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ABSTRACT
The research carried out in the present report aims at the formulation of a coordinated retrofit strategy
for the seismic upgrading of existing reinforced concrete (RC) buildings. The objective is the
formulation of innovative methods for seismic risk management, incorporated within the framework
of performance-based design. This whole effort pursues to contribute to a research field with rapid
development worldwide, the replacement and improvement of capacity design methods with
performance-based methods and the specialization of these in the field of repair / strengthening of RC
buildings.
The basic premise of the proposed retrofit design framework is the parameterization of
deformation demand and supply, so as to enable transfer of the information from local to global level.
The proposed retrofit design strategy aims at covering the gap due to lack of tools that would render
possible the direct qualitative and quantitative inspection of any change at local intervention on global
response indices, as well as in the derivation of inelastic design and assessment spectra for the
alternative retrofit scenarios, taking into consideration the required ductility level. The interrelation
between the design parameters of the retrofit solution and the response indices of the rehabilitated
member (i.e. strength, stiffness and deformation capacity) is of vital importance for the design and
assessment of the alternative retrofit scenarios. For this purpose, simplified expressions for strength
and deformation capacity in terms of the design parameters of two representative intervention methods
at local and global level, the FRP and RC jacketing, respectively, selected as example cases, are
derived.
The formulation of analytic methodologies for the design of the retrofit strategy in structures with
identified deficiencies, so that the direct qualitative and quantitative inspection of the effects of any
local intervention at member or part of the structure at the global response indices may be feasible, is
the fundamental objective of the report. The main objectives of the proposed retrofit design
methodology are to modify the structural response by prioritizing of failure modes and correct any
deficiencies related to localization of damage. At structural level, damage is quantified in terms of
lateral drift. A key step in the proposed methodology and a distinguishing feature from other
displacement-based proposals is to mitigate damage localization through controlled modification of
the lateral response shape of the building. Depending on the structural system type and the diagnosed
deficiencies of the initial condition of the structure, target vibration response shapes may be selected
ranging from the shear-type to the flexural profile. To effect a pre-selected target response shape that
optimizes interstorey drifts in all floors a weighted distribution of added stiffness along the building
height is required. Because the response is considered in the elastic range, stiffness is proportional to
the flexural strength of reinforced concrete members. Members to be retrofitted are designed in order
to supply the required stiffness and interstorey drift as dictated by the selected target response shape
and the target drift at yield.
The Retrofit Design Spectra (RDS) which simplify significantly the design of the retrofit strategy
by providing rapid inspection of the practical implications (in terms of member proportioning) of
decisions for modification of members’ key design quantities on ensuing drift are developed. The
basic premise of the proposed methodology is that the pushover curve of the retrofitted structure is
given explicitly in terms of the technological details of the retrofit scenario, so that the parametric
dependence of the strength, stiffness and ductility terms may be immediately assessed by inspection.
The performance point is calculated directly by solving parameterized expressions that relate the
characteristics of the intervention method to the imposed earthquake demand. These parameterized
expressions are the basis for the construction of the Retrofit Design Spectra (RDS), whereby the
retrofit design decisions directly affect the resulting performance point. The Retrofit Design Spectra
simplify significantly the design of the retrofit strategy by providing rapid inspection of the practical
implications (in terms of member proportioning) of decisions for modification of members’ key design
quantities on ensuing drift.
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Chapter 1
Introduction
1.1

Preamble

The significant seismic excitations occurred worldwide the last twenty years brought to light the issue
of seismic upgrading of the existing building stock. Old type structures are characterized by
insufficient reinforcement detailing (lack of stirrups for ensuring a certain ductility level, indirect
supports, insufficient anchorages of), non-uniform distribution of stiffness or mass along the height of
the building, insufficient foundation system, poor quality of materials, and various other surcharges
such as the change of use and corrosion. The result of these systematic deficiencies of the existing
buildings is the decreased level of seismic protection, the increased seismic vulnerability and the
extensive damage expected in future seismic excitations.
Due to the severity of the situation and since replacement of the existing building stock is not a
viable solution both for social and economical reasons, the development of a methodology for seismic
assessment and design of the retrofit strategy for seismic upgrading of old technology building is
urgent. The definition of coordinated performance objectives at which the retrofit strategy aims, the
definition of demand for the various performance levels, as well as the estimation of the capacity of
the retrofitted building are necessary and essential steps towards this direction. The formulation of a
retrofit design methodology requires the development of analytical tools, that is, the development of
equivalent simple models of the building, which in combination to inelastic response spectra will
provide direct inspection of the effects of any intervention at local level to the global response indices.

1.2

Objectives and scope of research

The research carried out in the present report aims at the formulation of a coordinated retrofit strategy
for the seismic upgrading of existing reinforced concrete (RC) buildings. The objective is the
formulation of innovative methods for seismic risk management, incorporated within the framework
of performance-based design. This whole effort pursues to contribute to a research field with rapid
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development worldwide, the replacement and improvement of capacity design methods with
performance-based methods and the specialization of these in the field of repair / strengthening of RC
buildings.
The basic premise of the proposed retrofit design framework is the parameterization of
deformation demand and supply, so as to enable transfer of the information from local to global level.
The proposed retrofit design strategy aims at covering the gap due to lack of tools that would render
possible the direct qualitative and quantitative inspection of any change at local intervention on global
response indices, as well as in the derivation of inelastic design and assessment spectra for the
alternative retrofit scenarios, taking into consideration the required ductility level. The interrelation
between the design parameters of the retrofit solution and the response indices of the rehabilitated
member (i.e. strength, stiffness and deformation capacity) is of vital importance for the design and
assessment of the alternative retrofit scenarios.

1.3

Outline of report

The present report comprises eight chapters and is separated in three parts (Part A, Part B, Part C)
equal to the number of the research phases. Each phase aims at the completion of an independent
component of the proposed methodology for seismic upgrading of existing reinforced concrete
buildings. The fundamental objective of the report, the individual objectives, the research phases, the
deliverable and their interrelationship is presented in Fig. 1.1.
In Chapter Two, the state-of-the-art on seismic retrofitting of RC buildings is presented in order to
detect design tools that could be incorporated in the proposed retrofit design framework. Through this
procedure the gap in existing knowledge is revealed and many questions arise. The presentation of all
the known local and global intervention methods provides information on proportioning issues. The
objective is the formulation of methodologies for the derivation of parameterized expressions, which
relate the characteristics of the intervention methods to the response indices of the retrofitted member.
For this purpose, two representative methods at local and global level, the FRP and RC jacketing, are
selected as example cases (presented in Chapter Three (Part A)). The presentation of alternative
retrofit strategies from the international literature aims at investigating the existence of tools that
would relate the changes effected at global level through modifications at local level. The formulation
of a methodology, which will enable direct qualitative and quantitative inspection of the changes in the
response indices at global level due to changes of the retrofit characteristics at local level, is one of the
fundamental objectives. The proposed retrofit design methodology is presented in Part B of the report,
which comprises Chapters Four, Five and Six. The selection of the optimum retrofit scenario requires
the knowledge of the performance point. The presentation of existing methods for assessing alternative
retrofit scenarios aims at the comprehension of the mechanisms in order to derive a simplified
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methodology that will estimate directly the performance point as a function of the retrofit design
parameters. The proposed retrofit design methodology is presented in Chapter Seven, which
constitutes Part C of the report.
Part A: Investigation of strength and deformation capacity of repaired / strengthened RC members:
Essential component of the proposed displacement-based retrofit design methodology is the derivation
of simplified expressions for strength and deformation capacity in terms of the design parameters. In
Part A of the report, methodologies for the derivation of parameterized expