 110 107 110 107 100 100 100 1.00 0.77 112
¢ (kN/(m/s)?) 085Cnom 115Chom - - - - - - - - 0.85Com 1.15C nom

5.3.4 Target spectra and representation of seismic action

The target spectra presented in 84.2.1 were adopted herein for unidirectional and bidirectional (2D)
excitation, assuming site conditions ‘C’ (compatible with ‘design equations’ of Chapter 4).
Selecting a reference return period of Tref = 475yrs, and a PGA of 0.21g (i.e. identical to the hazard
zone ZII case in ‘ductile-pier’ bridges, 8§3.3.3), three different seismic action levels (EQ) were
defined according to Egs. (3.5)-(3.7) for unidirectional excitation. Using the definitions provided
in 84.2.1 (i.e. definition of 2D target spectra), the following PGASs (iig) were calculated for the case
of bidirectional excitation;

Treqn =90yrs,  SkFgqy ~ 0.5, Ugg eon 20 =0.159 (5.23)
Treom =Tryrer =479Yrs, SFgou =1 Ugo eqm 20 =0.309 (5.24)

Selection and scaling of natural records used for design purposes (i.e. Steps 2-4 of the Def-BD
methodology described in 85.2) followed in general the procedure described in 84.2.2 (i.e. different
scaling factor per record). Eligible pairs of seismic events were initially selected from the PEER
NGA-West 2 (http://ngawest2.berkeley.edu/) database (Ancheta et al. 2013) excluding records
containing long velocity pulses. Adopted preliminary search criteria were moment magnitude M,
= 6.5~7.0, closest distance from the recording site to the ruptured area R, = 20~40km, average
shear wave velocity to a depth of 30 m Vs 30 = 180~360 m/s (corresponding to site conditions ‘C’,
CEN 2004b), and lowest usable frequency 0.2 Hz (corresponding to a period of 5.0 s). The sample
of eligible events was further constrained by assessing the similarity of spectra of the selected
records to the target spectrum over the period range of 0.3~5s using the MSE indicator (Eqg. (4.1)).
The site-to-source distance adopted herein is larger than the 10-25km range considered in 83.3.4
with a view to ensuring that the selected records are free of ‘near source’ effects that fall beyond
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the scope of this study, noting that codes (e.g. CEN 2005a, AASHTO 2010, 2011) usually consider
a threshold distance value of 10km below which explicit consideration of ‘near-source’ effects is
required (by means of a site-specific characterisation of seismic ground motion). Nevertheless,
design of the isolated bridge for Rryp = 10~25km yielded practically the same design requirements
(Gkatzogias & Kappos 2017), thus, rendering results presented in 85.3.5 directly comparable with
those of §3.3.

Adopting an allowable SFuse of 0.7~1.5, a suite of 7 eligible pairs of records was selected
allowing design of members using the mean estimate of the response. The scaling procedure
described in 84.2.2 (Eq. (4.3)) was preferred over the approach followed in the case of the ‘ductile-
pier’ bridge as a simpler means to reduce uncertainty in mean response estimation arising from the
increased variability in seismic response when a limited number of records is used in line with
Shome et al. (1998). Recall that the same objective was sought in 83.3.4 by applying the EN1998-
2 (CEN 2005a) scaling procedure (i.e. using a single ‘global’ scaling factor) along with a ‘structure-
specific’ selection criterion that required the evaluation of a large number of alternative suites on

Table 5.4 Characteristics of natural records; unrotated (as-recorded) SFuse-scaled H2 components

SF mse X H2 Component

Earthquake . Rrwp SFmse PGA PGV PGD Ia
Region  Year M
No. RSN Name (km) O] (@) (m/s) (m  (m/s)
1 169 Imperial Valley-06 USA 1979 653 2203 088 0306 0.289 0177 2516
2 776 Loma Prieta USA 1989 693 2793 110 0197 0341 0217 0.957
3 778 Loma Prieta USA 1989 693 2482 089 0.248 0318 0130 0.824
4 987 Northridge-01 USA 1994 6.69 28.30 1.29 0412 0347 008 1.689
5 4860 Chuetsu-oki JP 2007 6.80 23.18 1.26 0331 0234 019% 1722
6 5781 Iwate JP 2008 6.90 38.04 1.46 0514 0341 0188 3.319
7 6923 Darfield NZ 2010 700 3053 1.06 0319 0346 0129 1.785
MinimumValue 653 2203 088 0197 0234 0.086 0.824
Maximum Value 7.00 38.04 1.46 0514 0347 0217 3.319
Geometric Mean 0319 0314 0154 1.656
1.20 : 0.60 ‘ ‘
rrrrrrrrr Nat (H2) I !
1.00 —GM (H2) 050 { | v
—GM (H2) + EC 1 3 ‘;“l»‘
0.80 — Target (EQref) 0.40 i g
2 0.60 ~—~09(EQrer) £ 030 !
o | & |
0.40 | 020 { ! |
0.20 i 0.10 - i i
N = 4 | F7 |
0.00 +—4—————————— 0.00 ‘ ‘ ‘ 3
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
T(s) T(s)

Fig. 5.6 Spectral matching of response acceleration (left) and displacement (right) geometric mean (GM) and
EN1998-2-scaled geometric mean (GM+EC) (SFgc=1.15) spectra to the 1D target spectrum (PG4
of 0.21g, site ‘C’, Tr rour) for the adopted suite of SFuse-scaled natural (Nat) records considering
H2 components
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the basis of an allowable standard error value, and hence increased computational effort.
Employing the scaling procedure of 84.2.2 initially for the H2 components (H2 represents notation
used in the PEER NGA-West 2 database to identify components), and subsequently for the pairs
of horizontal components, resulted in the spectral matching presented in Table 5.4, Fig. 5.6, and
Table 5.5, Fig. 5.7, for analysis under uni- and bidirectional excitation, respectively. In the case of
bidirectional excitation, the horizontal components H1, H2 of the selected events shown in Table
5.5 were transformed into principal components (i.e. HI, HII) as per §4.2.2. Although the dispersion
of spectral ordinates around the target spectrum is reduced within the period range of interest
(especially in the case of accelerations) compared to Figs. 3.10, 3.11, deviation of the mean
spectrum from the target still exists in the short period range introducing some conservatism in
higher mode response. Elimination of this source of conservatism usually requires the use of a
larger number of records (e.g. Fig. 4.5) than the seven adopted here in line with the minimum
requirement commonly set by codes, while the adoption of an upper limit of spectral deviation in
each record is a harsher selection criterion that requires a large number of available records.

Table 5.5 Characteristics of natural records; rotated SFmse-scaled HI & HIl components

SF mse x HI Component SF mse % HII Component
Earthquake 0,—o SFmse PGA PGV PGD A PGA PGV PGD Ia
No. RSN Name (deg) () () (s) (m (ws) (9) (ms) (m) (ms)

1 169 Imp.Vally-06 799 091 0317 0287 0185 2761 0213 0237 0122 1971
2 776 LomaPrieta 891 073 0270 0458 0233 1173 0129 0226 0.44 0416
3 778 LlomaPrieta 27 087 0238 0308 0123 0790 0231 0384 0176 0611
4 987 Northridge-01 381 153 0494 0383 0095 2527 0572 0306 0075 2081
5 480 Chuetsu-oki 131 106 0331 0314 0114 2333 0238 0173 0158 L1152
6 5781 Iwate 294 141 0716 0311 0140 3904 0436 0266 0.47 2841
7 6923 Darfield 397 097 0387 0458 0243 1719 0268 0310 0229 1178
MinimumValue 273 073 0233 0287 0095 0790 0129 0173 0075 0416
MaximumValue 89.06 153 0716 0458 0243 3904 0572 0384 0229 2841
Geometric Mean 27.31 104 0368 0354 0153 1935 0269 0264 0.43 1220
1.20 ‘ 0.60 T
———————— Nat (SRSS) I
1.00 —GM (SRSS) 0.50 { !
—GM (SRSS) + EC 1
0.80 —Target (1.4EQref) . 0.40 11
Z 060 —~ 09(1.4EQrer) Eo030q | |
2 G |
0.40 i 0.20 - i i
020 | 010 { |
0.00 +—-— ‘ ‘ | | 0.00 +&— ‘ ‘ i
00 10 20 30 40 50 00 10 20 30 40 50
T(s) T(s)

Fig. 5.7 Spectral matching of response acceleration (left) and displacement (right) geometric mean (GM) and
EN1998-2-scaled geometric mean (GM+EC) (SFrc=1.15) SRSS spectra to the 2D target spectrum
(PGA;p of 0.30g, site ‘C’, Trrom) for the adopted suite of rotated and SFuse-scaled natural (Nat)
records
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Ground motion intensity and energy characteristics of the SFuse-scaled records presented in
Table 5.4, Table 5.5 (addressing also the PEER-NGA unique identification code RSN) incorporate
the site (i.e. ‘C”) amplification effect (i.e. intensity parameters are comparable to Sc = 1.15 times
the peak ground characteristics of the target spectra) and present a good overall match to the
relevant values derived in the case of the Art B and D artificial suites (Table 4.1, Fig. 4.2, Fig. 4.3),
noting however, their superiority (mainly) in terms of energy (i.e. la). Artificial records are used
for assessment purposes adopting the analysis format of §3.3 with a view to assessing accurately
the mean response under the ‘design excitation’ rather than its true dispersion. SFec global (i.e. per
suite) scaling factors ensuring that ensemble spectral values are not lower than 0.9 times the target
spectra over the period range of (0.2~1.5)Tex (CEN 2005a), where Te is associated with the secant
stiffness at the maximum displacement, were calculated in §5.3.5.1, 5.3.6.1.

5.3.5 Unidirectional excitation

5.3.5.1 Application of the Def-BD procedure

The focus in the following is on the design and assessment of three common isolation schemes that
are representative of some of the available options and design criteria that can be explored (Table
5.2). The efficiency of the adopted schemes within the design examples of this section was
evaluated using both approaches with regard to the variability of the properties of devices during
design (i.e. ‘reduced’ and ‘full’ set of analyses according to §5.2); at the assessment stage (85.3.5.2),
safety checks were performed for the element force and displacement demands resulting from each
possible combination of design properties (LB, UB) and PL. Furthermore, the outcome of the Def-
BD methodology in §3.3.5 regarding the geometry of the piers (i.e. diameter Dy = 1.2m) was used
as a starting point, focusing on the transverse response of the bridge, specifically, the pier, deck,
and isolation system response, i.e. design of the abutments and the foundations was not considered.
A general description of the design steps is provided in the following while detailed results are
presented in tabular form in Annex C.

Step 1: Within the first step, Egs. (4.37), (4.38) and Table 4.5 were used to plot inelastic spectra in
the form of Fig. 5.8 (i.e. in a Uo-vo, Uo-¥o format) corresponding to different levels of seismic action
(i.e. EQIII, EQIV) and an isolated deck mass m of 2545tn; similar spectra can be plotted for
different combinations of &, #, Ty, and PGAs representing different isolation schemes under various
PLs. In Fig. 5.8, the U(opt) curve represents a visualisation of the design criterion of minimum U
for each Tp, while u(opt) indicates the corresponding relative displacements of the isolation system.
It should be noted that the abrupt change in the slope of the uo, Up curves is due to the regression
model adopted during the formulation of the generalised design equations; further refinement of
the estimates requires the use of higher-order models, which is deemed redundant since divergence
from analysis results is evident only in the case of short isolation periods that are of little interest
in bridge isolation applications.
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In Table 5.6, the mechanical characteristics and the estimated peak response of three alternative
isolation systems (denoted with the first number in the first column) are presented, namely, the
strength wo (EQ. (4.25)) expressed also as # (i.e. normalised to the seismic intensity according to
Eq. (4.38)), isolation period Tp, damping ratio &, peak relative displacement uo, and peak total
acceleration U,. Characteristics and response in blue correspond to ‘near-optimally’ selected
isolation schemes (i.e. optimal curves in Fig. 5.8) under the reference seismic action associated
herein with LB-DPs (i.e. EQIII in the upper part, and EQIV in the lower part of the table). ‘Near-
optimal’ response estimates derive from the direct application of GDEs (Eq. (4.37)), i.e. sub-step
(i) in 85.2.2. The corresponding response estimates of the same system under a different PL and/or
UB design properties (denoted with black) are derived from Eqgs. (4.37) and (4.38) according to the
procedure described in 85.2.2, sub-steps (ii)-(vi). Response estimates provided for UB-DPs are
expected to yield the critical response quantities for the substructure elements. Implementation of
GDEs does not require iterations (i.e. sub-step vi in 85.2.2) when linear viscous damping with a =
1.0 is considered (i.e. No. 1.1, 2.1, 1.2, 2.2). On the contrary, introduction of nonlinearity in
damping (a = 0.2 in No. 3.1, 3.2) involves the iterative application of GDEs (sub-steps iii to v in
85.2.2) to predict the system’s response under PLs and/or DPs that are different from those used
during its ‘near-optimal’ selection (in which case the response is assumed equal to that of a = 1.0).
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Fig. 5.8 Peak relative displacements u, (solid), total accelerations U, (dashed), optimal peak total
accelerations Uy(opt) and optimal relative displacements u,(opt) of the deck under EQIII (left) and
EQIV (right) predicted from GDEs. Dotted acceleration curves (bottom-right) represent ‘exact’
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Table 5.6 Comparison of peak responses among SDOF systems optimised for different earthquake intensities

w op| o Te® & 1 uom Ugms)| & n o m U (mis)| dug %) AUo (%)
opt EQIII opt EQIII (1) EQIV (2) 100-[(2) - )]/ (4)
a=10
Ly LB go.ozz 3.00 50.05 045 0129 077 {005 023 0363 169 41 10
UB {0049 249 {005 101 0072 098 {005 051 0216 184 | 49 6
a=1.0
L, LB 50.001 2.50 50.25 00l 0120 089 30.25 001 0240 178 |
" UB{000L 207 {027 00l 0092 101 {027 001 018 203 | 0 0
a=0.2
4y LB ;0001 250 50.25 001 0120 089 ;0.15 001 0302 207 | 26 17
UB:000L 207 {029 001 0089 099 [017 001 0227 237 | 27 20
| optEQIV | EQIII (3) | opt EQIV (4) | 100[(3)- ]/ (1)
a=1.0
L, LB 50.044 3.00 ;o.os 090 0086 083 io.os 045 0258 154 -34 8
UB {0098 249 {005 202 0044 122 {005 10l 0145 197 : -39 24
a=10
,, LB 50.001 2.50 50.25 001 0120 089 §0.25 001 0240 178 0.0 0.0
UBi0001 207 {027 00l 0092 10l {027 001 0183 203 : 00 0.0
a=02
., B 50.001 250 {049 001 0090 074 [025 001 0240 178 -25 17
“ UBi000L 207 {059 001 0066 08 {029 001 0178 198 i -26 -19

In the last two columns of Table 5.6, non-optimal responses are compared with their optimal
counterparts through the calculation of the relevant increase/decrease in peak relative displacement
AUp and total acceleration AUy (according to the provided equation indicating the section of table
used). It is seen that when an isolated system with T, = 3.0 s, £=0.05 (i.e. linear viscous damping
with a = 1.0) and optimally selected v, under EQIII (i.e. No. 1.1) is subjected to EQIV, it develops
higher up (~41% for LB-DPs) and lower U, (~6% for UB-DPs) demand compared to the response
of a system designed with the same & and Ty, but with ¥ aiming at the minimisation of U, under
EQIV (No. 1.2). On the other hand, an optEQIV system subjected to EQIII and UB-DPs, develops
~39% smaller uo (expected to have an adverse effect on the restoring capability, §85.2.3) and ~24%
larger Up demand compared to the optEQIII system. It is worth mentioning that the 6% decrease
of U, for UB-DPs should be assessed on the basis of the SP2 performance criterion for quasi-elastic
pier response under EQIII (Fig. 5.2, Table 5.1), while the 24% increase of U, for UB-DPs on the
basis of the limited inelastic response requirement under EQIV, without knowing a priori which of
the two criteria is the most critical for the design of the piers. In other words, optimising the selected
system under EQIIl will yield at best a 24% reduction in the pier shears (i.e. reduction in
substructure cost), accompanied, nevertheless, by a 41% larger displacement capacity requirement
for isolators (i.e. increase in the isolation system cost). The decision on the reference seismic action
has no effect on systems with =0, £ = 0.25 and a = 1.0 (e.g. No. 2.1, 2.2), due to their inherent
linearity. Note that strictly speaking, No. 2.1, 2.2 are not optimally selected according to Fig. 5.8
since the minimisation of U is achieved for n#0, but the resulting total accelerations are fairly
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similar. Finally, consideration of a = 0.2 yields both smaller uo (25~26%) and U (17~19%) when
EQIV is set as the reference seismic event (i.e. No. 3.2 compared to No. 3.1). Furthermore, the
associated absolute quantities (i.e. up and Up in No.3.2) are lower than those of a = 1.0 (i.e. No.
2.2), thus indicating an additional beneficial effect on the specific system’s response (among others,
as explained in the following) emerging from the introduction of nonlinearity in viscous dampers.

In general, the adopted approach should be based on the evaluation of data in the form of Table
5.6 for different isolation schemes accounting for both economy and market availability of
materials and devices. Herein, EQIV was set as the reference level of seismic action and the three
alternative isolation schemes presented in Table 5.6 were investigated; in line with Table 5.2, No.
1.2 was materialised by (circular) LRBs, No. 2.2 by the combined use of (circular solid) LDRBs
and linear VDs, while No. 3.2 is differentiated (compared to No. 2.2) only with respect to the
incorporation of nonlinear VDs. The first scheme was selected on the grounds that the distributed
base shear (mUy) to the piers results in pier longitudinal reinforcement ratio p; larger than the
minimum required while keeping uo of the deck below the maximum displacement obtained during
the design of the bridge for ductile behaviour (i.e. ~0.27m in §3.3), the second as an alternative
design solution resulting in similar uo under EQIV (considering LB-DPs) and mU, under EQIII, IV
(and UBDPs), and the third, as an alternative to No. 2.2 aiming at a 25% reduction of the maximum
force carried by the viscous dampers (by adopting a = 0.2 according to the following), and the
investigation of the effect of the nonlinearity of VDs on the bridge overall response.

The required characteristics of isolation devices were defined by considering the properties of
the isolation schemes in Table 5.6 under the reference seismic action associated with LB-DPs. Due
to the relatively small length of the studied bridge it was deemed appropriate to use 8 identical
isolators (i.e. two per abutment/pier) and four identical supplemental VDs (i.e. one per
abutment/pier); it is recalled that only the transverse response is addressed at this stage, and
normally, VDs will also be provided in the longitudinal direction of the bridge. In the LRB system,
the required strength (Vo = 0.044mg = 1087kN) was distributed among pier (Vio,.gpiery = 155kN)
(Eg. (5.26)) and abutment isolators (Vio,eaby = 117kN) (Eq. (5.27)), hence providing the required
diameter of the lead core (DL = 0.141m) (Egs. (5.7), (5.28)), by considering that the yield stress of
lead (f,) in abutment bearings is 25% lower than the f.y of pier bearings to account for the low
confinement of lead due to the smaller vertical loads (85.3.2);

Vo, s
Vio,LB(Pier) = . (5.26)
075y (apt) 2+ 1 (pier) Npier

Vio,Le(abt) = 0-79V ¢ L (pier) (5.27)

Vio,.La(pi
DL(Pier) = DL(Abt) =2 —f (Prer) (5.28)
\}” Ly,LB(Pier)

A
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In Eq. (5.26), niany and nyeiery represent the number or isolators per abutment and pier (i.e. 2), and
Npier IS the number of the piers. The diameter of the isolators was defined as D, = 0.750m assuming
an allowable vertical stress ovmax = 12MPa, while the required kp1s = 47°m / T % of the isolation
system was evenly distributed to all isolators (Kip..e = Kp,Le / 8 = 1396 kN/m) providing the required
height of the elastomer tr = 0.235m from (Eqg. (5.3));

t = ”GR,LB(DIZ - DE)

R (5.29)
4k|p,LB

An isolator with 25 layers of elastomer, each having thickness of tj= 0.009 (i.e. tzr = 0.225m) was
finally adopted, resulting in the revised properties presented in Table 5.7; revision of mechanical
characteristics accounted also for the bonded and effective areas of the isolators (whenever required)
using the equations provided in 85.3.2. Similar considerations yielded the required geometrical and
mechanical characteristics of LDRBs (also included in Table 5.7), while UB-DPs of isolators were
calculated based on the previous properties of devices and Grus = 1.12MPa, fiyus = 22.5MPa,
according to Table 5.3.

Assuming that &, = 5% is provided by the elastomer of LDRBs (corresponding to e = 4zmde
/ Tp required for modelling purposes as per 85.3.2), the LB damping coefficient of LVDS (Cq. 8 =
640 kN/(m/s) per damper) was defined by considering & = 20% (= 25-5%) and equating the
energy/cycle of the 4 dampers to the energy/cycle of the single damper, i.e. following a ‘uniform
damping’ distribution approach (Whittle et al. 2012);

4 T
CoLip = ﬂfd’L’:B/ PLE  (per damper) (5.30)

Considering cq,.,us = 1.35¢Cq . 15 (i.e. £15% variability of the nominal ¢4 according to Table 5.3), the
maximum force carried by a single damper Fo, was estimated equal to 558kN by Eqg. (5.31), where
f, represents a velocity correction factor accounting for the differentiation of o from the pseudo-
velocity PSV (= wplo) (84.2.3). f, is provided by Ramirez et al. (2002) as a function of the damping
ratio and isolation period (herein equal to 1.16 adopting the UB properties of Table 5.6; &us = 0.29,
Tpus = 2.075s).

Fo.L =1.35¢4 | 1s@puslous v (5.31)

In the case of NLVDs, substituting up = 0.240m (Table 5.6) and a = 0.2 in Eq. (5.2) resulted in
CanLie = 355 KN/(m/s)*2. The expected reduced peak damper force due to a = 0.2 was defined by
Eq. (4.17) equal to Fon. = 0.74Fo = 413 kN (i.e. a reduction of 26%); different reductions may be
sought by regulating a, & and Tp. Design properties of isolators and dampers are summarised in
Table 5.7; although satisfying relevant code requirements (CEN 2005a, CEN 2009), the adopted
properties do not correspond to specific commercial devices available on the market, with a view
to assessing the structural response of alternative isolation schemes irrespective of specific features
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introduced by different manufacturers. Plot of specific design solutions corresponding to
commercial devices on the GDE charts can facilitate the design procedure in a design office
environment.

Using the LB- and UB-DP of isolators and VDs (Table 5.7) in GDEs, the displacement and
shear response was calculated (shown as Step 1 in Annex C, Table C.1); small deviations from the
data of Table 5.6 are due to the implementation of GDEs with the final device properties of Table
5.7. Shear forces per abutment or pier (Vawurieri) Were computed according to Eq. (5.32), that
assumes a rigid horizontal movement of the deck and accounts for the elastic and hysteretic part
(if any) of the isolator (1% term), and the damping forces due to the elastomer of the isolators and
the VDs (2" term).

.. 4
V abt/pieri = Ni(Abt/Pier) (VI o +KipUo ) + o Zi:lnlz(Abtlpler) (VI o klpuo) (5.32)
+ nPier
Table 5.7 Geometrical and mechanical properties per device
Device Property LRB LDRB LVD (a=1.0) NLVD (a=0.2)
D, (m) 0.75 0.75 - -
D, (m) 0.14 - ; )
n; (no. of layers) 25 15 - -
tri (m) 0.009 0.011 - -
tr (m) 0.225 0.165 - -
h, (m) (device height) 0.35 0.26 - -
Ky (kN/m) 1426363 1701799 - -
¢ (kNmvrad) 24895 26670 - -
\Y 10,LB(Abt) (kN) 117 - - -
k Ip,L B(Abt) (kN/m) 1418 2007 - -
Cerpany  (KN/(MVs)) 134 160 - -
Carpeany  (KN/(m/s)®) - - 639 355
Vioeepiery (KN) 156 - - -
k ip,LB(Piery (KN/m) 1418 2007 - -
Cerppiery (KN/(MVs)) 134 160 - -
CaLapieny (KN/(m/s)*) - - 639 355
Vi, UB(Abt) (kN) 263 - - -
k Ip, UB(AbY) (kN/m) 2067 2925 - -
Ceupcany (KN/(nVs)) 162 193 - -
Cqupaby  (KN/(m/s)*) - - 865 480
Vio,uspiery (KN) 351 - - -
K p.u(piery (KN/M) 2067 2925 - ,
Ceupepiery (KN/(MVs)) 162 193 - -
Cqup(piery (KN/(mV/s)*) - - 865 480
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Use of UB shear forces along with estimated values for the equivalent cantilever height of piers
(based on preliminary analysis) within the procedure described in §3.2 provided an estimate for the
required pier strength associated with the allowable ‘serviceability’-related concrete strain of & =
3.5~4.0%o (i.e. SP3 requirement), resulting in provided reinforcement ratios of pipier1 = 6.1, pipier2
= 11.1%o (LRB), pipiers = 4.7, pipierz = 10.1%0 (LVD), and pipiers = 4.4, pipierz = 9.4%0 (NLVD) in
each scheme; a reduction of p demand in the piers of the bridge equipped with NLVDs consistent
with the minor reduction of the base shear (~2%) was observed. Corresponding pier yield moments
(My) defined through M-¢ analysis (Kappos & Panagopoulos 2011) considering a minimum
transverse mechanical reinforcement ratio (pw) for limited ductile bridges (CEN 2005a) are
provided in Table C.1 (Row No. 19), while the minimum p, ratio was defined in accordance with
the suggestions in Gkatzogias & Kappos (2016a) (86.2.6, Eq. (6.1)).

Steps 2, 3: In Step 2, 7 ground motion records were selected and scaled according to 85.3.4 (Table
5.4, Fig. 5.6); the SFec global scaling factor ensuring that ensemble spectral values are not lower
than 0.9 times the target spectra over the period range of (0.2~1.5)Ter was found equal to 1.15 in
all cases. The effective period Te associated with the secant stiffhess at the maximum displacement
was calculated using Eq. (5.33); this is the only stage wherein an effective property enters the
procedure, maintained for the sake of compatibility with the scaling requirement of EN1998-2
(CEN 2005a).

(5.33)

The PIM of the structure was subsequently set up (85.3.2); the strength and stiffness of piers
and isolators were modelled using the outcome of Step 1. NLRHAs were performed under the
selected suite of records scaled to the level of seismic action associated with EQII (Step 2) and
subsequently to EQIII (Step 3); results given in Table C.1 represent the mean response. SP1 (Step
2) and SP2 (Step 3) verifications included specific limits for residual displacements ures of LRBS
as per Egs. (5.34)-(5.37) (Katsaras et al. 2008), and shear strains in the elastomer due to lateral
deformation yq = Uo / tr, both assessed at the isolator level,

u - 0.893Uy, gyn 5.3
" 1+14.184min{u,/u, 1} '
2
1+u,/u —\/1—min 1Lu,/u +4u, /u
urm,dynzur y/ r ( { 0/ r}) y/ r >0 (5.35)

1+uy /u,
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1
Aace = 13 (5.36)
1+88.595(ug /u, )
u?eiQ = AaccUres (nEQ _1) FUres (5.37)

In Eqgs. (5.34)-(5.37), Umayn represents the dynamic residual displacement limit (Katsaras et al.
2008), and ures"? is the increased residual displacement accounting for the accumulation effect of
Neq successive earthquakes; herein negm = 5 was considered. SP1 and SP2 limits to residual
displacements were set equal to 15 and 30mm (Porter 2004), respectively, whereas the EN1998-2
limit of ures / Up < 0.1 (Katsaras et al. 2008, CEN 2005a) was also checked under EQIII (i.e. SP2
limit in Step 3). Elastomer strain limits were set equal to 0.5 (SP1, Step 2) and 1.0 (SP2, Step 3) as
per Table 5.1.

Analyses for the LRB scheme under EQII (Step 2) and EQIII (Step 3) were based on UB-DP
since during the selection of bearings in Step 1, ki, and D, (related to the adopted limit of ovmax),
rather than limit strain values, were found to control tz. UB-DP facilitated an explicit (i.e. UB-E in
Table C.1) calculation of ures but required an implicit calculation of LB deformations (i.e. LB-I in
Table C.1) that are critical in checking y,. A modification factor equal to uos / Uoue = 0.086/0.044
(Table 5.6; No. 1.2, EQIII) was used to implicitly estimate LB deformations from UB analysis
results. In the case of the VD schemes, the restoring capability was not checked, due to the linear
response of isolators, and LB-DPs were adopted under EQII, allowing for an explicit (LB-E)
calculation of deformations and strains of the isolation system. Analyses under EQIII were based
on UB-DPs similarly to the LRB scheme; modification factors equal to uo,s / Uous = 0.120/0.092
(LVD) and 0.090/0.066 (NLVD) (Table 5.6; No. 2.2, 3.2, EQIIl) were used in the implicit
calculation of LB deformations. For comparison purposes, design results (Table C.1) include also
yq strains (in grey) calculated by explicitly considering LB-DP (LB-E) in each isolation scheme.
None of the isolation system verifications was found to be violated in Steps 2 and 3, with the
EN1998-2 SP2 limit of Ures / Ug < 0.1 being the most critical one for the LRB scheme, whereas the
implicit approach was found capable of conservatively estimating deformations without significant
overestimations in most cases. Likewise, pier strength requirements under EQIII were lower than
those of Step 1 (more so in the case of the LVD scheme), hence, it was deemed appropriate to
proceed to Step 4 without further modifications.

Steps 4: Analysis under EQIV, required for Step 4 and 5 verifications, was carried out in all
schemes for UB-DPs for the reason stated in the previous steps, thus enabling an explicit
calculation and verification of the response in the substructure. The curvature ductility demand ,
in pier sections was found somewhat lower than the values corresponding to ey = 3.5-4.0%o, thus
verifying the target performance set in Step 1 for controlled inelastic response of the substructure.
UB-DPs were also used to check tensile stresses (ov) in isolators adopting a limit of 2Gr in line
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with EN15129 (CEN 2009). On the contrary, verifications of elastomer shear strains due to vertical
compression y. and lateral deformations y,, along with bearing stability, required an implicit
estimation of isolator deformations; modification factors equal to 0.256/0.144 (LRB scheme),
0.240/0.183 (LVD scheme), and 0.240/0.178 (NLVD scheme) were employed in this step (Table
C.1; Step 1). y strains due to the maximum compressive vertical isolator loads Njmax Were
calculated from Egs. (5.38) and (5.39) (Constantinou et al. 2011), where the factor f; (fixed at 1.5
in CEN 2005b) accounts for the isolator shape (S factor), the effect of rubber compressibility (Ey),
and the location of the point where the strain is calculated;

Nl,max
Ve :m 1 (5.38)
ap — R
2
f 31+2S Cr (5.39)
! E
b

Aiap in Eq. (5.38) is the overlapping area between the top and bottom bonded elastomer areas of the
laterally deformed isolator, calculated according to Constantinou et al. (2011), excluding the area
of the lead core (CEN 2009) in the case of LRBs. Shear strains due to lateral deformation y,, and
total strains in the elastomer of isolators yi: = yc + yq were limited to 2.5 and 7.0, respectively, (CEN
2009), disregarding the insignificant shear strains due to angular rotation in y.. In the LRB scheme,
the maximum isolator deformations used in calculating y, were conservatively increased by Ures"=?
to account for the accumulation effect of past earthquake events.

Stability of isolators was assessed on the basis of Eqg. (5.40) (Constantinou et al. 2011) that
provides the critical buckling load in the laterally un-deformed configuration of hollow isolators,
i.e. ignoring the lead core of LRBs and assuming D = 0 in the case of LDRBS;

(1_ DLJ 1_ DL2
cgp* U D'J| D*
cr — Y- ’
It 2
RilR [1+ BLZJ

The buckling load in the laterally deformed configuration N’ that accounts for the reduction of N¢r

(5.40)

with the increase of lateral deformation was estimated adopting the overlapping area approach
(Buckle and Liu 1994, Sanchez et al. 2013);

A1ap

N = Nep 7> 015N, (5.41)

Stability of the isolator was deemed to be ensured when the design criterion of Eq. (5.42) was
satisfied;
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——=211 (5.42)

NI,max

Isolator strains and stability requirements lay within the adopted limits in all schemes; isolator
deformations in the NLVD case were somewhat reduced in agreement with the parametric analysis
results presented in §4.4.2, and the stability criterion was more critical in the case of LRBs. The
uplift criterion was the most critical especially in LRB and NLVD schemes where the tensile
stresses were found close to the stress corresponding to cavitation (i.e. 2Ggr), noting though, that
the ot values used in verifications (and included in Table C.1: Row No. 28) represent the peak
(rather than the mean) response recorded during NLRHAs. Attention should be also drawn to the
fact that an attempt to reduce tg aiming to match more closely the adopted SP strain limits is
obstructed by ov,max (i.€. @ reduction of tr requires the reduction of D, to obtain a target ki,) which
does not pose a strict limitation nor is it a code requirement (inasmuch as the total strains i lie
within allowable limits) but it is considered good common practice and is typically recommended
by manufacturers. The previous limitation applies also to the ratio Ner'/ Nimax governed by the plan
dimensions of the isolator. The required axial force resistance of LVDs and NLVDs (For) was
estimated in Step 4 as 652 and 455 kN, respectively, exhibiting a reduction of ~30% due to the
introduction of a = 0.2; the previous correspond to a 17% (LVDs) and 10% (NLVDs) increase of
the Fo values estimated during preliminary design where the target reduction in axial forces (due
to a) was set equal to 26%. The designer may choose to use more than one dampers per
abutment/pier location (typically placed in pairs) in order to reduce the required axial force
resistance (per damper) without significantly affecting analysis results.

Step 5: Shear forces in abutments and piers were found in good agreement with values estimated
in Step 1 indicating the effectiveness of GDEs and Eq. (5.32) in predicting and properly distributing
the base shear. Shear design performed according to CEN (2005b) for limited ductile bridges
(assuming o = 1, 83.3.5) yielded pier transverse reinforcement ratios of pw,pier1 = pw,pier2 = 7.1%o
(LRB), pw,pier1 = 6.7, pwpierz = 6.3%0 (LVD, NLVD); transverse reinforcement requirements were
essentially the same in both VD schemes resulting in identical steel ratios that were slightly lower
that those required in the LRB scheme. Finally, flexural design of the deck was not critical, since
analysis moments were found in general lower than the deck cracking moments derived from M-¢
analysis in 86.2.5, and therefore was not investigated further.

5.3.5.2 Assessment of design

Assessment of the alternative designs was carried out to evaluate the efficiency of the proposed
procedure for the three different PLs and the considered range of DP of devices (i.e. LB, UB),
accounting for all possible combinations of isolator properties and PLs. Since the primary objective
of the assessment was the study of the transverse response of the bridge under a seismic excitation
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that matches as closely as feasible the ‘design excitation’ (i.e. the design spectra), NLRHAS were
performed for the Art B suite of artificial records (Table 4.1, Fig. 4.2) used to develop the
generalised design equations, scaled appropriately (through SFeq, §5.3.4) to correspond to the level
of seismic action associated with the considered PL. The strength and stiffness of piers was also
updated based on M-¢ analyses accounting for the final detailing of column critical sections. Fig.
5.9 compares mean estimates of deck and pier peak relative displacements derived from the design
and assessment stages, while selected mean values of response quantities for the most critical
checks are provided for the three alternative isolation schemes in Table C.2.

Regarding the structural performance evaluation of the bridge at the assessment stage, all
designs were found safe, in that they satisfied the design criteria associated with each PL. In general,
the demand estimated from assessment was very close to that calculated at the design stage despite
the adoption of different type of records; deviations are ascribed either to the implicit (and
conservative) estimation of response, or to the higher energy content of records adopted in design
(85.3.4) when explicitly calculated response quantities are compared. The first source of
conservatism can be eliminated with an explicit calculation of deformations during Step 4; peak
isolator/damper deformations, member shears, and damper axial forces (corresponding to the three
critical states of maximum deformation, total acceleration, and velocity, respectively) presented
excellent agreement between the two stages (Table 5.8) with noticeable differences only in the case
of UB deformations under EQIII (i.e. Step 3) commented later. The introduced conservatism due
to implicit analysis is in accordance with the expectation that an implicit procedure should yield
results on the safe side (but not overconservative) compared to explicit analysis; based on the
relevant discussion in 83.3.5, 3.3.6 this indicates the efficiency of the scaling procedure in
controlling significant record and mean spectral deviations from the target spectra, but also the
effect of base isolation on filtering out the contribution of higher modes associated with the region
of high spectral deviations in Fig. 5.6. It is worth noting though that the implicit approach, although
more conservative (as it ought to be), did not result in overdesigning members and devices in the
specific example studied herein. Elimination of the second source of conservatism requires the
adoption of a suite with a larger number of natural records with a view to describing more
effectively the ‘design seismic action’ (both in terms of shape and intensity/energy characteristics),
and increasing the reliability of response estimates by reducing SEGM values as discussed in §3.3.6,
4.3.2. Representative SEGM values of deck and pier responses derived from design and assessment
are presented in Fig. 5.10, where it is seen that the Art B suite was able to keep SEGM values of
responses below the limit of 15% adopted in 8§4.3.2 apart from the case of pier curvatures due to
the high sensitivity of this design parameter to moment variations. Furthermore, the standard error
values of displacements under the natural suite are of the same order with those reported in 83.3.6,
demonstrating a relevant equivalence of the scaling approaches adopted in §3.3.4, 5.3.4, with that
of Chapter 5 involving less computational effort.

Discrepancies among design Step 1 and the assessment stage may also be attributed to minor
deck torsional effects, the elimination of which would require devices of different properties at
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each pier and abutment location, an approach not justified in small-to-moderate bridges. In general,
the fairly close match of isolator/damper deformations and shear/axial member forces derived from
design/assessment with those of Step 1 (Table 5.8), indicates the minor effect of the substructure
on the peak response of devices under EQIV and the efficiency of GDEs in predicting the response
of a system equipped with linear/nonlinear viscous dampers and/or ##£0. In a similar context, peak
deck displacements (Fig. 5.9) were found to be close to the peak isolator/damper deformations
(Table C.1, Table C.2).

As mentioned previously some noticeable differences among design and assessment stages
were observed in the case of UB deformations under EQIII in the LRB and NLVD schemes (Table
5.8); in fact, the increased isolator deformations at the design stage overestimated their restoring
capability, representing a case wherein overestimation of seismic action effects may not be on the
safe side. Nevertheless, only a marginal violation of the relevant criterion (i.e. Ures / Up = 0.11 >
0.10) was spotted out at the assessment stage (Table C.2: Row No. 6). This type of deviation is
normally associated with the selected suite of ground motions since the estimated displacement
from GDEs under UB-DPs and EQIII (i.e. 0.044 and 0.066 for LRBs and NLVDs, respectively)
are closer to those of the assessment. With regard to the remaining verifications at the assessment
stage, stability and uplift verifications were more favourable compared to the design stage, and
inelastic response of piers (e.g. Fig. 5.11) was found to be within the adopted limit values.

In summary, all systems exhibited similar performance satisfying all adopted design criteria
under the studied PLs; Fig. 5.12 demonstrates total shear force (including damper axial forces) vs.
average relative displacement of the alternative isolation systems under a natural record (from those
used for design) and an artificial record (used for assessment only). The slightly increased stiffness
of the LVD and NLVD schemes is due to the increased area of the elastomer compared to the
hollow section of LRBs. In terms of mean response, the LVD scheme resulted in relatively lower
pier demand compared to the LRB option; reductions of 13% and 9% were recorded with regard
to pier longitudinal and transverse reinforcing steel (i.e. reductions in terms of steel weight wei, W,
respectively) assuming that base reinforcement ratios are also adopted at the pier top (for the sake
of compatibility with 83.3), but these minor differences are mainly attributed to the reduced value
of fy adopted in the case of abutment LRBs that in turn resulted in an increase of the shear force
carried by the piers in the LRB scheme. Besides providing a safeguard mechanism against
excessive structural velocities through the introduction of nonlinearity in the damper force-velocity
relationship (Fig. 5.13), NLVDs further reduced pier wg by 7%, while during assessment the peak
damper axial force was found reduced by 26% (i.e. equal to the value estimated in Step 1) without
significantly affecting the overall bridge response in terms of isolation system deformations and
deck displacements (Table C.1, Table C.2, Fig. 5.12); in fact, reductions in up and Up were in line
with the expected performance (e.g. Fig. 4.24). The final decision on the scheme to be adopted
should account for the cost and availability of relevant materials and devices (and the associated
availability of skills and cost of labour). In addition, all isolation schemes resulted in reductions in
pier wg (i.e. 22% in the LRB, 32% in the LVD, 37% in the NLVD scheme), and wsy (i.e. 38% in
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the LRB, 43% in the VD schemes) within critical regions compared to the design of the T7
Overpass (i.e. ‘ductile’ pier response in 8§3.3), indicating that higher performance objectives
adopted in isolated bridges do not necessarily result in higher initial cost of sub-structure design
(82.3.3) when the isolation system is quasi-optimally selected. Although the previous reductions
are able to compensate for the initial cost of the isolation system only in the case when common
isolators (e.g. low damping rubber bearings) are used to form a continuous isolation interface, or
potentially in the case of very tall piers where pier reinforcement reductions of the same order can
result in more significant savings, seismic isolation may emerge as an appealing design alternative
if reduction in the life-cycle cost of the bridge is taken into account.

Table 5.8 Percentage response differences between design (D) and assessment (A) stages

Property LRBs LDRBs + LVDs (a=1.0) LDRBs + NLVDs (a=0.2)
Response DP Abt 1 Pier 1 Pier 2 Abt 2{Abt 1 Pier 1 Pier 2 Abt 2| Abt 1 Pier 1 Pier 2 Abt 2
LB IV (Step1)| -3 -6 -10 0 1 -3 -7 4 -8 -12 -17 -6
Uog,a —Uop o
u—(/O)UB-E M (Step3)| 31 36 -40 27| 3 3 3 4 |-20 -19 -22 -20
0.0 LBEIV(Stepd)| 3 3 3 3|6 5 5 6|0 3 2 0
Vpa—-V IV (Step 1) 4 -11 -12 2 8 -5 -9 12 5 -7 11 11
a0 ) ygg ' P
Vp IV (Stepd)| -11 -7 -7 8| -1 0 0 8 5 -4 3
Fa—-F IV (Step 1 - - - - 2 1 -5 6 5 5 7
0ATTOD 9 yB-E (Step 1)
Fo IV (Stepd| - - - - |-10 -8 7 9|3 3 -3 -3
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PL3 (i.e. SP3 verifications under EQIV in Fig. 5.2) governed in general the design of the bridge
in all considered isolation schemes. Specifically, allowable vertical stresses, stability and uplift
considerations were found to control the characteristics of the isolators, while the requirement for
limited inelastic response controlled the longitudinal reinforcement demand in the piers. The above
results deriving from the implementation of Def-BD raise concerns with regard to the EN1998-2
(CEN 2005a) approach of limiting the inelastic response of piers under the ‘design’ rather than the
‘maximum considered’ seismic actions. Apart from the relevant safety issues associated with the
potentially significant reduction of the effectiveness of the isolation system under a ‘very rare’
seismic event (i.e. exceeding the ‘design actions’), the approach seems inconsistent with the
increased reliability required from the isolation system by the same code, i.e. designing isolators
under 1.5 times the ‘design action’ displacements when increased pier ductility demands are
expected to distort the proper performance of isolators by reducing their relative displacement. The
issue is further discussed in Chapter 6.

5.3.6 Bidirectional Excitation

5.3.6.1 Application of the Def-BD procedure

The isolated bridge described in 85.3 is designed in this section considering the effect of the
orthogonal component of seismic action. Due to the fairly similar performance of the alternative
isolation systems investigated in 85.3.5 under unidirectional excitation, the LRB scheme was
selected herein to demonstrate the implementation of the Def-BD method in the general case when
both horizontal components of seismic action are considered. In this respect, the efficiency of the
adopted scheme was evaluated using the ‘explicit’ approach with regard to the variability of the
properties of devices during design and assessment (i.e. “full’ set of analyses) aiming at the accurate
evaluation of the relevant effects in seismic response among the different designs. In the same
context, the basic characteristics (&, vo, Tp) Of the isolation system, and hence the mechanical
properties of isolators, were selected to be identical to those adopted during design under
unidirectional excitation (Table 5.7), also ignoring long-term isolator deformations due to the
permanent and quasi-permanent actions (e.g. prestressing, shrinkage, creep), and thermal actions,
to enable direct comparisons. The adopted isolation solution (i.e. £=0.05, vo. .8 = 0.044, T, = 3.0 5)
is also in good agreement with the ‘near-optimal’ isolation scheme (i.e. £ = 0.05, vo 8 = 0.048, T,
= 3.0 s) resulting in the minimization of total accelerations defined by plotting Egs. (4.37), (4.38),
and Table 4.7 (i.e. GDEs for bidirectional excitation) in the form of Fig. 5.14. Note that
deformations, forces etc. reported in the following for bidirectional excitation represent peak
response quantities having an unknown angle (Eq. (4.54)) with respect to the longitudinal axis (x-
X) of the bridge, unless otherwise noted (e.g. shear force Vi represents shear force recorded along
axis x-x). GDEs for bidirectional excitation provide directly peak response estimates (84.5), while
in the case of NLRHA response histories of relevant design quantities along the x-x and y-y axes

§

A

173 CITy



Konstantinos I. Gkatzogias

were first combined (through vector addition at each time-step, similarly to 84.5.1) prior to

obtaining their peak (absolute) values that were subsequently statistically processed (84.2.4).
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EQIII (PGA=0.21g): &=0.05——

=71

77125 —T,715
7T”f2'5
—TI,=5

7Tp:2

0.00

0.02

0.04
Vo

0.06

0.08

0.00

0.04

0.08
Vo

0.12

Fig. 5.14 Peak relative displacements u, (solid), total accelerations U, (dashed), optimal peak total
accelerations Up(opt) and corresponding relative displacements uy(opt) of deck under EQIII (left)
and EQIV (right) predicted from GDEs under bidirectional excitation

Table 5.9 Comparison of peak responses among RDOF systems optimised for different levels of seismic

action
No. pp| @ Te® € m ugm Ugis?)l & ug(m) Ug (Ws?)| dug (%) AUq (%)
opt EQIII opt EQIII (1) EQIV(2) 100-[(2) - )]/ (@)
LRBs
L, '8 10022 3.00 ;o.os 045 0129  0.77 %0.05 023 0363 169 41 10
UB:0049 249 {005 101 0072 098 {005 051 0216 184 49 -6
LRBs (2D)
41 B go.ozz 3.00 50.05 045 0197  1.02 30.05 023 0522 230 33 12
" UB;0049 249 {005 101 0110 127 {005 051 0325 245 48 -4
| optEQIV | EQIII (3) | opt EQIV (4) 100-[(3) - (V] / (1)
LRBs
L, B 50.044 300 {005 090 008 083 §o.05 045 0258 154 -34 8
" UBi0.098 249 {005 202 004 122 {005 101 0145 197 -39 24
LRBs (2D)
4o B 50.044 300 {005 090 0132 107 {005 045 0393 205 -33 5
UB 0098 249 {005 202 0065 154 {005 101 0219 255 -40 21

Step 1: In Table 5.9, the estimated peak response of the adopted scheme is presented (i.e. No. 4.2)

and compared with the estimated response under unidirectional excitation (i.e. No. 1.2, adopted in

85.3.5), denoting with blue the response that corresponds to the reference seismic action associated

with LB-DPs; it is seen that similarly to No. 1.2, the adopted scheme (optimised under EQIV) is

expected to develop ~40% smaller uo and ~21% larger U, demand when subjected to EQIII and

UB-DPs compared to the optEQIII system (i.e. No. 4.2), and results in ~33% smaller up under

EQIV (again compared to No. 4.2). Note also that the ratios of peak response under bidirectional

excitation to the response estimates under unidirectional excitation are in the range of 1.48~1.53
for uo and 1.26~1.33 for U, i.e. close to the ratios provided by Egs. (4.57) and (4.58), indicating
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their efficiency for an approximate estimation of seismic action effects under two horizontal
components of seismic action.

Using the LB- and UB-DP of isolators and VDs (Table 5.7) in GDEs, the displacement and
shear response (Eq. (5.32)) was calculated (shown as Step 1 in Table C.3). Given that the angle of
Up is unknown, the calculated UB shear forces were applied independently to the transverse
(denoted as Uy // y-y in Table C.3) and longitudinal direction of the bridge (Uo // x-X) resulting in
Pipiert = 6.9%o, pipierz = 9.7%o in the first case assuming elastic response (i.e. ussps = 1.0 during the
yield moment definition procedure as per §3.2.2), and in pipier1 = 8.3%o, pipierz = 15.0%o in the
second (i.e. adopting uesp3z = 1.2), for a pier column diameter equal to D, = 1.5m. It is noted that
the outcome of the Def-BD methodology in 85.3.5 regarding the geometry of the piers (i.e. Dy =
1.2m) was first used, resulting in impractically high reinforcement ratios (i.e. >3.5%o in Pier 2),
hence the diameter was gradually increased to 1.5m. The criticality of the longitudinal direction of
the bridge regarding the flexural design of the piers is attributed to the (common) configuration of
this straight isolated deck seated on single-column piers, and more specifically to the increase of
the equivalent cantilever height heq of piers in the longitudinal direction approaching the value of
the total pier height (i.e. clear column height plus pier cap), as opposed to the transverse direction
where the pier cap and the torsional stiffness of the deck partially restrain the rotation of the top
end of the piers, reducing heq and thus the bending moments at the pier base.

Step 2-5: NLRHAs were performed as per §5.2 under the selected suite of pair of records (i.e. HI,
HII) scaled using SFeqSFec to the level of seismic actions associated with EQII, 11, 1V (i.e. Steps
2-4) for two incidence angles, feq = 0° and Geq = 90° (i.e. 2 DPs x 3 PLs x 2 Ogq X 7 records = 84
NLRHASs) according to Fig. 5.15 (mean results for each PL are provided in Table C.3, denoting in
bold the verifications that were critical for the bridge design).

Abtl Pierl ---r~HII, 0,,=90°
I : /,/ : \\ :
o | e !
l . oo He X
Isolators 0, =270° ee=Spyp Pler2 Abt2
—N°
y HI 0,=0

Fig. 5.15 Definition of angle of incidence 0g¢ of HI, HII components with regard to the longitudinal (x-x)
and transverse (y-y) axes of the bridge: cases considered during the design stage

SP1-SP4 verifications (i.e. Steps 2-5) were in general more demanding compared to the 1D
design of the bridge apart from the restoring capability requirements under EQIII (i.e. Ures / Uo
criterion) due to the beneficial effect of the increased isolator deformations (85.2.3). The ‘non-
yielding’ requirement of the piers under EQIII was once more not critical, and the requirement for
‘limited inelastic response’ under EQIV governed the flexural design of the piers with curvature
ductility demand close to the SP3 deformation limits (Table C.3: Row No. 24, 25). The case of feq
= 90° was more critical for isolator strains due to lateral deformations (except for bearings located
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on top of Pier 2), curvature ductility requirements in the piers, and shear forces in the abutments,
as opposed to elastomer strains due to vertical compression, stability of isolators (being in general
the most critical verification), and pier shear design, that were critical for 6eq = 0°. The above can
be justified to a certain extent on the basis of the pier response in each direction of the bridge as
discussed earlier; in the longitudinal direction piers behave as cantilevers with reduced lateral
stiffness compared to the transverse direction (due to the increased heg), more so in the case of Pier
2 (hpier2 > hpier1), resulting along with the inelastic response under EQIV in the reduction of the
effectiveness (i.e. the deformations) of isolators, the amplification of bending moments and
curvature ductility demands , at the base of the piers, and the increase of the shear forces carried
by the abutments. On the other hand, the lever arm of axial forces between isolators of the same
pier in the transverse direction of the bridge, increases the applied axial compressive loads
rendering critical the stability verification along this direction. In contrast to the expectation that
maximum tensile forces would also develop under fgq = 0°, the maximum o was recorded for eq
=90° at the location of Abutment 2; this type of apparent inconsistencies, derives from the fact that
the angle at which peak response occurs, may vary significantly from the incidence angle of the
resultant of seismic components, as shown in 84.5.2 and discussed in more detail in the following.

5.3.6.2 Assessment of design

Assessment of the design presented in 85.3.6.1 was carried out to evaluate the efficiency of the
proposed procedure for the three different PLs and the considered range of DPs of devices. The
primary objective of the assessment was the detailed investigation of the bidirectional excitation
effects on the bridge response under the ‘design excitation” similarly to 85.3.5.2; NLRHAs were
performed for the Art D suite of artificial records (Table 4.1, Fig. 4.3) used to develop the
generalised design equations, scaled appropriately (through SFeq, 85.3.4) to correspond to different
earthquake levels and applied at angles within the range of 0~180° (at an increment of 22.5°)
according to Fig. 5.16 (i.e. 2 DPs x 3 PLs x 9 fgq x 10 pairs of records = 540 NLRHAS). Fig. 5.17
compares mean estimates of deck and pier peak relative (to the ground) displacements derived from
the design and assessment stages, whereas selected mean values of response quantities for the most
critical checks are provided in Table C.4 (providing also the critical incidence angle of seismic
components feo for each member verification).

— HI
HEQ—180°
i . HII
Abtl Pierl HII/,— .., 0,:,=90°
® K 4 Qe
& -‘. , ® I .
Il ® . s e .

Isolators R HII Pier2 Abt2
—NO
Y HI 0 EQ—O

Fig. 5.16 Incidence angles 0gq investigated at the assessment stage
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The design was found safe, in that it satisfied the design criteria associated with each PL. The
demand derived from assessment was in general close to that derived at the design stage; relative
displacements of the deck presented excellent agreement for LB-DPs (Fig. 5.17) Although
displacements along the longitudinal (i.e. uoxx) and transverse direction of the bridge (i.e. uoy.y) are
significantly affected by the incidence angle feq, resulting in a wide range of responses, the peak
displacements u, derived from the vector addition of the response histories Uox.x, Uoy-y are
practically constant. The variation of the angle at which uo is developed is evident in Fig. 5.18
where the total shear force of isolators is plotted against the average relative displacement history
of devices along the longitudinal and transverse direction of the bridge for a natural (design stage)
and an artificial record (assessment stage), and 6=q = 90°; despite the relatively close values of uo
in the resultant response history plot (i.e. vector sum), uoxx and Uoy.y are differentiated indicating a
different angle of peak responses.

An overview of the isolator deformation demand derived from the 540 NLRHAs is presented
in the polar charts of Fig. 5.19 where mean values of ug are plotted against fgq (for each PL) and
compared with relevant SP design criteria. Clearly, the SP3 requirement for stability governs the
design of the isolators while up exhibits small variations with gq similar to those of deck
displacements (Fig. 5.17). The small variation of up with 6eq is particularly important since it
implies that consideration of two (or even one) incidence angles are adequate to assess the
deformation demand of the isolation system, even though the critical angle (per isolator and type
of verification) generally deviates from the 0° and 90° values considered herein during the design
stage (Table C.4). The validity of the previous remark covers in general straight bridges irrespective
of the structural configuration of the piers so long as their inelastic response is constrained (e.g.
different column section, single/multi-column pier), due to the governing effect of the (typically)
‘symmetric’ isolation interface (i.e. identical mechanical properties along the principal directions
of the bridge) over ‘non-symmetric’ substructures (recall that even the circular single-column piers
of the studied bridge exhibit different behaviour along the two axes of the bridge). In cases of ‘non-
symmetric’ passive systems, e.g. dampers with different damping coefficients along the principal
axes of an isolated straight bridge, or in general curved-in-plan isolated bridges, a more detailed
investigation involving application of the records at a range of critical angles is required.

Isolator uo values derived from assessment and LB-DPs were in excellent agreement with
relative displacements derived from Step 1 (i.e. GDESs) and subsequent steps of design as shown in
Fig. 5.20 and Table C.3 respectively. In this context, verifications critical for LB-DPs (i.e.
elastomer strains, stability) yielded similar results, slightly more favourable during the assessment
stage. As in the case of unidirectional excitation, noticeable differences in the isolation system
response were identified only for UB-DPs (Fig. 5.17) resulting in an overestimation of the restoring
capability during design (Table C.3: Row No. 14), however, without violating the ures / Uo Criterion
in assessment, due to the beneficial effect of the second component of seismic action in increasing
Uo (Table C.4: Row No. 6). Finally, maximum tensile stresses were found to be reduced during the
assessment stage.
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Fig. 5.17 GM of peak relative deck and pier displacements derived from design for eo=0, 90° (top-left), and
from assessment for #q=0-180° (top-right, bottom) (legend is provided in Fig. 5.21)
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Fig. 5.19 GM of peak relative displacements uy of isolator located on top of Pier 1 (left) and Pier 2 (right)
derived from assessment for 8zp=0-180° and LB-DPs, compared with SP requirements per PL
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Fig. 5.20 GM of peak relative displacements uy of isolator located on top of Pier 1 (left) and Pier 2(right)
derived from assessment for 8z,=0-180° and LB-DPs, compared with Step 1 (preliminary design)
values

The deviations in UB response indicate that a larger number of records may be required to
describe more effectively the ‘design seismic action’ and increase the reliability of response
estimates by reducing SEGM values. In Fig. 5.21, it is seen that the Art D suite adopted in
assessment was able in most cases to constrain SEGM values below 15% apart from the curvature
demand at the base of the piers (maximum values near 35%); on the contrary, the suite of natural
records used in design resulted in larger SEGM values of displacements and pier ductility (the latter,
not shown in Fig. 5.21, being close to 100%) and in general larger curvature ductility and shear
demand in the piers. A representative example is provided in Fig. 5.22 where M-¢ response
histories about y-y and x-x axes are provided for a natural (design) and an artificial record
(assessment) at the base of Pier 1 under UB-DPs and 0zo = 90°. Although the resultant response
history mostly displays a seemingly distorted pattern, it provides in a clear and concise manner the
maximum ductility requirement along the bilinear envelope M-¢ curve (derived from section
analysis and introduced in the finite element model), as opposed to relevant plots along x-x and y-
y axes wherein peak inelastic responses cannot be easily identified due to the interaction of yield
moments. Considering the polar diagrams of Fig. 5.23 and Fig. 5.24 to summarise analysis results
derived from assessment and UB-DPs, it is clear that the SP2 criterion regarding the quasi-elastic
response of piers under EQIII is not critical in any of the ¢ cases.
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Chapter 5: Def-BD of Seismically Isolated Bridges

In fact, bending moments imply elastic response of the piers under EQIV (with adequately
restrained SEGM(M) values, Fig. 5.23), while mean curvatures at the base of piers (Fig. 5.24)
indicate limited inelastic response in Pier 1 for 6z = 0~135° It is worth noting here that
differentiations in response (elastic according to moments and inelastic based on curvatures)
emerge from the problematic definition of mean response when both elastic and inelastic quantities
are involved, resulting in mean values of moments and curvatures that do not correspond to the
same point in the adopted envelope M-¢ curve derived from section analysis and subsequently used
in NLRHAs. It can be argued that the linear response indicated by moments should be adopted due
to their high reliability, or that the critical response quantity should be the mean curvature
requirement increased by the associated SEGM in a more conservative approach (i.e. the upper
confidence interval 1.35¢, obtaining the peak SEGM(p)=35% from Fig. 5.24(left)), but in any case
pier curvature demands remain lower than the SP3 limit (ec = 3.5-4%o) indicating a potential source
of conservatism in the design procedure of 8§5.2 under bidirectional excitation. Given that the
longitudinal reinforcement ratio was defined in Step 1 (85.3.6.1) without further modifications in
the next steps, this is clearly due to differentiations in the base shear estimation-distribution, and
the design approach of applying the maximum total acceleration U, independently to the transverse
and longitudinal direction of the bridge. The shears carried by the piers in Step 1 were indeed
higher than those of the assessment stage approximately by 10% (Table C.3, Table C.4) which is
similar to the case of unidirectional excitation, and hence is not expected to introduce significant
conservatism. Furthermore, the maximum pier moment mean values under EQIV and UB-DPs
were derived from #zp = 90° in both piers (as assumed during preliminary design) but the associated
analysis moment (i.e. sample) values developed at angles of 6y within the range of 0~35° as
illustrated in Fig. 5.25, in contrast to the zero 6y, value adopted in design. Similar comments apply
for the case of the mean peak curvature derived from a different incidence angle (99 = 67.5°, again
due to the problematic mean definition) but with sample peak values developed once more at 9, =
0~35° (Fig. 5.26). Note that the application of the base shear calculated in Step 1 (i.e. GDEs) at an
angle of 35°, reduced to account for the limited inelastic response of the piers (§3.2.2), would result
to a 17% reduction of the required pier longitudinal reinforcing steel.

This type of conservatism cannot be easily eliminated unless a detailed investigation of the
effect of the incidence angle is performed, aiming at the identification of the range of 6y (or 6,).
Inevitably this will require a significantly increased computational effort; 540 NLRHAs were
required to investigate the effect of bidirectional excitation using 10 pairs of artificial records
applied at an increment of 22.5° within the range of 0~180°. A large number of analyses will be
normally required to suppress standard error values of responses using natural records at the design
stage; recall that the suite of 7 records was not able to restrain SEGM (¢) values, generally resulting
in overestimated ductility demands that were close to the adopted SP3 criteria (Table C.3), and
therefore reduction of reinforcement ratios was not allowed. In addition, knowing the range of Gy
does not decisively resolve the issue of selecting a proper angle value, since mean values of

moments used in design do not correspond to a specific i while means values of angles are not
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statistically meaningful quantities (§4.5.2). In view of the previous considerations the approach of

applying U, independently along the principal axes of the bridge is recommended at the design

stage.
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Fig. 5.23 GM (top) and SEGM (bottom) of moments M at the base of Pier 1 (left) and Pier 2 (right) derived
from assessment for zo=0-180° and UB-DPs
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Fig. 5.26 Angles of peak bending moments Oy at the base of Pier 1 (left) and Pier 2 (right) derived from
NLRHA under EQIV (assessment) for 8zo=0-180°, LB-DPs (solid dots), and UB-DPs (hollow dots)

54 Closing Remarks

A deformation-based design procedure previously proposed for bridges with energy dissipation in
the piers was extended herein to seismically isolated bridges. Aiming at efficient structural design
for multiple performance levels, through the control of a broad range of design parameters and the
aid of nonlinear dynamic analysis, the suggested procedure initially identifies the basic
characteristics of the structural system and subsequently associates design of specific bridge
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members and type of verifications with certain performance levels depending on the selected

performance objective. Key features of the deformation-based design method for seismically

isolated bridges are summarised as follows:

Considering the inherent weakness of passive devices to optimise the bridge response (i.e.
seismic actions effects close to target structural performance resulting in minimum cost) under
multiple performance levels due to their fixed mechanical properties, the use of generalised
design equations enables the identification of the critical performance level and the comparative
evaluation of different isolation schemes at the early stages of design. This provides the designer
with the quantitative tools required to select a ‘near-optimal’ design solution in terms of both
economy (e.g. total cost of alternative solutions) and structural performance; it also accounts
for additional design constraints associated with the critical states of the isolated system (i.e.
states of peak relative displacement, total acceleration, and relative velocity).

An iterative application of GDEs is introduced during preliminary design to properly capture
the effect of nonlinearity of viscous dampers at that stage, as opposed to the case of linear
viscous damping devices wherein no iterations are required. In either case, no iterative structural
analysis is needed while nonlinear dynamic analysis at subsequent steps deals with certain
pitfalls of equivalent linearisation approaches that are based on ‘non-physical’ effective
properties, e.g. non-classical damping systems, estimation of peak velocity.

Design of substructure members in the general case of bidirectional excitation is performed in
preliminary design for the most adverse of the effects derived by independently applying the
maximum inertia force mUy in the principal directions of the bridge. Transformation of the pairs
of horizontal components of seismic action into principal components and consecutive
application along both directions of the bridge is deemed adequate during the following steps
in the case of straight bridges and passive systems with ‘symmetric’ mechanical properties
along the principal directions of the bridge; a more detailed investigation involving application
of the records at a range of critical angles of incidence is needed in the case of more complex
bridge configurations.

Enhanced performance objectives reflect the higher performance expected in the case of
seismically isolated bridges ensuring the effectiveness of the isolation system under the
considered PLs by restraining deformations, providing an adequate restoring capability, and
properly considering the intended plastic mechanism of the substructure.

Further features involve the realisation of the selected scheme through base isolation and energy
dissipation devices accounting for the variability of their design properties. An implicit
approach for considering variability of DPs reduces the required sets of nonlinear dynamic
analyses, noting however, that performing the ‘full set” of NLRHAs and designing members
using their ‘envelope’ response ensures in all cases that neither devices nor substructure
members are overdesigned.

3§

by

C

ITY 184



Chapter 5: Def-BD of Seismically Isolated Bridges

The validity of the procedure was first investigated by applying it to the transverse direction of

the bridge previously used to develop the Def-BD method for ‘ductile-pier’ bridges.

Implementation of the suggested procedure was demonstrated adopting the ‘ordinary bridge’

performance objective in the cases of three alternative isolation schemes, namely, (i) deck isolated

with lead rubber bearings (LRBs), (ii) low damping rubber bearings (LDRBSs) and linear viscous
dampers (LVDs), (iii) LDRBs and non-linear viscous dampers (NLVDs). The effect of the
orthogonal component of seismic action was subsequently explored in the case of the LRB scheme.

The following conclusions were drawn from the above investigations:

Preliminary design displayed significant variations in member response depending on the
selected critical performance level, highlighting the significance of the relevant decision along
with specific cost implications. EQIV and the associated performance requirements governed
in general the bridge design in all considered isolation schemes under both unidirectional and
bidirectional excitation. More specifically, allowable vertical stresses, stability, and uplift
considerations were found to control the characteristics of the isolators, while the requirement
for limited inelastic response and shear design controlled the longitudinal and transverse
reinforcement ratios in the piers, respectively. Assessment of designs by NLRHA using suites
of artificial records closely matching the design spectrum associated with each PL, revealed that
the suggested procedure predicted well the structural response in terms of displacement and
shear force demand both at the stages of preliminary design (indicating the effectiveness of
GDEs) and the subsequent steps. In addition, Def-BD generally resulted in safe design, in the
sense of respecting the adopted design criteria.

Deviations in response estimations between design and assessment may be introduced due to
the implicit approach in considering the variability of design properties, the adopted scaling
approach and minimum number of considered records, and due to torsional effects in the deck.
In the specific example studied herein, the implicit approach, although more conservative, did
not result in overdesigning members and devices. Although the adopted scaling approach
resulted in displacement estimates close to those derived from the assessment using artificial
records (involving less computational effort compared to the approach used in the ‘ductile-pier’
bridge), the suite of 7 natural records (as commonly required by codes) was not in general able
to restraint standard error values of mean responses below the adopted limit of 15%, resulting
in overestimations of local ductility demands. The substructure had a minor effect on the peak
response of the isolation system.

Among the isolation schemes investigated under unidirectional excitation, i.e. LRBs,
LDRB+LVDs, and LDRB+NLVDs, the second resulted in slightly lower seismic demand in
the piers compared to the LRB option due to the adopted reduced yielding stress of the lead
core in the abutment isolators. Besides providing a safeguard mechanism against excessive
structural velocities, introduction of nonlinearity in viscous dampers effectively constrained
peak damper forces according to the set target performance without significantly affecting the
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overall bridge response. A relatively lower seismic demand was found for the bridge type and
seismic scenario considered herein, resulting in further reduction of the pier longitudinal
reinforcement compared to the LVD case. In addition, all isolation schemes resulted in lower
pier reinforcement demand compared to the design for ductile response, indicating that
optimally selected isolation systems can provide significant cost reductions in substructure
design while satisfying a higher performance objective. In this context, seismic isolation may
emerge as an appealing design alternative, if reduction in the life-cycle cost of the bridge is
taken into account.

Implementation of the method in the case of the LRB scheme under bidirectional excitation
revealed the efficiency of the procedure in predicting the deformation response of the isolation
system. In particular, small variations of peak deformations with the incidence angle indicate
that consideration of the horizontal seismic components of pairs of records along the two axes
of the bridge can adequately assess the deformation demand in isolation systems with symmetric
distribution of mechanical properties, despite the fact that the exact value of the critical
incidence angle (per isolator and type of verification) was found in general different from the
values considered in design (i.e. 0° and 90°). Although the design methodology predicted well
the shear forces developed in the piers, flexural design for the most adverse of the effects
derived by independently applying the maximum inertia force in the two directions of the
bridge, resulted in conservative design with regard to pier longitudinal reinforcement assessed
in the order of 1-17%. Nevertheless, this design approach is recommended unless a detailed
investigation of the effect of the incidence angle is performed involving a large number of

analysis sets.

Apart from achieving robust designs satisfying multi-objective structural performance criteria
under different levels of seismic action, implementation of the suggested procedure further
revealed some inherent weakness of the ‘force-based’ provisions in EN1998-2 (CEN 2005a)
and other codes. These refer to the adequacy of seven records in predicting the mean response
when upper limit spectral deviations and excessive variability are not addressed (discussed in a
previous comment), and the limitation of the inelastic pier response in isolated bridges under
the ‘design’ rather that the ‘maximum considered’ seismic actions. The latter, apart from raising
safety issues, seems inconsistent with the increased reliability required from the isolation
system by the same code.

Although movement of the deck was allowed in both directions of the bridges that have been
investigated so far using passive systems with identical properties along the principal axes of
the bridge, the extension of the procedure to different configurations is deemed quite
straightforward. Such cases may involve decks supported on moveable bearings in the
longitudinal direction, but restrained in the transverse direction via seismic links (i.e. common
configuration in railway bridges), or placement of dampers with different properties along the
longitudinal and transverse axes of the bridge. In the former case, preliminary design of the
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isolation system and the piers in the longitudinal direction of the bridge should be performed
according to the first step of the procedure for isolated bridges (85.2.2). The strength in the piers
should be defined from the most adverse of the effects derived by applying a response spectrum
analysis similarly to the preliminary design of ‘ductile-pier’ bridges (83.2.2), and the maximum
inertia force mU, transferred to the substructure through the isolation system in the longitudinal
direction, allowing for some limited inelastic response depending on the adopted performance
objective. Non-symmetric damping properties should be dealt by calculating peak inertia forces
per direction of the bridge using GDEs for bidirectional excitation (along with the relevant
damping ratios), prior to applying them independently in the relevant direction. A detailed
investigation of the effect of bidirectional excitation (using a range of incidence angles) will be
required in both previous cases.
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Chapter 6
Comparison of Def-BD with Alternative Design Procedures

6.1 Introduction

A comparison of the designs resulting from the application of the deformation-based design (Def-
BD) method for ‘ductile-pier’ and seismically isolated bridges, with ‘standard’ code-type design
procedures, is sought in this chapter with a view to assessing both the structural performance and
the economy of design focusing mainly on the piers, the deck, and the base isolation/energy
dissipation devices. Specifically, in the case of bridges with ductile behaviour, the seismic
performance of the bridge designed in 83.3 for the seismic hazard zone ZII is compared in §6.2
with the performance of the actual bridge (Egnatia Motorway 2002) designed according to a code
(EPPO 2000) that is similar to EN1998-2 (CEN 2005a) with regard to the engineering aspects that
are under investigation herein, thus representing ‘standard’ design according to European practice,
denoted hereafter as code-based design (Code-BD). Def-B designs for ZII, Il (83.3) are also
compared in §6.2 with the design outcome derived from the application of a different performance-
based design procedure, namely the modal direct displacement-based design (MDDBD) method,
in the same bridge (Kappos et al. 2013). Considering the case of the bridge isolated with lead
rubber bearings (LRBs) and accounting for the effect of bidirectional excitation, comparisons
between Def-BD (85.3.6) and EN1998-2 (CEN 2005a) are made, following the design (and
assessment) of the studied bridge according to Eurocode 8 in 86.3. In addition, inherent deficiencies
of code-type methods identified during the application of Def-BD in Chapters 3, 5, are further
discussed in 86.2, 6.3, respectively.

6.2  Bridge Designed for Ductile Behaviour of the Piers

6.2.1 Description of studied bridge

The selected structure (i.e. Overpass T7 in Egnatia Motorway, N. Greece) (Fig. 3.6) is described
in 83.3.1 along with relevant assumptions adopted to ensure consistency among Def-BD, Code-
BD, and MDDBD. In summary, the transverse response of the bridge was investigated adopting
the ‘ordinary bridge’ performance objective (PO) (Fig. 3.2), while the gap between the deck and
the abutments was treated as a design parameter in all three design cases; i.e. in the case of Code-
BD (corresponding to the ‘as-built’ state of the bridge) the relevant gaps of the actual bridge
provided in §3.3.1 were ignored during assessment (86.2.5) adopting the non-activated seat-type
abutment (Table 3.1). The design of the deck under ‘non-seismic’ load combinations was obtained
from Egnatia Motorway (2002), and adopted as the starting point in all design cases, i.e.
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considering identical geometry and detailing. Seismic action effects on the deck are discussed in
the following sections.

6.2.2 Modelling issues and numerical evaluation of dynamic response

Nonlinear response history analyses (NLRHAS) required only for assessment purposes in the case
of MDDBD (Kappos et al. 2013) and Code-BD (86.2.5) were performed according to §3.3.2.
Likewise, member limit deformations associated with each structural performance (SP) level were
defined during assessment in accordance with the same section (83.3.2) and Table 3.1.
Moment-curvature (M-¢) analysis of the A-A deck section (Fig. 6.7), i.e. next to the pier, was
performed in order to evaluate the seismic performance of the superstructure with the aid of the
‘built-in” SECTION DESIGNER (SD) utility of SAP2000 (CSI 2015) adopting the material stress-
strain laws provided in 83.3.2. The detailing of section A-A and the section modelled in SD (CSI
2015) are presented in Fig. 6.1; it is noted that tendons were not modelled since the prestressing
effect was considered as part of the external actions, whereas confinement of the concrete within
the web of the box girder section was ignored. The latter assumption was adopted for the sake of
simplicity (evaluation of the ductility capacity was not an issue in this investigation) as it is
expected to have a minor effect on the flexural strength and initial stiffness of the deck section

required to assess the relevant SP design criteria, i.e. cracking and yielding under EQ(SP3) and
EQ(SP4), respectively (83.2).

Fig. 6.1 Detailing of Overpass T7 deck section 4-4 (top) and section modelling in SD (bottom)

6.2.3 Target spectra and representation of seismic action

As opposed to Def-BD cases that included explicit verifications under multiple performance levels
(PLs) and associated seismic actions (defined according to 83.2.1, 3.3.3, 3.3.4), Code-BD and
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MDDBD designs involved response spectrum analysis (RSA) under a single target spectrum
associated with Tr = 475yrs in Fig. 3.9 (i.e. EQIII). Code-BD was performed for a seismic hazard
zone associated with a PGA of 0.14g (denoted as ZI), whereas zones ZIl (PGA of 0.21g) and ZIlI
(PGA of 0.31g) were considered in MDDBD, similarly to Def-BD (83.3.3). During the assessment
stage, the inconsistency in the level of the design seismic actions was treated according to 86.2.5,
while different levels of seismic actions, represented by the artificial records described in 83.3.4
(Fig. 3.12), were defined by Egs. (3.5)-(3.7).

6.2.4 Application of design procedures

Following the philosophy of code-type approaches, explicit verifications during design in Code-
BD and MDDBD approaches involved the evaluation of ‘life-safety’ verifications (e.g. SP3
requirements in Table 3.1) under the design seismic actions (i.e. EQIIIl for ordinary bridges);
‘operationality verifications were considered to be met when ‘life-safety’ verifications were
satisfied while capacity design principles were introduced to ensure the formation of the intended
plastic mechanism and the avoidance of brittle modes of failure up to a level of seismic action
associated with the ultimate flexural strength of plastic hinge zones.

Code-BD represents a ‘force-based’ approach typically included in design codes worldwide.
Following the definition of member stiffness (flexural stiffness of the deck corresponding to gross
sections and reduced pier stiffness accounting for cracking in line with CEN 2005a), a response
spectrum analysis is first performed under the ‘design spectrum’ properly reduced by the
‘behaviour factor’ g to implicitly consider the reduction of seismic action effects due to inelastic
action as a function of the selected structural configuration of the bridge, the axial load ratio and
the shear span ratio of the piers, and the accessibility of the intended plastic hinge zones. Analysis
results are subsequently used for the flexural design of the dissipating zones in the piers along with
transverse reinforcement detailing rules aiming at predefined curvature ductility levels (i.e.
confinement requirements according to CEN 2005a), while flexural design of members (or member
zones) expected to remain elastic, and shear design are performed on the basis of capacity design
(CEN 2005a). Seismic displacements required in dimensioning of bearings, clearances etc. are
obtained from RSA under the elastic (i.e. q = 1) spectrum so long as a reasonable convergence
between member stiffness assumed prior to analysis and stiffness based on the provided strength
is achieved, otherwise iterative application of the method (analysis and design) is required (i.e.
when the required strength is significantly higher than the assumed value used to estimate the
stiffness of piers, according to EN1998-2). As noted earlier, Code-BD corresponds to the ‘as-built’
state of the bridge, hence, the design was not preformed within this study; rather, the outcome of
the ‘actual’ design of the bridge was adopted herein for assessment purposes.

The MDDBD method, briefly described in §2.2.1, represents an extension to the standard ‘direct
displacement-based design’ method (Priestley et al. 2007) required to properly capture the effect
of higher modes, a feature of significant importance in the studied bridge due to the increased
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contribution of the second mode in the seismic response. Details on the MDDBD methodology
regarding the involved design assumptions, steps, identified limitations, and a detailed presentation
of'its implementation in the same bridge considering a single PL (i.e. ‘life-safety’ verification under
EQIII) can be found elsewhere (Kappos et al. 2012a, 2013, Kappos 2015a). Although a different
SP3 requirement was assumed for the flexural design of the piers in Kappos et al. (2013) (i.e. a
target column drift equal to 3%) as opposed to strain-based criteria adopted in Def-BD (SP3
requirements in Table 3.1), results from the two procedures are directly comparable due to the fact
that the allowable shear strains (i.e. yq = 2.0) in the elastomer of the low damping rubber bearings
located at the abutments (identical in Def-BD, MDDBD, Table 6.1) governed the bridge design in
both approaches. Shear design and detailing for confinement in MDDBD were performed on the
basis of capacity design principles and prescriptive detailing rules, respectively, as in Code-BD.
Design results obtained from the application of the Def-BD (83.3.5), the Code-BD (Egnatia
Motorway 2002), and the MDDBD (Kappos et al. 2013) procedures are summarised in Table 6.1,
noting that the deck geometry and detailing are identical in all considered cases. Immediately
perceived from the results presented in Table 6.1, is the significant conservatism adopted in the
case of Code-BD (ZI) resulting in pier dimensions and detailing similar to the MDDBD outcome

Table 6.1 Design outcome derived from different methodologies

Section 1 2 A0 3 vol,,* 3 vol,,,°
Method Zone Member h orte 11 eq oA ' Bars Pw wHoops
M M) | %) (cmd) %) (m°) (%) (m%m) (per mm)
Pierl D,=12 5094 9.7 118 104 24025 | 12.4 216/60
0.229 0.021
ZIl Pier2 D,=12 793 |10.2 118 104 24325 | 10.6 @16/70
& LDRE® 0.35x0.45 0.088 | - - - - - - - -
E Pierl D,=17 594 [125 285 125 58025 | 13.2 216/75
0.481 0.047
ZIlIl Pier2 D, =17 793 9.2 216 95 44025 | 10.4 2016/95
LDRB 0.35x0.45 0.088 - - - - - - - -
Pierl D,=20 594 - 471 15.0 96225 | 9.8 (£16+14)
A P 175
M 71 0.918 0.055
3 . _ (D16+14)
8 Pier2 D,=20 7.93 - 471 15.0 96225 | 9.8 /75
LDRB 0.35x0.45 0.044 - - - - - - - -
Pierl D,=15 5094 9.8 177 10.0 36025 | 9.1 214/95
) 0.391 0.026
ZIl Pier2 D,=15 793 |124 221 125 45@25 | 7.9 2014/110
[a)]
g LDRB 0.35x0.45 0.088 - - - - - - - -
% Pierl D,=20 594 [115 363 116 74025 | 10.4 216/80
0.960 0.058
ZIll Pier2 D,=20 793 [19.0 599 19.1 122@25| 10.4 2(316/80
LDRB 0.35x0.45 0.088 - - - - - - - -
h: clear height of pier, tg : total rubber thickness SProvided volume of reinforcing steel per metre of
2Required reinforcement at the base of the pier column length
®provided reinforcement at the base & top of the pier ®Low damping rubber bearing

*Provided volume of reinforcing steel
i
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under a significantly higher level of seismic action (i.e. ZIIl). This level of conservatism is by no
means specific to the ‘code-type’ approach followed in Code-BD; potential sources such as the
control of pier longitudinal reinforcement ratios p by ‘non-seismic’ load combinations or minimum
code requirements, and the directional combination of responses along the principal axes of the
bridge (in the actual design as opposed to Def- BD and MDDBD cases focusing on the transverse
response only) can hardly justify the overestimation of steel and concrete area demand depicted in
Table 6.1. On the contrary, in the studied case the above conservatism should be attributed to the
common (and on the safety side) approach adopted by several designers of overdesigning members
(e.g. by adopting conservative assumptions regarding the directional combination, higher
minimum steel requirements and/or lower behaviour factors than the values prescribed in the code),
and to the multilevel reviewing process of the design required by the owner/state (as in this case),
usually resulting in the adoption of the envelope ‘requirements’ derived from different
reviewers/designers, perhaps more so in the case of ‘small’ bridges where the above approaches
do not normally result in onerous cost increase with regard to the overall construction cost.
Although the above obstruct (if not render impossible) a comparison between Code-BD and the
other approaches in terms of economy, it offers the ability to assess the attained seismic
performance of a bridge designed according to European practice (86.2.5). Considering the design
cases that can be directly compared in terms of both economy and structural performance, Def-BD
yielded notable reductions in pier longitudinal reinforcing steel (ws), transverse steel (wsy), and
concrete (wc) weight (or volume) compared to MDDBD, equal to 4ws = 41%, Awsw = 17%, Aw¢ =
36% in the case of ZII, and 4wq = 50%, Awsw = 20%, Aw. = 28% in the case of ZIII, noting that in
MDDBD the transverse reinforcement was governed by shear design performed in accordance with
capacity design principles (as adopted in current codes).

6.2.5 Assessment of Code-BD and comparison with Def-BD

Assessment of the structures resulting from Def-BD (under EQII-1V) and MDDBD (under EQIII)
are presented in detail in §3.3.6 and Kappos et al. (2013), respectively. Herein, with a view to
enabling meaningful and consistent comparison between the cases of Def-BD (ZI1) and Code-BD
(Z1) (i.e. designed for different levels of seismic actions (86.2.3), assessment of Code-BD was
performed in terms of a normalised intensity measure A / Aq, where A corresponds to the intensity
measure considered (i.e. PGA of iig), and Aq is the design intensity (corresponding to EQI, Fig.
3.2), i.e. the PGA that causes the first yielding in the bridge which in design terms means that the
pier with the lowest p, reaches its flexural design strength Mgg. Another important issue dealt with
the previous approach is the conservatism adopted during design in the Code-BD case as described
in §86.2.4. Considering the cases studied herein, Aq corresponds to a PGA of 0.05g in Def-BD (ZIl),
and 0.12g in Code-BD implying an adopted behaviour factor of 1.2 (instead of the value 3.1
allowed by the code) and indicating the significant overdesign of the piers in the actual bridge,
given that Code-BD was performed for a lower seismic zone than Def-BD. The efficiency of each
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design was examined under three different levels of seismic actions defined with respect to the
normalised intensity measure A / Aq and the assumptions adopted in the Def-BD case (86.2.3), i.e.
EQIl (A/ As=2.3), EQIII (A/ As=4.5), and EQIV (A / Ag = 9.1). Def-BD (ZIl) and Code-BD
results derived from the above assessment procedure, are discussed in the following with regard to
the ‘ordinary bridge’ seismic performance objective (83.2.1), i.e. SP2 verifications under EQII,
SP3 verifications under EQIII, and SP4 verifications under EQIV. In this context, violated
performance requirements reported for the actual bridge refer to the bridge assessed for the
normalised seismic actions, hereafter referred as Code-BDn to differentiate it from the response of
the bridge under non-normalised seismic actions (Code-BD, Egnatia Motorway 2002) (not
presented herein) where all code requirements under the ‘design’ seismic action were satisfied.

In Fig. 6.2, the displacement envelopes derived from design and assessment of Code-BDn are
compared with those computed during the implementation of Def-BD (ZIl) (reproduced here for
ease of reference). Likewise, Fig. 6.3-Fig. 6.5 provide chord rotation demands in the piers under
the normalised levels of seismic actions along with allowable deformation limits (SP
requirements); additional design quantities for the case of Code-BDn are provided in Annex D (i.e.
Table D.1). Increased drifts (Table D.1 vs. Table A.1) and displacements (Fig. 6.2) were recorded
in the case of Code-BDn for all three considered PLs. Pier chord rotation limits were satisfied in
the case of Pier 2 under EQII, in both piers under EQIII, and violated in all other cases, while shear
resistance was found inadequate under EQIV. The above remarks (regarding the pier flexural
response) are also illustrated in Fig. 6.6 where flexural damage in the piers, quantified by a damage
index (DI) equal to the ratio of the required rotational ductility factor u over the maximum allowed
rotational ductility factor s ses, is plotted against the normalised intensity measure A / Aq, and
compared with ‘allowable damage’ corresponding to SP deformation limits; i.e. DI(EQi) > DI(SPi)
and DI(EQIV) > 1 suggest a violation of the relevant SP requirement and member failure,
respectively. Bearing strain deformation limits were generally violated under the normalised
seismic actions (Table D.1), indicating that the design of the actual bridge (Egnatia Motorway
2002) was conservative with regard to the design of piers but not the design of bearings.

Similarly to SP4 requirements in Def-BD (83.2.4, 3.2.5), modern codes (e.g. CEN 2005a,
AASHTO 2011, Caltrans 2013) require an explicit verification that the ‘capacity protected’ deck
remains elastic when the adjacent components of the bridge energy dissipation system (e.g. the pier
ends) reach their overstrength. EN1998-2 (CEN 2005a) in particular, requires that no significant
yielding occurs in the deck under the capacity design effects determined from equilibrium
conditions at the intended plastic mechanism, when all intended flexural hinges develop an upper
fractile of their flexural resistance (i.e. their overstrength). A general procedure for the estimation
of the capacity design effects in each principal direction of the bridge considering both signs of the
seismic action is provided in Annex G of EN1998-2 (CEN 2005a). With a view to evaluating the
requirement of no significant yielding in the case of Code-BD, the EN1998-2 (Annex G) (CEN
2005a) procedure was applied in the bridge considered herein, and its efficiency was subsequently
explored by NLRHA in Gkatzogias & Kappos (2016a). Some interesting remarks derived from the
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previous study, relevant to implications emerging from
compared to Def-BD, are summarised in the following in

—Def-BD d
04 | ... ] 0.4 f EQII '
Code-BDn EQIII [
—--MDDBD I EQIV

the application of code-type procedure
order to facilitate discussion in §6.2.6.
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Fig. 6.2 Peak displacement demand uy,.,, derived from design (left) and assessment (right) of Def-BD (ZII),

Code-BDn, MDDBD (ZII) (top), and Def-BD (ZI11), MDDBD (ZIII) (bottom) under EQII, EQIII,

EQIV
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Fig. 6.3 Moment (M) vs. chord rotation (6x.) demand curves derived from assessment of Def-BD (ZII,
ZI1I), Code-BDn under EQII at the base of Pier 1 (left) and Pier 2 (right), compared with allowable
SP2 deformation limits (solid dots)
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Fig. 6.4 Moment (M...) vs. chord rotation (6y.x) demand curves derived from assessment of Def-BD (ZII,
ZI1I), Code-BDn, MDDBD (ZII) under EQIII at the base of Pier 1 (left) and Pier 2 (right), compared
with allowable SP3 deformation limits (solid dots)
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Fig. 6.5 Moment (M..,) vs. chord rotation (6,.,) demand curves derived from assessment of Def-BD (ZII,
ZIII), Code-BDn, under EQIV at the base of Pier 1 (left) and Pier 2 (right), compared with allowable
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Implementation of the EN1998-2 (Annex G) (CEN 2005a) procedure appears to be less
straightforward when the transverse direction of a bridge is considered given that the definition of
the intended plastic mechanism may not be as obvious as in the case of the longitudinal direction
involving yielding at both pier ends. Specifically, as the complexity of the system increases, e.g.
the number of piers, significance of higher mode effects, non-simultaneous yielding among pier
columns of different geometry/detailing or between column ends, the EN1998-2 assumption that
all intended pier column plastic hinges reach their overstrength at the same time can result in a
significant overestimation of the capacity design effect on the deck. In the case of T7, if yielding
of piers is assumed at both ends (i.e. top and base), the application of the code procedure will result
in deck capacity design moments (i.e. Mpc) in the order of 200-10° kNm, significantly
overestimating the relevant values found (later) through nonlinear dynamic analysis of the bridge
(i.e. in the order of 35-10° kNm). In view of the previous consideration, the plastic mechanism
presented in Fig. 6.7 was assumed, involving yielding only at the base of the piers. In Fig. 6.8(left)
Mp,c moments (about z-z axis) derived from the ‘EN1998-2" procedure are compared with deck
moments derived from NLRHA under the considered suite of artificial records (86.2.3) scaled up
to a level of seismic actions that entailed a seismic demand at the base of the short (critical) pier
(i.e. Pier 1) approximately equal to its flexural capacity; i.e. A/ Aq = 6.7 in Fig. 6.6(left). M-¢
curves are provided for a range of prestressing force (Egnatia Motorway 2002), i.e. Pmin, Pmax
considered as part of the external actions.

Although the EN1998-2 (CEN 2005a) approach cannot always predict the location of the critical
moment (Gkatzogias & Kappos 2016a), Fig. 6.8(left) reveals that it can provide reasonably
conservative estimates of the critical deck moment magnitude, on condition that the selected plastic
mechanism describes realistically the structural performance of the bridge up to a level of seismic
action corresponding to the flexural resistance of piers; the peak EN1998-2 capacity design
moment (among all A-A deck sections) was found to be ~23% higher than the relevant value
derived from NLRHA. In any case (EN1998-2 or NLRHA), capacity design moments remained
below the deck yield moments and close to the deck cracking moments (i.e. moments at the instant
of the first crack due to flexure, corresponding to a secant stiffness of Ele = (0.90~0.98)El,
depending on the value of P) (Fig. 6.8(left)). Hence, the ‘no significant yielding’ requirement of
EN1998-2 (CEN 2005a) was respected ensuring the validity of analysis results since gross flexural
stiffness Elq of the deck was assumed during design. In the case of Def-BD, deck moments (not
shown in Fig. 6.8) were found significantly lower under EQIV (in the order of 13-10° kNm) due
the lower pier strength, noting also that in this case both the plastic mechanism and the deck
stiffness can be explicitly evaluated through NLRHA.
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6.2.6 Evaluation of different designs

Despite the notable differences (summarised in Table 6.2) among the design principles adopted by
the methodologies discussed herein with regard to the type of analysis, the definition of the seismic
input, the type of stiffness and damping used to control design quantities, the range of directly
controlled parameters and the number of iterations required (Kappos 2015a), both performance-
based approaches (i.e. Def-BD, MDDBD) aim at a specific structural performance (defined on the
basis of deformations) under single or multiple levels of seismic actions, and not surprisingly yield
in general similar drifts and displacements, at least for the PL for which explicit verifications were
carried out in both procedures, i.e. SP3 verifications under EQIII. This is evident in Fig. 6.2(right)
where the deck displacement profiles derived from the assessment of Def-BD and MDDBD designs
are compared. MDDBD vyields 15 and 20% lower displacements (or drifts) at Pier 2 in the case of
ZIl and ZI11, respectively. The relevant reductions in bearing deformations located at Abutment 2
are 13 and 22%, whereas smaller differences are observed for Abutment 1 and Pier 1 (Fig.
6.2(right)). Resulting deviations in the assessed response should be evaluated duly considering the
underlying design assumptions; the ability of each methodology to accurately capture the structural
response during the design stage, under a specific level of seismic action entailing inelastic
response, depends primarily on the type of analysis used (along with the associated seismic input
and the definition of stiffness-damping properties) and the complexity (or irregularity) of the
studied structure.

In this regard, Def-BD represents the most refined approach (Table 6.2) resulting in the best
match between design and assessment displacement profiles; deviations are attributed to the
sensitivity of analysis results to the seismic input and specifically to ground motion selection and/or
scaling procedures, while improved mean predictions (i.e. smaller discrepancies between design
and assessment quantities) can be attained as discussed in 83.3 at the expense of increased
computational effort. On the other hand, modal analysis, forming part of MDDBD, attempts to
capture the maximum probable response to a given seismic action based on equivalent properties
(i.e. secant pier stiffness at the maximum displacement, equivalent viscous damping) and the
statistical combination (e.g. SRSS) of peak ‘modal’ responses at the instant of maximum response
(i.e. after the formation of plastic hinges). In addition to certain concerns (82.2.2) regarding the
efficiency of equivalent linearisation approaches in predicting inelastic seismic action effects in
single-degree-of-freedom systems vibrating mostly at lower than peak displacement amplitudes,
the aforementioned type of analysis cannot account for the modification of the dynamic
characteristics of the structure during the successive formation of plastic hinges in multi-degree-of
freedom systems, and thus its efficiency is expected to decrease as the degree of structural
irregularity and the level of seismic action increase. It should be stressed that displacement profiles
presented in Fig. 6.2 consist of non-simultaneous peak deformations corresponding to mean values
derived from a series of NLRHASs or to statistically combined peak modal values; in either case,
the displacement profile curvature in the specific bridge configuration indicates the contribution of

higher modes in the seismic response rather than an ‘actual’ deformed shape of the bridge deck
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which mainly exhibits a ‘rigid body’ translational response due to the unrestrained conditions at
the abutments (Kappos et al. 2013). In this context, the increased curvature in the MDDBD
displacement profile (i.e. increased contribution of second mode) derived at the design stage,
resulted in an overestimation of displacements at the critical elements of the studied bridge, i.e. the
elastomeric bearings in Abutment 2 (Fig. 6.2(left)). The described phenomenon, prevalent in
bridges rather than buildings (Ayala & Escamilla 2013), is similar in nature to the reduced
efficiency of the Def-BD method in accurately describing the shape of the displacement profile (or
else the dynamic properties) under EQIV when the implicit approach is used (Fig 3.13), and is even
more intense in the case of force-based code approaches, like Code-BDn (Fig. 6.2). In the latter
case (i.e. Code-BDn), modal analysis is performed using the elastic stiffness of the structure (or
more accurately the secant stiffness at yield in the case of piers) disregarding altogether the effects
of nonlinearity on the dynamic characteristics of the studied system, resulting in significant shape
deviations between the ‘design’ and ‘assessment’ Code-BDn profiles. It is worth noting that the
significant contribution of the second (‘elastic’) mode in the case of Code-BDn (design stage) is
also triggered by the reduced ratio of deck-to-pier stiffness (Isakovi¢ et al. 2012) (i.e. increased
pier dimensions and strength, Table 6.1) compared to the other design cases.

Table 6.2 Key characteristics of different design methodologies

Method features Def-BD MDDBD Code-BD

Acceleration spectrum,

Seismic input ) Displacement spectrum Acceleration spectrum
suite of accelerograms
. Linear static/dynamic, . . . . )
Analysis . y . Linear static, modal Linear static/dynamic
nonlinear dynamic
. . Secant stiffness at yield, Secant stiffness at . .
Pier stiffness . y . Secant stiffness at yield
M- analysis maximum response
. Fully populated Equivalent viscous Modal damping ratios and
Damping - ] . -
damping matrix damping behaviour factor
Controlled No restriction L
. . . Strains (implicitly), . L
deformation (strains, deformations, . L Displacements (implicitly)
. displacements (explicitly)
parameters displacements)

Bxplicitly controlled

PLs per application Multiple Single Single

Required iterations
per application

Iterative application based on

Limited number Significant number assumed-calculated strength

Proceeding to the ability of different approaches to satisfy the adopted performance
requirements without being over-conservative (indicating their ultimate efficiency), Def-BD and
MDDBD approaches were found to be safe in the sense of satisfying the relevant performance
requirements (i.e. SP2 to SP4 in the case of Def-BD, and SP3 in the case of MDDBD).
Nevertheless, anchoring a displacement profile of increased curvature at the target displacement
(i.e. yq - tr = 0.176m) of the critical member (i.e. LDRBs in Abutment 2, Fig. 6.2(left)) and
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following the iterative equivalent linearisation approach of MDDBD (Kappos et al. 2013), resulted
in higher reinforcing steel and concrete area demand in the piers. On the contrary, the rigorous
evaluation of inelastic deformations by incorporating refined analysis procedures (e.g. NLRHA,
M-¢ analysis) in the case of Def-BD brought the deformation demand closer to the pertinent
deformation limits, leading to cost reduction (reported in 86.2.4) without jeopardizing the desired
performance under multiple PLs. Bearing displacements at Abutment 2 are lower compared to the
MDDBD case under EQIII (Fig. 6.2(left)) because the design of piers and bearings is governed by
SP2 and SP4 requirements that are implicitly considered in MDDBD (and Code-BD) but not
necessarily satisfied, as demonstrated in the case of Code-BDn (Fig. 6.3-Fig. 6.6, Table D.1) which
can be deemed equivalent to a code-type design of the bridge under a higher level of seismic action
than that corresponding to Zone | (disengaged from the effects of introduced conservatism).
Considering the actual bridge design under the non-normalised seismic action (Code-BD, Egnatia
Motorway 2002), it is evident that due to the conservatism adopted with regard to the design of the
piers and the lower level of seismic action considered, the structural performance will be superior
to that of Def-BD in terms of recorded damage in the piers under the ‘design’ seismic actions (i.e.
non-normalised EQIII); yet, this is achieved at an increased cost, while it does not ensure an overall
satisfactory performance of the bridge under a higher level of seismic action unless all bridge
members are consistently overdesigned.

In line with the principal concepts of Def-BD (83.2.1), design of the deck is based on distinct
performance requirements sought under different levels of seismic action and properly
incorporated within the design procedure to ensure efficient performance under multiple PLs, and
consistency between design requirements and modelling assumptions (regarding the stiffness of
deck elements) (83.2.4, 3.2.5). Based on the assessment of the structural performance of the deck,
presented in detail only for the critical case of Code-BD (86.2.5) where the fairly ‘strong’ piers
(Table 6.1) could have compromised the set structural performance requirements, it was found that
capacity design principles involved in Code-BD and MDDBD resulted in the ‘no significant
yielding’ criterion being satisfied under the capacity design effects while the magnitude of deck
moments justified the adoption of ‘uncracked’ gross deck sections during analysis. Nevertheless,
this is not always the case; implementation of the investigation presented in 86.2.5 in the
longitudinal direction of the bridge (presented in detail in Gkatzogias & Kappos 2016a, but not
herein) results in the deck performance illustrated in Fig. 6.8(right), i.e. flexure about y-y axis using
the sign convention of Fig. 6.7 (Section C-C) and accounting for the eccentricity of the tendons
(and the prestressing force P) with regard to the centre of gravity (CG) of the deck section in z-z
direction. Deck yield moments were found in general higher than the capacity design moments
under both levels of prestressing force, however, only a minor exceedance of the capacity design
moment is observed in the case of Pmax and negative flexure of the deck, lying well within the
cracked state of the deck section.

Results presented in Fig. 6.8(right) indicate that the target performance for no significant
yielding in the deck is generally achieved. However, the proximity of flexural demand to the yield
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moment of the deck (corresponding to a secant stiffness at yield Ely = 0.31Elq for Pmax and negative
flexure) raises concerns with regard to the common assumption adopted in EN1998-2 (and the US
codes) that prestressed concrete deck sections remain uncracked under the design seismic actions.
In fact, no significant yielding of the deck under the ‘capacity design effects’ cannot ensure that
cracking in deck sections will be avoided under the seismic design situation (involving EQIII) since
the magnitude of deck moments under EQIII is expected to be close to that of capacity design
moments if piers yield under this level of seismic action, reducing the validity of analysis results
(e.g. non-conservative estimation of displacement demand) especially in cases of increased seismic
intensity and relatively low level of prestressing. The issue discussed is by no means specific to
the longitudinal response of straight bridges as implied by the case studied herein; the out-of-plane
flexural demand of the deck is expected to be significantly higher in the common case of
straight/curved-in-plan bridges wherein the displacement response of the deck is restrained at the
abutments.

As a general remark, the outcome of Def-BD (§3.3.5) and MDDBD (Kappos et al. 2013) was
affected to a certain degree by the adopted minimum longitudinal reinforcement ratio pimin
considered equal to 10%.. Strictly following the Eurocode provisions, since pimin is not specified in
EN1998-2 (CEN 2005a) for bridge concrete pier columns, the EN1992-1-1 (CEN 2004a) limit
regarding all types of concrete columns applies, described by the upper part of Eq. (6.1) where N
represents the column axial force in the seismic design situation (positive when compressive), fyq
is the design yield strength of reinforcing steel, and Apicr is the area of the pier column section. In
practice, however, the EN1992-1-1 limit is often perceived by practitioners as too low, thus usually
replaced with the 10%. limit prescribed for buildings in EN1998-1 (CEN 2004b) which is rather
high for bridge pier columns. Given that the fundamental requirement for providing a minimum
ratio is to ensure a minimum local ductility in bridge piers, pimin can be defined according to Eqg.
(6.1) as the maximum of the values specified in EN1992-1-1 and the EN1998-2 Handbook (HB)
(Fardis et al. 2012) which provides a sufficient amount of steel reinforcement (1 minng), and hence
a design value of flexural strength of the pier section Mgg, not less than the cracking moment
represented by the right-hand part of the inequality; Wpicr is the elastic section modulus, and fcim is
the mean value of the concrete tensile strength (N positive if compressive).

Pl min EN1992 = max(O.lO N/( fya Apier ) , 0-002)

Pl min = MaX )
pl,min,HB : M Rd 2V\/Pier ( fctm + N/APier)

(6.1)

Adopting Eq. (6.1) is expected to reduce material cost in low-to-moderate seismicity regions in all
methodologies, especially those involving capacity design principles (i.e. MDDBD, Code-BD).
Furthermore, high pimin ratios were found in Gkatzogias & Kappos (2016a) to amplify ‘irregular’
seismic response in the piers (in terms of inelastic deformation demand), thus penalising critical
piers with lower behaviour factors according to EN1998-2 (CEN 2005a) requirements, reducing
the reliability and cost-effectiveness of the design.
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Overall, what essentially differentiates Def-BD from other methods is its ability to control a
broader range of design parameters (i.e. from strains up to flexural deformations and drifts) and
PLs (i.e. two explicitly and two implicitly considered) within a single application of the method,;
clearly, one can run MDDBD and Code-BD for different PLs (i.e. multiple applications of the
method) but this would require at least double the computational effort, if at all feasible in the case
of MDDBD due to limitations related to low and moderate seismic levels of seismic actions
(82.2.2).

6.3  Seismically Isolated Bridge

6.3.1 Description of studied bridge

The bridge under investigation is described in 85.3.1 along with relevant design assumptions
introduced to ensure consistency between the bridge designed for ductile behaviour of the piers
(83.3) and the seismically isolated bridge (85.3). Herein, the case of the bridge isolated with lead
rubber bearings (LRBSs) is considered, adopting the ‘ordinary bridge’ performance objective, and
accounting for the effect of bidirectional excitation. Design of the bridge according to EN1998-2
(CEN 2005a) and assessment of the bridge’s seismic performance is presented in §6.3.2-6.3.5; a
comparative evaluation of EN1998-2 and Def-BD (85.3.6) designs is also provided in §6.3.5.

6.3.2 Modelling issues and numerical evaluation of dynamic response

An elastic finite element model of the bridge was used in response spectrum analyses of the multi-
degree-of-freedom (MDOF) system as required by EN1998-2 (CEN 2005a) design. Pier flexural
stiffness used in RSAs was the secant value at yield, while isolator shear stiffness was modelled
using the secant value at maximum relative displacement of the isolator, resulting in the effective
stiffness ket and isolation period Tex along each principal direction of the bridge. The rest of the
bridge stiffness properties were defined according to §5.3.2 considering also the variability of
design properties of isolators as per 85.3.3. An effective (i.e. equivalent) viscous damping ratio
accounting for the energy dissipated in the isolators and defined according to CEN (2005a)
(86.3.4), was used to model damping in modes having periods longer than 0.8Tes; in all other
modes, a damping ratio equal to 5% was adopted. Nonlinear response history analyses (NLRHAS)
required for assessment purposes in the case of EN1998-2 design, were performed according to
85.3.2, 5.3.3. Likewise, member limit deformations associated with each structural performance
(SP) level were defined during assessment in accordance with §5.3.2, 5.3.3 and Table 5.1.
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6.3.3 Target spectra and representation of seismic action

The target spectra presented in 85.3.4 for unidirectional (1D) and bidirectional (2D) excitation were
adopted herein. 1D target acceleration spectra associated with Tr = 475yrs (i.e. EQIII) were used
during the EN1998-2 design performed separately in each principal direction of the bridge
(involving explicit analysis only under EQIII) prior to the directional combination of response
quantities (86.3.4) according to CEN (2005a). The ‘design’ acceleration spectrum used in RSA
was derived by multiplication of the target (i.e. elastic, & = 5%) acceleration spectrum by the
damping modification factor #.r implicitly considering the reduction of seismic accelerations due
to the introduction of additional damping at the isolation interface (i.e. &, in general different
along each principal direction of the bridge) for periods longer than 0.8Tes (86.3.2, Fig. 6.9). During
the assessment stage, 2D target spectra, artificial records used to represent the seismic action, and
scaling of records to different levels of seismic action were defined according to 85.3.4.

Tg Te 0.8T To Tg T¢ 0.8T¢s To
0T = % O 5 1
10 —C (Trer = 475 YIS, 7ett) o e }
301 | ; = } - 30 {1 | S| I
< - | | o) Lo | |
O L Rl s O L | |
= 2091 | ¢=5% | =% ca | L2090 | |
| | | | | |
I 1 | | s i
10 11 | | | 10 {1 | i |
i [ = | |
. | /! | |
0.0 ———+— \ \ 1 ‘ ‘ 1 ‘ 0.0 — ‘ ‘ 1 ‘ ‘ 1 ‘
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
T(s) T(9)

Fig. 6.9 1D design horizontal acceleration S, /PGA (left) and displacement S, /PGD (right) response spectra
for site conditions ‘C’ (Tr zou=475yrs) used in EN1998-2 design

6.3.4 Application of the EN1998-2 design procedure

Among the EN1998-2 (CEN 2005a) prescribed analysis methods for seismically isolated bridges,
namely, (a) fundamental mode spectrum (FMS) analysis, (b) multi-mode spectrum analysis, and
(c) time-history nonlinear analysis, corresponding to RSA of an equivalent single-degree-of-
freedom (SDOF) system, RSA of an equivalent MDOF system, and NLRHA of the MDOF system,
respectively, the following iterative analysis scheme was adopted applying sequentially the first
two spectral approaches (i.e. (a) in Steps i-iii, and (b) in Steps iv-vi) independently along the
longitudinal and transverse direction of the bridge also accounting for the lower bound (LB) and
upper bound (UB) design properties (DPs) of isolators; nonlinear dynamic analysis was used to
assess the bridge seismic performance in 86.3.5.

i. Considering the shear resistance at zero displacement Vo and the post-elastic stiffness k, of the
isolation system, and assuming an initial value for the peak deformation uo, the effective
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stiffness kerr Of the isolation system (Fig. 4.6) was calculated according to Eq. (6.2), ignoring
the effect of the substructure in the seismic response;

keff =V0/UO + kp (62)

. The effective period T and damping & corresponding to ket and uo were calculated according

to Egs. (6.3), (6.4) adopting an effective mass mes equal to the mass of the deck;

T = 2”\/ Mt /keff (6.3)

1
Sef = Z(Z Ep, /keff Ugj (6.4)

2Ep;in Eq. (6.4) represents the sum of dissipated energies of all isolators in a full deformation
cycle at the displacement uo calculated according to Eq. (4.8).

The peak relative displacement uo and total acceleration U, of the equivalent SDOF,
characterised by Terr, & and located at the stiffness centre (CS) of the composite substructure-
isolation system (Fig. 6.10), were derived from the design response spectra (Fig. 6.9) defined
according to §6.3.3 using the damping modification factor #e;

’ 0.10
= |—=04
et 0.05+ & (6.5)

Once uo, Up were determined, Steps (i)-(iii) were repeated until all relevant design quantities
were practically stabilised prior to proceeding to Step (iv). It is worth noting that the pseudo-
acceleration retrieved from Fig. 6.9 was directly associated with Up and the peak shear force V
= mexUp due to the absence of viscous dampers in the considered isolation scheme (i.e. LRBS).

. Considering the shear resistance at zero displacement Vigaourierjy and the post-elastic stiffness

Kip(anurierjy OF isolators located on the abutment seat or on pier j (i.e. sum of properties of
individual isolators at substructure element j), and assuming an initial value for the isolator
relative deformation uy; at the same location (Fig. 6.10), the effective stiffness ki of the
isolation system at j was calculated according to Eq. (6.6);

Kiett.j =Vi0.j/Uro,j +Kip, (6.6)

During the first application of Step (iv), uioj was assumed equal to the value of uy derived from
Step (iii). In a similar context, providing reasonable estimates for the equivalent cantilever pier
height heg pier j, and the secant stiffness at yield of the column section Ely pierj (€.9. Fig. 3.4), the
pier lateral stiffness kpier j Was approximated using Eq. (6.7) (Kappos et al. 2013), and the
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composite pier-isolator flexural stiffness kerj from Eqg. (6.8); at the abutments ke was

considered equal to Kiej.

h 3El

eq,Pier j y

3 (6.7)
Npier i heq,Pier i

kPierj =

1
j = (6.8)

. (]/klefr,j)+(]/kpierj)

v. The effective period Ter and damping & of the bridge were recalculated to account for the

substructure flexibility according to Egs. (6.3), (6.4), using the effective stiffness defined by
Eqg. (6.9) and setting up equal to uics (Eg. (6.10), Fig. 6.10).

keff = Z I(ef'f J (6.9)
J

Ujo,cs =Ubo,cs keﬁ/zkleﬁ,j (6.10)
j

In the case of unidirectional excitation along the longitudinal direction of the bridge, CS
coincides with the mass centre of the deck (CM) due to the bridge symmetry across the x-x axis
(i.e. eyy = 0). Considering the transverse response of the bridge the eccentricity of CS with
respect to CM was calculated from Eq. (6.11), where x; is the distance of the substructure
member j from Abutment 1, and L is the total length of the deck. During the first application of
Step (v), Uo.cs was assumed equal to the up value derived from Step (iii).

2 XKt jy-y
eX X

J
= = (6.11)
ZkEﬁvjvy_y 2
J

vi. Having defined the design acceleration response spectrum using & from Step (v) in Eq. (6.5),
RSA was performed according to 86.3.2 adopting kier and Ely for isolator and pier stiffness,
respectively. Steps (iv)-(vi) were repeated, until all relevant design quantities (i.e.
displacements, member forces) were practically stabilised; during iterations Uoj, Kpierj, Tefr, Ucs
were obtained directly from structural analysis results.

vii.Response estimates derived from the independent application of Steps (iv)-(vii) along the
principal axes of the bridge, and the application of permanent (G) and traffic action (Q), were
combined according to the following expressions;

1.35G +1.50Q (6.12)

by

CITY 206



Chapter 6: Comparison of Def-BD with Alternative Design Procedures

G+0.2Q=EQIll,_, +0.3EQIIl,_, (6.13)

G+0.2Q+0.3EQIIl,_, =EQIIl,_, (6.14)

Expressions (6.13), (6.14) were used to evaluate the seismic response of the isolation system
under bidirectional excitation. In the case of the substructure, seismic action effects derived
from RSA were divided by q = 1.5 (CEN 2005a) prior to their combination with ‘non-seismic’
actions and the subsequent design of piers in flexure; shear design and detailing for
confinement, buckling, etc. followed EN1998-2 (CEN 2005a) requirements for ‘limited ductile’
bridges, and the assumed value of Ely was additionally verified by M-¢ analysis. Verification
of the deck was not performed, since analysis moments were found in general lower than the
deck cracking moments presented in §86.2.5.

Upo,cs

Upcs |

Fig. 6.10 Definition of equivalent SDOF system according to EN1998-2 design

Clearly, application of the above procedure involves a number of iterations which is expected
to increase significantly (without ensuring accuracy in analysis results as shown in the following)
when the characteristics of the passive devices required as an input in Step (i) are not known (as is
typically the case in the design of a new bridge), and additional design criteria, such as those
included in Def-BD, are sought, ¢.g. ‘near-optimal’ selection of isolation system properties based
on multi-level performance requirements using charts in the form of Fig. 5.4. In addition, due to
the different analysis principles in EN1998-2 and Def-BD, design is expected to yield different
properties of isolators even if a common target performance is sought in both methods, thus
complicating direct comparisons. In view of the previous consideration, the design outcome of the
bridge designed to the Def-BD approach in 85.3.6 (regarding the isolator properties and the
diameter of the piers) was used herein, focusing mainly on the predicted response and the design
of the piers rather than the appropriate selection of device properties according to the EN1998-2
approach. The previous approach enables direct comparisons among the two methods while
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indicating potential pitfalls that would have been encountered if isolators were selected according
to the EN1998-2 method.

Iterative application of Steps (i)-(iii) under EQIII, yielded the results of Table 6.3, which are
independent of the considered direction of the bridge due the symmetric mechanical properties of
LRBs; three iterations were required in each case of DPs of isolators using the mechanical
properties of Table 5.7 and adopting as initial values of uo (Step i) those resulting from the
generalised design equations (GDESs) for unidirectional excitation (84.3.3). Design quantities are
also compared with relevant values derived from GDEs and mean values derived from NLRHA of
the SDOF system under the Art B suite of artificial records (Fig. 4.2), indicating that EN1998-2
overestimates displacements and forces approximately by 30% (LB-DPs) and 10% (UB-DPs),
respectively, compared to NLRHA results (corresponding deviations of GDEs from NLRHA
results are 4% and 1%). EN1998-2 (CEN 2005a), similarly to US codes (e.g. AASHTO 2010,
ASCE 2016) sets the analysis results derived from the FMS method as lower bounds to the RSA
and NLRHA results adopting a maximum ratio of NLRHA (or RSA) to FMS displacement and
force response equal to 0.80. Although the above limitation is promoted as a means of evaluating
the soundness of results deriving from more complex analysis procedures (Fardis et al. 2012), data
provided in Table 6.3 are indicative of the larger deviations that can be expected when FMS is
compared with NLRHA of the MDOF system, thus penalising the nonlinear dynamic approach
with no specific evidence of erroneous application of the method.

Table 6.3 Peak response quantities derived from alternative methods

Respor.1$e EQ DP EN1998-2 (Steps i-iii) Def-BD (GDEs) NLRHA @/1) /@
quantity (1) (2 (©)
1l LB 0.106 0.085 0.082 0.77 0.96
Uy (M) I UB 0.055 0.044 0.045 0.82 1.02
IV LB 0.212 0.256 0.243 1.15 0.95
______________________________ v v 0109 04 0140 128 097
) 1l LB 0.91 0.83 0.81 0.89 0.97
Yo () 11 s 1.34 1.23 1.22 091  0.99
V =m0, (kN) 1l LB 2320 2125 2056 0.89 0.97
I UB 3412 3122 3095 0.91 0.99

EN1998-2 (CEN 2005a) sets also a requirement for ‘increased reliability’ of the isolation system
identifying the critical role of its displacement capacity to the safety of the isolated bridge; this
requirement is deemed to be satisfied by verifying the passive devices for a higher level of seismic
action (than that corresponding to EQIII) considered implicitly through the amplification of relative
displacements derived from analysis under EQIII. Herein, an amplification factor of 2.0 was
adopted which is larger than the recommended value of 1.5 (i.e. a nationally determined parameter)
for the sake of consistency with the definition of target spectra in §86.2.3 (i.e. adoption of SFeqiv=2.0
in Def-BD). It is seen (Table 6.3) that despite the overestimation of displacements under EQIII and
the higher amplification factor, the EN1998-2 spectral approach underestimates uo by 13% (LB-
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DPs). It should be noted that neither of the above deviations, i.e. overestimation and
underestimation of up under EQIIl and EQIV respectively is on the safety side, since the first results
in overestimating the restoring capability of the isolation system (85.2.3) and the second in under-
designed isolators.

Consideration of the MDOF system (accounting for the pier flexibility, 86.3.2) during
application of Steps (iv)-(vi) under LB-DPs required two iterations per principal direction of the
bridge, while in the case of UB-DPs, three and four iterative applications were required in the
transverse and longitudinal direction, respectively, to keep deviations of relevant response
quantities (from one iteration to another) below 10%. Subsequent implementation of Step (vii)
resulted in the detailing provided in Table 6.4, also compared with the design outcome of the Def-
BD approach (85.3.6). Significant reductions in longitudinal (i.e. 58%) and transverse (i.e. 28%)
reinforcing steel volume were observed in the case of EN1998-2; p; was governed by minimum
requirements defined in accordance with Eq. (6.1), and pw by confinement requirements.

Table 6.4 Outcome of Def-BD and EN1998-2 methodologies

Section 1 2 A2 3 vol,,* 3 vol,,°
Method ~ Member h ortg 19 b/ ' Bars Pw w Hoops
M M) | %) m) %) (m) (%0) (m®m) (per mm)
. (top) D, =15 4.44 - 74 42 15@25
Pier 1 5.9 @14]75
o (base) D, =15 4.44 82 147 83 30925
M 0.304 0.019
4 ) (top) D, =15 6.43 - 133 7.5 279025
o Pier2 6.3 @14/70
(base) D, =15 6.43 | 147 265 15.0 54025
LRB® - D;=075 0225 | - - - - - - - ]
. (top) D, =15 4.44 - 72 41 19022 | 4.4
Pier 1 @14/110
o (base) D, =15 4.44 - 72 41 19022 | 4.4
3 0.129 0.013 --eeeemeeeeeeees
=2 . (top) D, =15 6.43 - 72 41 19022 | 4.4
= Pier 2 @14/110
w (base) D, =15 6.43 - 72 41 19022 | 4.4
LRB® - D,=075 0.225 - - - - - - - -
h : clear height of pier, tg : total rubber thickness ®Provided volume of reinforcing steel per metre of
2Required reinforcement at the base/top of the pier column length
®provided reinforcement at the base/top of the pier ®Lead rubber bearing

*Provided volume of reinforcing steel

In Table 6.4 discrepancies in steel demand between EN1998-2 and Def-BD approaches can be
easily explained on the basis of the design assumptions made in each method. The peak ‘design’
shear carried by each pier in Def-BD was calculated considering the peak deck total acceleration
under EQIV and bidirectional excitation (i.e. Up ~ 2.55 m/s?, Table 5.9, No. 4.2 UB-DPs), a /-
factor of 0.75 (mainly accounting for the difference in mean and design values of material strength,
83.2.2), and a target rotational ductility factor under EQIV equal to ugsp; = 1.2 (85.3.6.1), resulting
simplistically in 0.75 - 2.55 /1.2 = 1.59 m/s? On the other hand, the peak pier shear in the EN1998-
2 approach was derived from the peak deck total acceleration under EQIII and unidirectional
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excitation (i.e. Up =~ 1.34 m/s?, Table 6.3, UB-DPs), a behaviour factor of q = 1.5, and the
consideration of the effect of the orthogonal component of seismic action through the directional
combination of response quantities according to expressions (6.13), (6.14), i.e. ((1.34/1.5)* + (0.3
-1.34/1.5)%)°°=0.93 m/s?. The previous simplistic calculations reveal as the main sources of steel
reduction in the case of EN1998-2, the inconsistent safety format adopted by Eurocode 8 in
‘response spectrum’ and ‘response history’ analysis methods regarding the effect of bidirectional
excitation, the limitation of the inelastic pier response in isolated bridges under the ‘design’ (i.e.
EQIII) rather than the ‘maximum considered’ seismic actions (i.e. EQIV), and the differences in
response quantities resulting from ‘spectral’ and rigorous ‘direct integration” methods. The effect
of the previous design assumptions on the inelastic response of the studied bridge is discussed in
the following section.

6.3.5 Assessment of EN1998-2 designh and comparison with Def-BD

Considering the different features of the EN1998-2 and Def-BD methodologies for seismically
isolated bridges summarised in Table 6.5, a comparative evaluation of the bridge seismic
performance attained from each approach is presented in this section. An immediate observation
derived from the description of the EN1998-2 ‘spectral’ approach (similar to that of other modern
codes, e.g. ASCE 2016), in 86.3.4 is the identification of the criticality of displacements in
seismically isolated structures and their explicit consideration within the design procedure, as
opposed to ‘pure’ force-based approaches commonly adopted by codes for bridges with energy
dissipation in the piers that address displacements at the final stage of design (86.2.4). In this sense,
the key features of the EN1998-2 approach in Table 6.5 are closer to those of the MDDBD rather
than the Code-BD approach in Table 6.2; although EN1998-2 does not include a strict ‘design
route’ aiming at the specification of strength that results in a predefined (target) displacement under
a specific level of seismic action (the cornerstone of the direct displacement-based design
philosophy), the equivalent linearisation approaches involved in the two procedures share the same
basic principles.

To facilitate a detailed comparison of the EN1998-2 and Def-BD methods, the EN1998-2 design
(86.3.4) was first assessed following in general the format described in §5.3.6.2; i.e. the bridge
structural performance was evaluated under three different PLs considering the range of DPs of
devices (86.3.2, 6.3.3) and different angles of incidence according to Fig. 5.16 (i.e. identical to the
Def-BD case). As per §5.3.6, and unless specifically noted (e.g. Vxx), deformations, forces etc.
reported in the following figures represent peak response quantities calculated from the directional
combination of responses according to expressions (6.13), (6.14) (i.e. vector addition of peak
response quantities derived from the application of the method in each principal direction of the
bridge) at the design stage, and the combination of response histories of relevant quantities along
the x-x and y-y axes (i.e. vector addition at each time-step, 84.5.1) prior to obtaining their peak
(absolute) values, at the assessment stage where NLRHA was involved.
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Table 6.5 Key characteristics of Def-BD and EN1998-2 design methodologies

Method features Def-BD EN1998-2 (‘'spectral' approach)
L Acceleration spectrum, Acceleration/
Seismic input . .
suite of accelerograms displacement spectrum

generalised design egs.,

Analysis . . Linear static/dynamic
nonlinear dynamic
L 'Gross' section stiffness/secant 'Gross' section stiffness/
Pier stiffness . . . . .
stiffness at yield, M-¢ analysis secant stiffness at yield
Isolator stiffness Stiffness degradation models Secant stiffness at maximum response
. . . Equivalent viscous damping in fundamental
Damping Fully populated damping matrix mode, behavior factor in substructure design
Controlle_d No restriction Displacements
deformation . . . L
(strains, deformations, displacements) (explicitly)
parameters
Bxplicitly controlled . .
PLs per application Multiple Single
Required iterations . N
q Limited number Significant number

per application

Fig. 6.11(right) compares estimates of peak relative (to the ground) displacements of the deck
and piers derived from the design and assessment stages in the case of EN1998-2. Different
‘design’ displacement profiles under the same level of seismic actions and DPs correspond to
different cases of combination of actions in line with expressions (6.13), (6.14) (‘design’ case) or
to different angle of incidence (‘assessment’ case). lIsolator peak relative deformations are
presented in tabular form in Annex D, Table D.2 along with additional response quantities derived
from the design and assessment stages.

Due to the typically symmetric properties of the isolation interface, directional combination of
responses according to expressions (6.13), (6.14) prescribed in EN1998-2 for the case of RSA
(used herein at the design stage), is expected to result in peak response quantities approximately
equal to V(12+0.3%) = 1.04 times the values derived under unidirectional excitation. In other words,
due to the symmetry of the isolated structure, there is no significant differentiation of peak
responses along a principal direction of the bridge deriving from the orthogonal component of
seismic action, even in the case of non-symmetric substructures (of straight bridges). On the other
hand, extensive parametric NLRHA of nonlinear isolation systems under bidirectional excitation
in §4.5.3, using records scaled to a target spectrum that is defined as V2 times the target spectra
under unidirectional excitation in line with CEN (2005a) requirements for nonlinear dynamic
analysis (i.e. the 2D target spectrum also adopted in the Def-BD case study for the sake of
consistency), showed that peak displacements under unidirectional excitation are expected to
increase approximately by a factor of 1.43 according to Eq. (4.57).
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Fig. 6.11 Deck and pier peak relative displacements up derived from EN1998-2 design (top-right, bottom-
left) and assessment for 6:q=0-180° (Fig. 5.16) (bottom-right)

In the bridge studied herein, the above different approaches in considering the effect of
bidirectional excitation during the design and assessment stages resulted in differences of 22%
(LB-DPs) and 67% (UB-DPs) in deck displacements under EQIIl (Fig. 6.11(right)). Improved
convergence can be achieved when the effect of bidirectional excitation is considered at both stages
using the same approach. For example, adopting during the design stage the target spectra of
horizontal components used at the assessment stage (Fig. 6.11(left)) constraints relevant
displacement deviations under EQIII within a range of 10-20% attributed to the approximate nature
of the equivalent linearisation approach (Table 6.3) and the assumption that peak responses along
the principal axes of the bridge occur simultaneously (as opposed to the case of uncorrelated
components of seismic action, 84.2.2). This is practically equivalent to the SRSS directional
combination of peak responses derived from independent RSA under the 1D target spectrum, an
approach dictated in Model Code (fib 2012) and available in CEN (2005a) only for bridges with
energy dissipation in the piers (i.e. not for isolated systems). The SRSS directional combination
will also increase the reinforcing steel demand bringing the ‘design’ total acceleration (i.e. ~ \2 -
1.34 /1.5 = 1.26 m/s?) closer to the value derived from Def-BD, thus mitigating the effect of the
uncontrolled inelastic response in the piers described in the following. In any case, Fig. 6.11 and
Table D.2 demonstrate a significant underestimation of relative displacements under EQIV
indicating the risk of under-designing isolators, and the inadequacy of the EN1998-2 design
approach in estimating the peak displacement response through the implicit amplification of EQIII
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displacements by SFeqw, Since the increase in peak displacement response is disproportionate to
the increase of seismic actions (e.g. NLRHA case in Table 6.3). The fact that the relevant SP
requirements of the isolation system are met at the assessment stage (see Table D.2), is attributed
to the adoption of the isolator properties derived from the Def-BD method which is capable of
reliably estimating the peak response under multiple PLs irrespective of the definition of the target
spectrum under bidirectional excitation.

Comparison of the peak deck displacements derived during assessment of the EN1998-2 and
Def-BD designs, i.e. Fig. 6.11(bottom-right) vs. Fig. 5.17(top-right), reveals nearly identical
displacement profiles despite the significant reduction in pier strength in the EN1998-2 case, i.e.
the substructure response has a negligible effect on the deck relative displacement demand,
similarly to the case of buildings (e.g. Vassiliou et al. 2013). Nevertheless, the distribution of the
deck displacements to the isolators and the piers is differentiated among the considered design
cases as implied by the increased pier displacements in Fig. 6.11, more so in the case of Pier 2.
Transferring part of the displacement demand from the isolation interface to the substructure
reduces the efficiency of the isolation system, or else, the amount of energy dissipated by the
isolators, as indicated by the reduced area of the EN1998-2 hysteretic loops in Fig. 6.12 providing
the total shear force of isolators plotted against the average relative displacement history of devices
for the EN1998-2 and Def-BD designs under an artificial record (assessment stage) and gq = 90°.

7
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Fig. 6.12 Total shear force V vs. average relative displacement histories uo derived from EN1998-2 and Def-
BD under Art 4 (assessment), LB-DPs, and Ggo=90°
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An overview of the isolator deformation demand derived from the entire set of NLRHAS performed
during assessment is presented in the polar charts of Fig. 6.13 where mean values of u, are plotted
against deq (for each PL) and compared with relevant SP design criteria; the figure highlights the
reduction in the displacement response of isolators located on top of Pier 2 mainly in the range of
Oeq = 0~135°, as opposed to the Def-BD case (Fig. 5.19) where the relevant demand under EQIV
follows the target SP3 requirements (Table 5.1) regardless of the considered incidence angle.

(0] (e}
112.5° 90 67.5° EQIl EQII EQIV 112.5° %0 67.5°
i o o
1350 . /\{Jo(bufﬂlng) Op 45 135° Op =45
uo(yq=100) ‘
157.5° 22.5°  157.5° 22.5°
180° : : 0° 180° : ! 0°
u, (m) = 0 0.2 0.4 u, (m) = 0 0.2 0.4

Fig. 6.13 GM of peak relative displacements up of isolator located on top of Pier 1 (left) and Pier 2 (right)
derived from assessment for 9eq=0-180° and LB-DPs, compared with SP requirements per PL

The reduction in the energy dissipated in the isolation system is counterbalanced in the case of
EN1998-2 by a significant increase in the inelastic deformation of the piers compared to Def-BD
as shown in the representative moment vs. curvature plots of Fig. 6.14 under the Art 4 artificial
record, Oeq = 90°, and UB-DPs; in this case the lower provided pier reinforcing steel ratios reported
in Table 6.1 yielded six times larger curvature demand at the base of Pier 2 under EQIV.
Considering the polar diagrams of Fig. 6.15 to summarise analysis results derived from assessment
and UB-DPs, it is clear that the SP3 criterion aiming at the controlled inelastic response of the piers
is violated in most cases contrary to the Def-BD method wherein the ductility demand was
constrained below the value corresponding to e = 3.5%o (Fig. 5.24). Specifically, the lower pier
strength in the case of EN1998-2 design reduces the efficiency of isolators bringing the
deformation demand in Pier 2 close to its flexural capacity for fzq = 45~90°. It is worth noting that
exceedance of SP4 deformation limits (Table 5.1, Table D.2) was avoided by the decision to apply
the minimum reinforcing steel requirements during the EN1998-2 design in §6.3.4, thus providing
some overstrength, instead of reducing the pier dimensions, in which case the inelastic ductility
demand would have further increased. Furthermore, the shear capacity of piers assessed according
to CEN (2005a) was also found inadequate in the case of the EN1998-2 design under EQIV and
UB-DPs (Table D.2).

The structural performance of piers, considered undesirable by modern design codes for the
reasons presented in §2.3.3, further highlights the inconsistent approach of the code in designing
the components of the isolation system under a higher level of seismic action than that
corresponding to EQIIL, as a means to ensure the ‘increased reliability’ requirement, without
specifically addressing the effect of these actions on the substructure response. On the grounds that
the pier response will control the proper performance of the isolation system and the bridge overall
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response, design of the isolation system under higher seismic actions is expected to be meaningful
when followed by relevant verifications on the piers, implying the necessity in the case of EN1998-

2 to limit the inelastic pier response under higher actions than those associated with the ‘design’

earthquake.
12 ———— 12 ——
i EQIl EQII EQIV | F
10 1 10 | |
I ~~EN1998-2 (UB) | I
e sl -—Def-BD (UB) | & g.
Z. I |z R
m'x 6 7m¥ 6
=~ IR
s ¢ =4
2 2_
e 0F .
0 4 8 12 16 20 0 4 8 12 16 20
¢ (10°m™) ¢ (10°m™)

Fig. 6.14 M-¢ response histories at the base of Pier 1 (left) and Pier 2 (right) derived from EN1998-2 and
Def-BD under Art 4 (assessment), 80=90°, and UB-DPs
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Fig. 6.15 GM of curvatures ¢ at the base of Pier 1 (left) and Pier 2 (right) derived from EN1998-2 assessment
for Geq=0-180° and UB-DPs

6.4  Closing Remarks

A comparative evaluation of designs resulting from the application of alternative design procedures
to the same bridge, was presented in this chapter with a view to assessing both the structural
performance and the economy of design attained from the proposed deformation-based design
method.

Considering the case of the bridge with monolithic pier-to-deck connections, the following
conclusions were drawn based on the assessment of designs resulting from the deformation-based
design (Def-BD) method, the modal direct displacement-based design (MDDBD) method, and a
force-based code-type (Code-BD) method (corresponding to the actual bridge design):
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Adopting refined analysis and modelling approaches, and providing a consistent performance-
based design format within the Def-BD framework (i.e. explicit consideration of multiple PLs),
resulted in superior seismic performance in the case of Def-BD. This was demonstrated by the
control of various design parameters and structural performance requirements over multiple
performance levels within a single application of the method. Significant cost reductions were
achieved compared to the MDDBD procedure, whereas potential cost reductions may also be
obtained when compared to force-based code-type procedures due to the adoption of more
rational design approaches accounting for the seismicity of the site in lieu of ‘standard’ capacity
design considerations.

The above render Def-BD a rigorous methodology, applicable to most of the common concrete
bridge configurations without practical limitations related to the irregularity of the structural
system considered. Inevitably, this comes at the expense of additional computational time and
effort associated with the use of nonlinear dynamic analysis and the explicit consideration of
multiple PLs. Nevertheless, minimum iterative effort is ensured by estimating pier strength on
the basis of allowable deformations, and by providing a logical analysis-design route wherein
each step corresponds to a different performance level.

MDDBD resulted in similar structural performance to Def-BD for the explicitly verified
common PL (i.e. SP3 requirements); nevertheless, the inherent inability of the former method
to account for the modification of the dynamic characteristics of the structure during the
successive formation of plastic hinges, along with the introduction of an equivalent linearisation
approach, resulted in an increase in pier dimensions and reinforcing steel requirements.
Disregarding altogether the effect of the pier inelastic response on the estimation of the dynamic
characteristics of the bridges in the case of Code-BD, resulted in the highest deviation among
the displacement response assumed during the design and the response assessed through

rigorous nonlinear dynamic analysis.

Assessment of Code-BD under normalised levels of seismic action (i.e. Code-BDn), introduced
to enable meaningful comparisons with Def-BD, revealed multiple violations of the adopted
performance requirements for the PLs that are commonly implicitly considered in code-type
procedures (SP2, SP4). This confirmed that definition of strength on the basis of ‘life-safety’
design criteria does not necessarily ensure controlled structural performance under different PLs
associated with ‘operationality’ and ‘collapse-prevention’ requirements. On the other hand, if
the performance of the actual bridge under the non-normalised seismic action is considered, all
relevant verifications are satisfied due to the adopted over-conservatism in design.

Capacity design verification of the bridge deck, required in the cases of MDDBD and Code-
BD, in line with the EN1998-2 (Annex G) provisions (CEN 2005a) and a more refined approach
involving NLRHA and M-¢ analysis of pier and deck sections indicated that the ‘no significant
yielding’ requirement of the deck was satisfied. However, certain pitfalls were also identified.
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Specifically, the definition of the intended plastic mechanism in the transverse direction of the
bridge may not be obvious, especially as the complexity of the system increases, while the de
facto adoption of “uncracked’ gross section in modelling the flexural stiffness of the deck, may

render questionable the validity of analysis results.

Considering the case of the seismically isolated bridge, the following conclusions were drawn

based on the assessment of designs resulting from the deformation-based design (Def-BD) method,
and the method prescribed in EN1998-2 (CEN 2005a) as applied herein:

Although the EN1998-2 design method for seismically isolated bridges aims at the explicit
verification of displacements, the adopted equivalent linearisation approach may involve a
significant number of iterative applications when the characteristics of the passive devices are
not known at the beginning of the design procedure, as is common in the design of a new bridge.
Further iterations will be required if additional design criteria, such as those included in the
proposed Def-BD, are sought, e.g. by setting a target performance under multiple performance
levels with respect to peak deformations, energy dissipation, minimisation of the substructure
design cost, etc. On the contrary, preliminary selections in Def-BD are facilitated by using
GDEs.

The introduced iterations in EN1998-2 do not necessarily ensure an accurate estimation of peak
response due to the approximate nature of the equivalent linearisation approach. In the bridge
studied herein, i.e. deck isolated through hysteretic isolators, the EN1998-2 approach, initially
applied to an equivalent SDOF system of the bridge and subsequently to the MDOF system
accounting also for the substructure, resulted in deviations of displacement response within a
range of 10-30% compared to rigorous nonlinear dynamic analysis results. Furthermore, the
implicit estimation of deformations under EQIV was found inadequate to capture the peak
inelastic response of isolators indicating the risk of underestimating their required deformation
capacity.

Application of the EN1998-2 design procedure resulted in significant reductions in reinforcing
steel demands. Nevertheless, subsequent assessment of the design in line with the (CEN 2005a)
requirements indicated that the main sources of this reduction, namely, (i) the inconsistent
consideration of the effect of bidirectional excitation in different analysis methods, (ii) the
limitation of the inelastic pier response in isolated bridges under the ‘design’ (i.e. EQIII) rather
than the ‘maximum considered’ seismic actions (i.e. EQIV), and (iii) the deviation of response
quantities resulting from ‘spectral’ equivalent linearisation approaches, may compromise the
safety of the isolated structure under EQIV by imposing large inelastic deformations in
substructure elements, in contrast to the reliable and stable performance exhibited in the case of
Def-BD.

The above deficiencies of equivalent linearisation approaches may be more pronounced in
isolation systems incorporating velocity dependent energy dissipation devices (e.g. fluid
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viscous dampers, not investigated in this chapter), since their inherent inability to estimate the
peak inertia forces transferred to the substructure will require recourse to more complex
approximate procedures (e.g. Constantinou et al. 2011) unless nonlinear dynamic analysis is
adopted (i.e. a strategy typically preferred by designers when viscous dampers are involved).
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Chapter 7
Conclusions and Recommendations for Future Research

7.1  Conclusions

Considering the current trends in performance-based seismic design of bridges, a performance-
based seismic design methodology was developed within a deterministic framework. The method
involves displacement-based design principles and aims at the efficient design of a broad class of
common bridge configurations using advanced analysis tools. The suggested procedure considers
explicitly (through analysis under different levels of seismic action) multiple performance levels,
and different performance objectives accounting for the adopted structural configuration and the
importance of the studied bridge. This is in contrast with ‘standard’ code-type or other
displacement-based design procedures that require explicit consideration of a single performance
level, assuming that design requirements associated with different performance-levels are
implicitly satisfied (Chapters 2, 6). In the proposed method, multi-level performance requirements
are clearly stated and described in terms of post-earthquake operationality, damage, and feasibility
of repair. Acknowledging the inherent iterative nature of the design process when realistic
structural systems are considered, particular attention was drawn to the thorough consideration
and/or development of the required tools with a view to avoiding computationally intensive
iterative analysis. Main findings of the study are summarised in subsequent sections in a bullet-
point format followed by additional discussion and comments in plain text, while detailed
conclusions can be found in closing sections of relevant chapters (i.e. §3.4, 5.4, 6.4). Conclusions
in the following sections are presented with regard to the different bridge structural configurations
considered in this study, namely, bridges with energy dissipations in the piers (§7.1.1), and
seismically isolated bridges (8§7.1.2). Recommendations for future research are provided in §7.2
following the same format. In addition, a framework of performance-based control principles for
the future extension of the procedure towards the integration of advanced structural control
techniques, is briefly set forth in §7.2.3.

7.1.1 Bridges with energy dissipation in the piers

A deformation-based design (Def-BD) procedure initially developed for seismic design of
conventional (i.e. non-isolated) buildings (Kappos & Stefanidou 2010) was tailored to bridge
structures, aiming at efficient structural design for multiple performance levels through the control
of a fairly broad range of design parameters and the aid of nonlinear dynamic analysis.

The key issues in this respect were the following:
#
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» Proper consideration of the intended plastic mechanism in the case of bridges under the
considered performance levels, allowing yielding of the piers instead of the superstructure, and
also the design of the bearings (typically not used in buildings, except in isolation schemes).

* Preliminary estimation of pier stiffness, strength, and expected inelastic response on a member-
by-member basis, and inelastic modelling of dissipating zones, estimation of allowable
deformations limits and confinement requirements on the basis of refined section analysis in
subsequent steps. The above characteristics represent novel features of the methodology that
were feasible mainly due to the smaller number of dissipating elements compared to the
generally large number of beam plastic hinges in buildings.

» Modifications addressing specific bridge engineering aspects such as the proper (and simplified,
compared to buildings) definition of required strength in dissipating zones, the expected elastic
response of the deck, and the explicit treatment of elastomeric bearings (i.e. required
verifications and consideration of appropriate deformation limits).

» Introduction of different performance objectives explicitly accounting for the importance of the
bridge under investigation, and proper adjustment of relevant performance requirements, within
an integrated performance-based design framework.

The validity of the suggested procedure was demonstrated by adopting a specific design —
assessment format serving the purposes of the included investigations. Specifically, the proposed
method was first applied to an actual bridge adopting the ‘ordinary bridge’ performance objective,
and considering different seismic zones. Ground motion was represented by natural records,
following the EN1998-2 (CEN 2005a) prescriptions for seismic action representation, selection,
and scaling (common in other codes to0o), along with a ‘structure-specific’ ground motion selection
criterion (quantified by the statistical measure of the standard error of the mean) used to limit the
variability of response estimates and hence increase the reliability of their mean. Resulted designs
were then assessed using artificial records closely matching the design spectrum associated with
each performance level. Comparisons in terms of both economy and performance were made
among designs resulting from the deformation-based design (Def-BD) method, the modal direct
displacement-based design (MDDBD) method, and a force-based code-type (Code-BD) method
(corresponding to the actual bridge design).

The following conclusions apply with respect to the efficiency of the previous methods in
providing reliable estimates of response, satisfying diverse performance requirements, and leading
to cost-effective design solutions by applying a reasonable computational effort.

* Refined analysis and modelling approaches, along with the consistent performance-based
design format within the Def-BD framework (i.e. explicit consideration of multiple
performance levels), resulted in superior seismic performance compared to the MDDBD and
the code-type design methods.
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 Significant cost reductions were achieved in the case of Def-BD compared to the MDDBD
procedure, whereas potential cost reductions may generally be obtained compared to force-
based code-type procedures due to the adoption of more rational design approaches accounting

for the seismicity of the site in lieu of ‘standard’ capacity design considerations.

* Minimum iterative effort was ensured in Def-BD due to the integrated logical analysis-design
route that consists of distinct design steps. Each step corresponds to a different performance
level (depending on the selected performance objective) and is associated with inelastic
modelling and design of specific bridge members and/or type of verifications. On the contrary,
MDDBD and code-type procedures involve iterations within a single application of the method
(accounting for a single performance level), and iterative application of the method or
implicit/capacity design considerations to account for different performance levels.

The seismic performance superiority of the Def-BD framework was demonstrated by accurate
predictions of peak inelastic demand and the control of various design parameters and structural
performance requirements over multiple performance levels, with only occasional and marginal
exceedances. Adopting a ‘structure-specific’ ground motion selection criterion by constraining the
variability of elastic responses, prevented a significant overestimation of peak inelastic response
guantities, commonly introduced during design when code-type scaling procedures are applied
using a small number of natural records. MDDBD resulted in similar structural performance to
Def-BD for the explicitly verified common performance level (i.e. SP3 requirements);
nevertheless, the inherent inability of the former method to account for the modification of the
dynamic characteristics of the structure during the successive formation of plastic hinges, along
with the introduction of an equivalent linearisation approach, resulted in an increase in pier
dimensions and reinforcing steel requirements. Disregarding altogether the effect of the pier
inelastic response on the estimation of the dynamic characteristics of the bridges in the case of
Code-BD, resulted in the highest deviation among the displacement response assumed during the
design and the response assessed through rigorous nonlinear dynamic analysis (direct cost
evaluations were skipped due to the over-conservatism adopted in the design of the actual bridge).

‘Operationality’ (SP2) criteria were found to govern the flexural design of the piers in all cases
of Def-BD. Verifications associated with ‘feasible repair’ and ‘limited service’ (SP3) criteria were
not found to be critical, resulting in pier deformation demands similar to deformation limits that
corresponded to code requirements for minimum transverse reinforcement. Verifications
associated with the ‘severe damage’ and ‘disrupted service’ of the bridge (i.e. SP4) imposed critical
(with respect to stability) deformations at the bearings and defined the required transverse
reinforcement of members. Assessment of Code-BD under levels of seismic action consistent with
those used in Def-BD (i.e. Code-BDn), introduced to enable meaningful comparisons with Def-
BD, confirmed that definition of strength on the basis of ‘life-safety’ (SP3) design criteria does not
necessarily ensure controlled structural performance under different performance levels associated
with ‘operationality’ (SP2) and ‘collapse-prevention’ (SP4) requirements, indicating an inherent
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weakness of code-type single-performance level procedures where SP2 and SP4 criteria are
implicitly considered. In a similar context, verifications of the deck for seismic actions were not
found critical in any of the considered methods. However, certain drawbacks of deck capacity
design considerations required in the cases of MDDBD and Code-BD, were identified; i.e. the
problematic definition of the intended plastic mechanism in the transverse direction of the bridge,
and the potentially inappropriate adoption of ‘uncracked’ gross section in modelling the flexural
stiffness of the deck. Both issues are effectively considered within the Def-BD framework.

Based on the aforementioned findings, Def-BD emerges as a rigorous methodology, applicable
to most of the common concrete bridge configurations without practical limitations related to the
irregularity of the structural system considered. Inevitably this comes at the expense of additional
computational time and effort associated with the use of nonlinear dynamic analysis (i.e. in
modelling nonlinearity and properly defining the seismic input), and the design of different
members at different steps of the procedure involving various levels of seismic action. Apart from
the integrated logical design route, additional measures in reducing the computational effort
involve the estimation of pier strength using design ‘routines’ accounting for the adopted target
performance, and the investigation (in the case of seismically isolated bridges) of an alternative,
and as a rule, simpler scaling approach.

Overall, what essentially differentiates Def-BD from other methods is its ability to effectively
control a broader range of design parameters (i.e. from strains up to flexural deformations and
drifts) under different earthquake levels (two explicitly and two implicitly considered) within a
non-iterative application of the method.

7.1.2 Bridges with passive control systems

7.1.2.1 Development of generalised design equations

Considering the diversity of passive devices along with their inherent weakness to optimise the
bridge response under multiple performance levels, a methodology was developed to enable the
identification of the critical performance requirements and the comparative evaluation of different
isolation schemes at the early stages of design. This provides the designer with the quantitative
tools required to select a ‘near-optimal’ design solution in terms of both economy (e.g. total cost
of alternative solutions) and structural performance; it also accounts for additional design
constraints associated with the critical states of the isolated system, i.e. states of peak relative
displacement, total acceleration, and relative velocity. Originating from an earlier study focusing
on bilinear isolators (Ryan & Chopra 2004b), the method was extended here with a view to
developing generalised design equations (GDESs) capable of providing reliable estimates of peak
inelastic response in linear/bilinear isolation systems with or without supplemental linear/nonlinear
viscous damping under different performance levels associated with code-based target spectra of
common frequency content but different intensity. Three different cases, were explicitly considered,
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namely, (i) isolated single-degree-of-freedom (SDOF) systems with linear viscous damping, (ii)

isolated SDOFs with nonlinear viscous damping, and (iii) isolated two-degree-of-freedom (2DOF)

systems with linear viscous damping.

The following conclusions, regarding the development of the methodology and its usefulness in

practical applications, were drawn from extensive parametric nonlinear dynamic analysis of the
idealised RDOFs:

The dynamic equation of motion of SDOF and 2DOF systems representing idealised isolated
bridge decks under unidirectional and bidirectional excitation, respectively, was normalised,
aiming at uncoupling the normalised response from the seismic intensity and limiting the
dispersion of peak normalised relative displacements i and total accelerations Up. Two
conditions were identified in this respect; the first involved the characterisation of the isolation
system strength by # (i.e. strength at zero displacement Vo normalised to the seismic intensity
as expressed by the peak ground velocity PGV); the second was associated with the
characterisation of nonlinear viscous dampers by the ‘energy-equivalence’ approach (i.e.
dampers of the same damping ratio & but different velocity exponent a). The above conditions
along with the assumption of a constant value for the yield displacement uy (associated with the
type of isolators) reduced the governing parameters that significantly affect the response, to the
isolation period Tp, the normalised strength #, and the damping ratio of energy-equivalent
dampers & Furthermore, they allowed the development of GDEs (with the aid of regression
analysis) for the direct estimation of non-normalised relative displacements uo and total
accelerations U.

Integration of ‘design principles’, by means of using code-compatible scaling procedures and
target spectra, required the selection and/or generation of records with mean characteristics (i.e.
mean spectrum, mean PGV) that closely match the target properties (i.e. shape of target
spectrum and design PGV). The above requirements were associated with increased
computational effort when natural records were used. On the other hand, artificial
accelerograms satisfied easily the above requirements (using a relatively small number of
records) and provided robust estimates of mean response so long as member strength
degradation was not considered.

In the case of bidirectional excitation, further investigations on the dispersion in the angles at
which peak response occurs, justified the common practice of designing isolators to sustain the
maximum relative displacement in any random direction; it also indicated the need for applying
the selected records at different angles of incidence when designing the substructure. Moreover,
development of simplified bidirectional models by constraining the regression coefficients of
relevant models under unidirectional excitation, revealed the expected mean increase in peak
responses due to the effect of the second component of seismic actions, when the EN1998-2
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(CEN 2005a) scaling procedure is employed, providing an effective means to evaluate results
derived from different types of analysis.

» The developed regression models were assessed both in terms of accuracy in peak response
prediction and effectiveness in ‘near-optimal” system identification while the procedure was
fully automated within the developed code IDEC (Isolation Design Equations Code) to facilitate
the development of GDEs in cases different from those considered herein (i.e. target spectrum
with a frequency content corresponding to site conditions ‘C’ of EN1998-1 (CEN 2004b) and
elastomer-based isolators).

The suggested procedure represents an alternative to equivalent linearisation approaches
commonly adopted by codes, and as such, it can be implemented either on a ’stand-alone’ basis, or

for preliminary design purposes in more refined design procedures, such as the Def-BD method.

7.1.2.2 Deformation-based design of seismically isolated bridges

The Def-BD method previously proposed for bridges with energy dissipation in the ductile piers
was subsequently extended to seismically isolated bridges. Sharing the same principles, the
suggested procedure initially identifies the basic characteristics of the structural system and
subsequently associates design of specific bridge members and type of verifications with certain
performance levels depending on the selected performance objective.

Key features of the deformation-based design method for seismically isolated bridges are the
following:

* Use of GDEs for the preliminary ‘near-optimal’ selection of the basic properties of the isolation

and energy dissipation system according to 87.1.2.1.

 lterative application of GDEs during preliminary design to properly capture the effect of
nonlinearity of viscous dampers at that stage, as opposed to the case of linear viscous damping
devices wherein no iterations are required. In either case no iterative structural analysis is
needed.

* Preliminary design of substructure members in the general case of bidirectional excitation for
the most adverse of the effects derived by independently applying the maximum inertia force
mUy in the principal directions of the bridge. Transformation of the pairs of horizontal
components of seismic action into principal components and consecutive application along both
directions of the bridge in subsequent steps.

» Enhanced performance objectives reflecting the higher performance expected in the case of
seismically isolated bridges and ensuring the effectiveness of the isolation system under the
considered performance levels.
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» Realisation of the selected scheme through base isolation and energy dissipation devices
accounting for the variability of their design properties.

The above features along with the use of nonlinear dynamic analysis that remedies certain
pitfalls of equivalent linearisation approaches (82.3.3) results in informed preliminary selections
without the requirement of iterative analysis. The isolation system is characterised by meaningful
properties having a significant effect on the response (as opposed to the ‘non-physical’ effective
properties), while higher mode effects, non-proportionality of the system damping matrix, and the
actual peak velocities are explicitly considered. The intended plastic mechanism of the substructure
in the state of peak total accelerations, and an adequate restoring capability are ensured.
Furthermore, the variability of design properties of devices is addressed both at the preliminary
selection of the isolation system and at subsequent verifications using nonlinear dynamic analysis
results disengaged from statistical modal and directional combination approximations. An implicit
approach for considering the above variability can reduce the required sets of nonlinear dynamic
analyses.

The validity of the procedure was demonstrated by applying it to the transverse direction of the
bridge previously used to develop the Def-BD method for bridges with energy dissipation in the
piers following the same design — assessment format. Three alternative isolation schemes were
investigated, namely, (i) deck isolated with lead rubber bearings (LRBS), (ii) low damping rubber
bearings (LDRBs) and linear viscous dampers (LVDs), (iii) LDRBs and non-linear viscous
dampers (NLVDs). The effect of the orthogonal component of seismic action was subsequently
explored in the case of the LRB scheme; the latter case (i.e. LRB scheme under bidirectional
excitation) was also compared with the design resulting from the ‘spectral” method prescribed in
EN1998-2 (CEN 2005a).

The following conclusions apply with respect to the efficiency of the previous methods in
providing reliable estimates of response, satisfying diverse performance requirements, and leading
to cost-effective design solutions by applying reasonable computational effort.

» Assessment of designs revealed that the Def-BD procedure predicted well the structural
response in terms of displacement and shear force demand both at the stages of preliminary
design (indicating the effectiveness of GDEs) and the subsequent steps, while generally
resulting in safe design, in the sense of respecting the adopted multi-level performance
requirements. On the other hand, the EN1998-2 method did not ensure an accurate estimation
of peak response due to the approximate nature of the equivalent linearisation approach and the
implicit estimation of deformations under the maximum level of seismic actions.

» Application of the EN1998-2 design procedure resulted in significant reductions in reinforcing
steel demands (for the piers). However, subsequent assessment of the design, indicated that the
main sources of this reduction, namely, (i) the inconsistent consideration of the effect of
bidirectional excitation in different analysis methods, (ii) the limitation of the inelastic pier
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response in isolated bridges under the ‘design’ rather than the ‘maximum considered’ seismic
actions, and (iii) the deviation of response quantities resulting from the ‘spectral’ equivalent
linearisation approach, may compromise the safety of the isolated bridge by imposing large
inelastic deformations in substructure elements.

» Preliminary selections and subsequent verifications in Def-BD are facilitated with the use of
GDEs, displaying in a simple and concise manner significant variations in peak response
deriving from different performance levels, isolation schemes, and the variability of design
properties of devices. On the contrary, the EN1998-2 design method may involve a significant
number of iterative applications especially when the characteristics of the passive devices are
not known at the beginning of the design procedure, as is common in the design of a new bridge.

Verifications associated with the deformation (and stability) capacity of isolators and the
controlled inelastic response of piers (SP3 requirements) under the maximum level of the
considered seismic actions, governed in general the Def-BD designs in all considered isolation
schemes under both unidirectional and bidirectional excitation, highlighting the necessity for a
detailed evaluation of this specific performance level in isolated bridges. Deviations in response
estimations between design and assessment may be introduced due to the implicit approach in
considering the variability of design properties, the adopted scaling approach and minimum
number of considered records, and due to torsional effects in the deck. In the examples studied
herein, the implicit approach, although more conservative, did not result in overdesigning members
and devices. Although the adopted scaling approach applying different scaling factors in each
record (or pair of records) resulted in displacement estimates close to those derived from the
assessment using artificial records (involving less computational effort compared to the EN1998-
2 approach), the suite of 7 natural records (as commonly required by codes) was not in general able
to limit standard error values of mean responses, resulting in overestimations of local ductility
demands. The piers had a minor effect on the peak response of the isolation system.

Among the isolation schemes investigated under unidirectional excitation in the case of Def-
BD, LRBs and LDRB+LVDs resulted in similar bridge performance. Besides providing a
safeguard mechanism against excessive structural velocities, introduction of nonlinearity in
viscous dampers in the LDRB+NLVD scheme effectively constrained peak damper forces
according to the set target performance without significantly affecting the overall bridge response.
A relatively lower seismic demand in the piers was found for the bridge type and seismic scenario
considered herein. In addition, all isolation schemes resulted in lower pier reinforcement demand
compared to the design for ductile pier response, indicating that optimally selected isolation
systems can provide significant cost reductions in substructure design while satisfying a higher
performance objective.

Implementation of the Def-BD method under bidirectional excitation revealed the efficiency of
the procedure in predicting the deformation response of the isolation system. Small variations of
peak deformations with the incidence angle indicated that consideration of the horizontal seismic
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components of pairs of records along the two axes of the bridge can adequately assess the
deformation demand in isolation systems with symmetric distribution of mechanical properties.
Although the design methodology predicted well the shear forces developed in the piers, flexural
design for the most adverse of the effects derived by independently applying the maximum inertia
force in the two directions of the bridge resulted in conservative design with regard to pier
longitudinal reinforcement (increase of 1-17%). Nevertheless, the design approach of applying
mUj in each principal direction of the bridge is recommended unless a detailed investigation of the
effect of the incidence angle is performed involving a large number of analysis sets.

Considering the EN1998-2 ‘spectral’ approach, the approximate nature of the equivalent
linearisation approach resulted in deviations of displacement response within a range of 10-30%
compared to rigorous nonlinear dynamic analysis results, despite the introduction of iterations. The
implicit estimation of deformations under the maximum level of seismic actions was found
inadequate to capture the peak inelastic response of isolators indicating the risk of underestimating
their required deformation capacity. Apart from the iterations introduced due to the secant-
stiffness-based formulation of the equivalent linearisation approach, and the unknown device
properties at the start of the design process, the number of iterations will further increase if
additional design criteria, such as those included in the proposed Def-BD, are sought (e.g. by
setting a target performance under multiple performance levels with respect to peak deformations,
energy dissipation, minimisation of the substructure design cost, etc.). Although such design
constraints are not required by EN1998-2, they might be employed by designers to identify cost
effective design solution so long as the relevant code requirements are satisfied.

The proposed Def-BD methodology for isolated bridges refers explicitly to the integration of
passive structural control techniques. Nevertheless, an effort was made towards the adoption of a
proper format that should serve as the point of reference for extending the suggested procedure to
bridges incorporating advanced structural control techniques (e.g. adaptive passive, semi-active).
The suitable formulation of Def-BD and steps towards the ‘advanced control’ objective, are
discussed in more detail in a following section (87.2.3).

7.2 Recommendations for Future Research

Recommendations for future research are listed herein as ‘short-term’ and ‘long-term’ objectives,
depending on the complexity they introduce. Subsequent sections focus mainly on the first class
consisting of further investigations required to assess the effectiveness of the proposed design
framework using in principle the formulation of the Def-BD method as presented in this study.
Among them, the effectiveness of the Def-BD method in bridges adopting a higher performance
objective than the ‘ordinary’ (i.e. bridge of average importance) considered herein, and the
investigation of the effect of the vertical component of seismic action (not addressed in this study
for the sake of simplicity during this first formulation of the method), represent common research
objectives, irrespective of the considered bridge configuration. Similarly, the effect of spatial
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variability of ground motion in long bridges and/or bridges founded on diverse site conditions (not
addressed herein) need to be explored in both conventional and isolated bridge configurations.
Research recommendations that are expected to revise and/or extend basic principles of the method
are characterised as ‘long-term’ objectives. In this context, the explicit consideration of
uncertainties in more complex probabilistic and resilience-based design frameworks potentially
involving optimisation approaches, and the incorporation of advanced structural control techniques
(e.g. semi-active control), are expected to require significant changes in the formulation of the
method (as in relevant design codes of practice) and hence these serve as long-term research
objectives.

7.2.1 Bridges with energy dissipation in the piers

Future short-term research objectives should focus on evaluating the effectiveness of the suggested
procedure regarding the treatment of design issues that were partially (or not) addressed here, and
the implementation in bridge systems wherein Def-BD is expected to be more valuable for the
proper estimation of the actual inelastic response and hence their efficient design. Although §3.2
provides specific guidelines for the explicit consideration of the effect of bidirectional excitation,
design examples in the case of bridges with energy dissipation in the piers were restricted to the
study of the transverse response, as a means to facilitate and enable comparisons with designs
resulting from different methodologies. In a similar context, application of Def-BD to complex
bridge configurations, is also in order. The case study in §3.3 addressed a relatively short bridge
wherein piers of different height and unrestrained response of the deck at the abutments triggered
an increased contribution of the second mode. Additional structural configurations with strong
influence of higher mode are long bridges with non-symmetric substructures and/or curved-in-plan
superstructures. Furthermore, soil-foundation-structure interaction and alternative configurations
of abutment-to-deck connections, need to be explored. The latter, were dealt in the design
framework (Table 3.1) of the suggested procedure but were not supported so far through integrated
case studies. To this end, design examples focusing on connections that activate the abutment-
backfill system in both (integral, through links) or in a single direction of the bridge, characterised
by complex member interactions (e.g. backfill soil-abutment-deck), should be investigated.

Due to the suitable formulation of the method, investigation of the above issues is deemed
straightforward and their consideration should be addressed with a view to maintaining the required
computational effort within reasonable limits; i.e. providing simple rules for integration within the
proposed multi-performance level procedure, assessing the efficiency of Step 2 in obtaining target
performances with little or no iterations, and the efficiency of Step 4 in implicitly estimating the
peak inelastic demand under EQ(SP4) using properly selected magnification factors.
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7.2.2 Bridges with passive control systems

As in the case of 87.2.1, short term research objectives entail the investigation of the efficiency of
the proposed methods (i.e. GDEs, Def-BD) in structural systems that are currently not supported
by detailed case studies. The development of GDEs was based to some extent on the adoption of
constant yield displacement uy, values associated with specific types of (herein elastomer-based)
isolators. This assumption was largely based on previous studies (e.g. Makris & Black 2004)
demonstrating by dimensional analysis that for a given value of the dimensionless strength, the
solution for the dimensionless peak displacement is nearly independent of the dimensionless yield
displacement, even when uy is varied by two orders of magnitude (e.g. 0.0001~0.01), further
concluding that under earthquake shaking, an isolated bridge exhibits the same peak displacement
regardless of the type of isolators (so long as they possess the same Vo and Tp). The effect of the
previous assumptions on GDEs providing non-normalised peak response estimates in
linear/bilinear isolation systems with linear/nonlinear viscous damping has not yet been explored
in detail (e.g. the case of friction-based isolators with/without viscous dampers). In a similar
context, a worth to pursue investigation is the case of isolators combined with nonlinear viscous
dampers under bidirectional excitation (84.5.3), where due to the minor effect of the nonlinearity
of viscous damper in the peak inelastic response, the developed GDEs are expected to yield
reasonable results. In all previous cases, the developed IDEC code can greatly facilitate the
investigation, targeting also less common damping systems that were not addressed herein, such
as, metallic yield dampers.

Considering the Def-BD procedure, an attempt was made to identify and quantify conservatism
introduced in design due to representations of seismic action adopted or recommended by codes.
To this end, natural records were used at the design stage that typically introduce conservatism in
design when combined with common code-type scaling procedure for reasons described in detail
in the relevant chapters. Additional measures to constrain the variability of responses with a view
to obtaining more reliable estimates of response were explored. Even so, the variability of local
inelastic deformation measures (e.g. ductility factors) cannot be easily constrained and additional
measures of treatment such as the increase of the minimum number of records (e.g. to 11 in the
recent ASCE 2016), or the use of artificial/synthetic records should be further explored, noting that
the latter option may provide an efficient means towards the previous objectives when issues such
as the degradation of strength are disregarded (e.g. nonlinear analysis framework within fib 2012a,
b). A different source of potential conservatism deserving some consideration, i.e. the flexural
design of the piers for the most adverse of the effects derived by independently applying the
maximum inertia force (obtained by GDEs under bidirectional excitation) in the two directions of
the bridge, is difficult to constrain; this is due to the unknown angle at which peak responses
develop, noting though, that the expected increase in cost of reinforcement is insignificant
compared to the cost of isolators in the case of small to moderate bridges.

Regarding the issue of complex bridge configurations, simple rules such as those provided

herein for the verification of straight bridges with passive systems having ‘symmetric’ mechanical
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properties along the principal directions of the bridge, should be sought to avoid exhaustive sets of
dynamic analysis under various angles of incidence. Although movement of the deck was allowed
in both directions of the bridges that have been investigated so far using passive systems with
identical properties along the principal axes of the bridge, the extension of the procedure to
different configurations, such as decks supported on moveable bearings in the longitudinal
direction, but restrained in the transverse direction via seismic links (i.e. common configuration in
railway bridges), or placement of dampers with different properties along the longitudinal and
transverse axes, were explicitly addressed. Nevertheless, comprehensive case studies are required
in support of the guidelines provided for the proper implementation of the method in 85.4.

Additional work is clearly required to assess the effect of site conditions (reduction of the
efficiency of isolators when soil-structure-interaction phenomena are substantial), proximity to
active faults (detrimental effects of excessive structural velocities), and the potential cost benefits
in isolation solutions derived from Def-BD (presented in this study with respect to the design of
the substructure), when life-cycle cost considerations of the bridge are taken into account.

7.2.3 Bridges with advanced structural control techniques

Implementation of advanced structural control techniques has not yet been well addressed in a
comprehensive way as a (performance-based) design option that can result in the same (or superior)
performance compared to other design alternatives (e.g. adoption of passive control schemes) but
at a lower cost (in a life-cycle context). In this respect, further development of current performance-
based design procedures to account for the improvement in structural performance due to a rational
implementation of structural control devices, in line with the current trends in the use of structural
control in bridge engineering (Gkatzogias & Kappos 2016b), constitutes a decisive step for the
wider acceptance of ‘smart’ technology (i.e. adaptive passive and semi-active) and should be
sought within the following framework of objectives, specifically referring to seismic loading but
which can (and often should) also be adapted to other dynamic loadings:

» Design bridge structures that can respond favourably to earthquakes with different frequency
content (e.g. proximity to active seismic faults, local site conditions, site affected by different
seismic sources) and various intensity levels, associated with multiple performance levels such

as serviceability-operationality, damage limitation, and life safety.

» Enhance the effectiveness of standard passive control systems by introducing novel control
devices and hybrid control (e.g. increase the effectiveness of a base isolation system on
relatively soft ground).

* Address and reconcile the widely varying requirements emerging from the application of
different types of actions (e.g. braking loads from vehicles, wind in long cable-stayed bridges,
earthquake actions).
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» Reduce the bridge response by establishing a non-resonant state under earthquake excitations.
* Increase the bridge design working life using life-cycle cost considerations.

In view of the previous performance-based structural control framework, an effort was made
towards the adoption of a proper format in the Def-BD method that may facilitate the extension of
the suggested procedure towards the first design objective, and specifically the favourable response
under multi-level performance requirements. In this respect, incorporation of adaptive passive
devices is deemed straightforward according to the following, and hence could be considered a
short-term objective. The design of adaptive passive devices, e.g. spherical sliding isolation
bearings with various concave surfaces (Fenz & Constantinou 2008) or a single concave surface
with variable friction coefficients (Calvi et al. 2016) which modify their stiffness (and hence the
isolation period T,) and damping ratio as a function of the displacement amplitude, can be dealt
with in Def-BD in the context of ‘optimisation’. Design of a seismically isolated bridge with
adaptive passive devices should aim at ‘near-optimal’ structural performances under multiple
performance levels instead of a single critical one, e.g. under EQ(SP2) and EQ(SP3), or under
EQ(SP1), EQ(SP2) and EQ(SP3) (Table 5.1), thus, outperforming passive schemes wherein ‘near-
optimal’ performance under a selected performance level is normally associated with sub-optimal
(hence non-economic) response under a different one (85.2.2). To this effect, Step 1 of the Def-BD
method (85.2.2) can be applied for the performance levels associated with EQ(SP2) and EQ(SP3)
(i.e. for two reference levels of seismic action) with a view to estimating the required mechanical
properties of the adaptive passive device (&, Vo, Tp) for each performance level, and hence,
minimising the cost of both the substructure (e.g. reinforcing steel in piers) and the isolation system
(displacement capacity of isolators). Subsequent steps should aim at the verification of the pier and
isolator response with the aid of nonlinear dynamic analysis in line with 85.2, requiring though,
the introduction of ‘device-specific’ hysteresis rules characterising the more complex behaviour of
these devices.

The Def-BD in its current form, may be used for the design of semi-active devices operating in
a passive mode (e.g. magnetorheological dampers under a constant voltage) with a view to
introducing different damping coefficients in different parts of structures using the same device
(e.g. in a highly non-symmetric bridge). Furthermore, the Def-BD scheme may be employed for
the preliminary selection of ‘near-optimal” semi-active device properties as in the case of adaptive
passive devices. Nevertheless, introduction of control algorithms will be required to modify the
mechanical properties of semi-active devices in real-time (i.e. during the earthquake) and this,
hence, represents a long-term objective.
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Al Case Study [83.3]

A.1.1 Description of studied bridge [§3.3.1]
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A.1.2 Application of the Def-BD procedure [83.3.5], Assessment of design [83.3.6]

Table A.1 Critical design and assessment quantities for ZII

Steps 1,2 Design Design Assessment | Design Design Assessment
No (EQII) RSA |SP2 [NLRHA | SP2 [NLRHA| RSA |SP2 | NLRHA | SP2 [NLRHA
Member Pier 1 Pier 2
|1 |EI,/Ely (%)|Base| 43 66 61 43 66 62
2 Top | 43 66 61 43 66 62
3 lu, Base| 231 [272| 317 [243| 225 | 231 |273] 219 [251| 171
4 Top - 276 o071 |246| 065 - |27 o7t [255] o7
5 lu, Base| 165 [179| 200 [1.67| 159 | 155 [1.62| 142 |155| 126
6 Top - |208] 071 |18 065 - w8t o071 |[171] 071
7 - - 1.70 - | 146 - - 1.25 - | L1z
8 |Col. Drift (%) - - 0.68 - | 0.63 - - 0.64 - | 062
19 |heq (m) Base| 3.69 | - 3.94 - | 387 | 466 | - 5.11 - | 4095
10 Top | 225 | - 2.96 - | 297 | 327 | - 3.95 - | 396
- Member Abutment 1 Abutment 2
11 [yq (%) 71 |100] 6 [100] &3 102 [100] 88 [100| 9
Step 3 Design Assessment Design Assessment
No (EQIII) pwmin | SP3 | NLRHA | SP3 [NLRHA| pwmin | SP3 | NLRHA | SP3 [NLRHA
Member Pier 1 Pier 2
12y, Base| 9.48 [14.85| 9.00 [14.28| 555 | 9.48 |14.86| 7.24 [1447] 6.12
13 Top | 9.59 [15.04] 4.02 [1448] 140 | 966 [1518] 322 [14.74] 2.16
14 |y, Base| 478 [726| 462 [7.10] 3.09 | 398 [587| 319 [583] 284
15 Top | 626 |9.62| 285 [925| 123 | 497 [751| 198 [731] 153
16 |y - - 3.51 - | 244 - - 2.54 - 222
17 |Col. Drift (%) - - 1.43 - | 1.09 - - 1.30 - 123
|18 [heq (m) Base - - 4.02 - 3.95 - - 5.17 - 5.06
19 Top - - 2.96 - | 297 - - 3.95 - | 396
- Member Abutment 1 Abutment 2
20 [y4 (%) 200 116 [200] 100 200 158 [200] 168
Step 4 Design Assessment Design Assessment
No (EQIV) NLRHA | SP4 |SF-Step3 | SP4 [NLRHA|NLRHA [ SP4 | SFStep3 | SP4 [NLRHA
Member Pier 1 Pier 2
21 |, Base| 21.27 18.01 [19.22] 1544 | 17.23 14.48 [15.54| 15.28
2 Top | 16.45 8.03 [19.50| 1090 | 12.43 6.44 [15.79] 10.71
23 |y, Base| 10.03 923 |9.42| 767 | 670 638 |616| 607
24 Top | 10.46 570 [12.34] 7.06 | 6.24 397 [7.80| 5.46
25 [uy 762 | 7.02 | os;2 | os20 | 5.08 - | 467
26 |Col. Drift (%) 3.09 2.85 - | 259 | 27 2.61 - | 264
iheq (m) Base| 4.07 - - 3.93 5.17 - - 5.11
28 Top | 2.96 - - | 296 | 396 - - | 3.95
- Member Abutment 1 Abutment 2
30 [yq (%) 028 368 | 232 [392| 186 | 200 [369| 316 [388] 305
235 f?‘
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Table A.2 Critical design and assessment quantities for ZIII

Steps 1, 2 Design Design Assessment | Design Design Assessment
No (EQII) RSA | SP2 | NLRHA | SP2 INLRHA| RSA | SP2 | NLRHA | SP2 [NLRHA
Member Pier 1 Pier 2
| L |ElIy/Elg (%)Base| 39 43 41 39 0 41
2 Top 39 43 41 39 42 41
3 Ly Base| 249 |2.56 242 2.28 1.73 249 | 3.01 2.29 2.80 | 1.60
4 Top - 261 032 |232] 034 - 311 047 |28 048
5 lug Base| 1.58 1.57 1.52 1.49 | 1.28 1.48 1.60 1.39 1.57 1.19
6 Top - 2.03 0.32 1.83 | 0.34 - 2.01 0.47 1.89 | 0.48
7 |1y - - 1.42 - 1.26 - - 1.30 - 1.18
8 |Col. Drift (%) - - | om - | 069 - - | om - | o066
|9 [heq (m) Base| 465 | - | 498 | - | 470 | 567 [ - | 612 | - | 571
10 Top 1.29 - 2.84 - 2.89 2.26 - 3.78 - 3.85
Member Abutment 1 Abutment 2
1 [yq (%) 9 |100] 80 [100] 9 107 [ 100] 101 [100] 104
Step 3 Design Assessment Design Assessment
No. (EQIT) pwmin | SP3 | NLRHA | SP3 [NLRHA| p wmin | SP3 | NLRHA | SP3 [NLRHA
Member Pier 1 Pier 2
12 Uy Base| 9.14 |14.11| 7.17 13.20| 4.89 10.84 [16.77| 8.38 13.44] 6.28
13 Top | 9.30 |[14.35| 0.59 |13.43( 0.52 11.15 [17.25] 0.95 [13.85| 0.78
14 11 Base| 3.99 |589| 3.33 5.58 | 2.46 388 |[576| 324 |481| 2.63
15 Top 6.31 9.53 0.59 8.81 0.52 5.87 | 8.76 0.90 7.06 [ 0.78
16 |uy - - 2.89 - 2.13 - - 2.77 - 2.24
17 |Col. Drift (%) - - 1.43 -] 121 - - 1.51 - | 130
|18 [heq (m) Base - - 4.86 - 4.83 - - 6.02 - 5.92
19 Top - - 2.84 - 2.89 - - 3.80 - 3.85
Member Abutment 1 Abutment 2
20 [y (%) 200 125 [200] 129 200 197 [200] 186
Step 4 Design Assessment Design Assessment
No (EQIV) NLRHA | SP4 |SF -Step3| SP4 [NLRHA|NLRHA | SP4 | SF-Step3 | SP4 [NLRHA
Member Pier 1 Pier 2
21 Uy Base| 20.49 14.34 (18.39] 14.17 22.42 16.76 [16.65]| 17.74
22 Top 7.29 1.18 [18.74 2.70 7.83 1.89 [17.09 7.09
23 luy Base| 8.20 6.66 7.52 5.93 7.28 6.49 5.67| 6.03
24 Top 5.01 1.18 12.13| 2.07 5.73 1.81 8.58 [ 3.87
25 [uy 657 | | s78 | - | 482 | 605 | | s34 | - | 488
26 |Col. Drift (%) 3.31 2.87 - 2.72 3.37 3.02 - 291
iheq (m) Base| 4.94 - - 4.84 6.20 - - 6.08
28 Top 2.84 - - 2.89 3.78 - - 3.85
Member Abutment 1 Abutment 2
30 [y (%) 072 [ 316 | 251 [303] 232 | 420 [302| 394 | 306] 384
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B.1  Analysis Framework [84.2]

B.1.1 Representation of seismic action [§4.2.2]

The correlation coefficient as expressed by Eq. (B.1) for two discrete acceleration histories (k, 1)
of n time intervals (dt) (i.e. Pearson coefficient) is defined by Eq. (B.1);

r(Ug,k, Ug 1 ) = nllzn:{ug'k(sti)_%’k J{Ug" (:)_Ug" ] (B.1)

i=1 Ug k Ug 1

1ig and s;q in Eq. (B.1) represent the arithmetic mean (Eq. (B.2)) and the sample standard deviation
(Eq. (B.3)) of g, respectively;

- 1$,.
Ug kay = HZ(ug,k(l)(ti)) (B.2)

i=1

1 & N 2
Stig k(1 _\/_12( gk(l)(ti)_ug,k(l)) (B.3)

n i=1

r coefficients for all possible combinations of the generated artificial accelerograms and those
selected to form Art D suite, are provided for the pairs of horizontal components (H1, H2) in Table
B.1.

In the case of natural records, the counter-clockwise rotation angle 6,=o for which the correlation
coefficient between k and | (unrotated) acceleration histories is zero is given by Eq. (B.4) (Rezaeian
& Der Kiureghian 2012) where k is an integer introduced to constraint d=o within the first quadrant.

1 .l2r Ug’k,l',l'gJ)Su S
6,_o==tan" ( gk ol

2 2
2 sug,k - Sug,l

+k%, (6 inrad) (B.4)

Rotated acceleration histories (kq, lg) are then calculated using the orthogonal transformation of Eq.

(B.5);
Uk, () { cos(6,_,)  sin(6,_ O)} gk () ©5)
g, () sin(6,_y)  €os(6r—o) | Ug, (t) .
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Table B.1 Correlation coefficient matrix of artificial records (in green: H1-H2 component coefficients for

Art D)
No. 1 2 3 4 5 6 7 8 9 10
101
2 002 1
3 |-001 007 1
4 1002 002 011 1
5 1002 0.09 006 -0.02 1
6 |0.00 -0.11 002 0.06 -002 1
7 |-0.01 000 -0.01 0.02 -0.01 0.03 1
8 |00l 002 -0.07 -0.08 -0.03 -0.03 -0.03 1
9 |-0.03 -0.01 -0.02 0.00 -0.03 -0.10 0.09 0.03 1
10 |0.00 -0.04 0.00 -0.08 -0.01 -0.01 -0.03 -0.06 0.03 1

-0.13
-0.11

-0.23 -0.02 0.06 0.01 -0.03 0.03 0.05
-0.02 -0.01 0.05 -0.08 0.01 -0.02 0.10
-0.03 -0.11 -0.01 0.04 0.03 0.07 -0.05
-0.04 -0.04 0.03 -0.03 -0.05 0.05
0.02 -0.12 0.12 0.01 0.23
0.04 0.00 0.02 0.01
0.05 0.04
-0.04 -0.03
0.01

0.00
-0.07
0.13
-0.05 -0.03
-0.02 -0.04
0.06 0.15 0.09 -0.01
0.03 0.13 -0.06 -0.11
-0.02 -0.03 0.06 0.01
20 |0.02 016 -0.09 0.11
Max| 0.13 0.16 0.13 0.23

-0.06 -0.05
-0.13 0.03
0.17 -0.08
-0.09 -0.05 -0.03
-0.06 -0.04 0.02 -0.02
-0.04 0.03 -0.02 0.01 0.04

11 12 13

1

000 1

-0.06 -0.08 1
-0.04 0.03 -0.06
-0.02 0.03 0.04
0.06 0.01 -0.11
-0.03 0.02 -0.07
0.20 -0.06 -0.04
-0.01 0.06 0.00
-0.11 0.02 -0.01

017 010 012 0.12 0.07 023 020 0.08 0.11 0.05 0.05

14 15 16 17 18 19 20
1

000 1

001 001 1

-0.01 0.00 0.00 1

-0.05 -0.05 0.09 -0.04 1

003 002 002 011 -0.08 1

-0.04 0.00 020 -0.02 0.06 001 1 |

020 011 008 001 -
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Fig. B.1 Spectral matching of response acceleration (left) and displacement (right) geometric mean (GM)
spectra to the 1D target spectrum (PGA of 0.21g, site ‘C’, Tr,er) for Art A, C) of artificial records
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Annex B: Supplement to Chapter 4

Values of design peak ground velocity (PGV) g calculated from relationships proposed in
recent research studies as a function of maximum spectral velocity (S,) (i.e. Eq. (B.6)-(B.9)) of the
target spectrum compared to the estimate provided by EN1998-2 (CEN 2005a) and the Italian Code
(NTC 2008) (i.e. Eq. (B.10)) are provided in Table B.2.

Ugo =max S, /1.63 (Malhotra 2006) (B.6)

Ugo =max S, /1.59 (Bommer & Alarcon 2006) (B.7)
lgo =maxs$, /2.3 (Booth 2007) (B.8)

lgo =Mmax S, /1.7 (Palermo et al. 2014) (B.9)
Ugo = STeliyo /27 (CEN 20052, NTC 2008) (B.10)

Table B.2 PGV estimation for Tr=475yrs (SFeqg=1) and unidirectional excitation

Source PGV (m/s)
Malhotra (2006) 0.345
Bommer & Alarcon (2006) 0.295
Booth (2007) 0.244
Palermo et al. (2014) 0.331
Geometric Mean (GM) 0.301
CEN (2005a), NTC (2008) 0.225

B.1.2 Statistical processing of key response quantities [§4.2.4]

For n recorded response quantities yi sampled from lognormally distributed data, the sample
geometric mean (GM) is determined according to Eq. (B.11);

n
Zln Y, -
GM (y)=exp 1T =1n/Hyi =Yy Yo e Vn (B.1)
i=1

The standard error of the sample geometric mean (SEGM) estimate is expressed as (Norris 1940);

S(Iny)
n-1

(B.12)

SEGM (y)=GM (y)
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The sample standard deviation of the natural logarithms (d) of y; in the previous equation is given
by Eq. (B.13);

S(Iny)= \/ilzn:(ln y, —InGM (y))2 (B.13)

n i=1
Assuming that the sample size is small (i.e. n < 30) and the true (i.e. the population) standard

deviation unknown, the random variable of Eq. (B.14) will follow a Student’s t-distribution;

INGM (y)-InGM,
SEGM (y)

(B.14)

Exact confidence intervals can therefore be found as follows (Alf & Grossberg 1979); considering
an (1-a) % confidence level (CL) and n-1 degrees of freedom df for the two-sided Student-t
probability density function, the lower (L) and upper (U) GM intervals are first calculated by Egs.
(B.15) and (B.16) where the t-factor depends on CL assigned to predict the response estimate and
a represents the significance level;

G'V'L(3/)=F-‘><I0(IIHGI\/I(y)—é(lny)t(f,olfjj= G'\;'/(y)

GM,, (y):exp[InGM (y)+%t(%, df D:

=GM(y) exp(%t(%, df D

Associated SEGM limits defined as percentages of the estimated geometric mean can be

(B.16)

subsequently retrieved from Egs. (B.17) and (B.18);

GM (y)-GM_(y)

SEGM (%) =—— )

100 (B.17)

GMy (y)—-GM (y)
GM (y)

SEGM, (%) = 100 (B.18)
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Annex C
Supplement to Chapter 5

C.1 Case Study [85.3]
C.1.1 Unidirectional excitation [85.3.5]

C.1.1.1 Application of the Def-BD procedure [8§5.3.5.1]

See Table C.1. Displacement values included in Table C.1 and in the following tables represent
relative displacements of passive devices (i.e. isolators, dampers).

C.1.1.2 Assessment of design [85.3.5.2]

See Table C.2.

C.1.2 Bidirectional excitation [85.3.6]

C.1.2.1 Application of the Def-BD procedure [85.3.6.1]

See Table C.3. ‘LRBs: 1D (H2 // y-y), Dy = 1.2 m’ case included in the table represents results from
the application of the method under unidirectional excitation (i.e. identical to those of Table C.1)
to facilitate comparisons.

C.1.2.2 Assessment of design [85.3.6.2]

See Table C.4. ‘LRBs: 1D (Art B // y-y), Dp = 1.2 m’ case included in the table, represents results
from the application of the method under unidirectional excitation (i.e. identical to those of Table
C.2) to facilitate comparisons.
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Annex D
Supplement to Chapter 6

D.1

Bridge Designed for Ductile Behaviour of the Piers [§6.2]

D.1.1 Assessment of Code-BD and comparison with Def-BD [§6.2.5]

Table D.1 Critical assessment quantities for Code-BDn case

Case EQII (A/A4=2.3) EQIII (A/A4=4.5) EQIV (A/A4=9.1)
No. sP2 [NLRHA| sP2 |NLRHA| SP3 [NLRHA| sP3 [NLRHA| SP4 [NLRHA| sP4 [NLRHA

Member Pier 1 Pier 2 Pier 1 Pier 2 Pier 1 Pier 2
|1 [El,/Elg [Base| 396 39.5 39.6 39.5 39.6 39.5
2 () Top 39.6 39.5 39.6 39.5 39.6 39.5
3 |u, Base|2.25| 2.96 [2.25| 2.18 |12.64| 8.00 |12.59| 7.53 [14.58| 21.32 |14.54| 21.34
4 Top |2.30| 0.22 |230| 0.28 [12.83] 0.39 [12.90| 0.49 |14.85| 1.30 [14.90| 2.65
5 |ug Base|143| 1.68 |134| 132 |491| 335 [4.08| 273 |551| 7.75 |457| 6.44
6 Top | 1.86| 0.22 |164| 028 [8.87| 039 |6.87| 0.49 |10.16] 1.15 |7.85| 1.80
7 |uy - | 161 | - | 126 | - |29 | - | 240 | - | 64| - |56
8 [Col.Drift(%) | - | 08 | - | o087 | - | 168 | - | 171 | - | 370 | - | 404
(9 Jneq(m) [Base] - [ 526 | - [ 668 | - | 540 - [ 682 | - [ 547 ] - | 688
10 Top | - | 274 | - | 368 | - | 274 | - | 368 | - | 274 | - | 368
- Member Abutment 1 | Abutment 2 | Abutment 1 | Abutment 2 | Abutment1 | Abutment 2
1 [yq (%) 100 | 227 |100] 261 |[200] 301 |200| 453 [500| 558 |500| 968
D.2  Seismically Isolated Bridge [86.3]

D.2.1 Application of the EN1998-2 design procedure [86.3.4], Assessment of EN1998-2
design and comparison with Def-BD [§86.3.5]
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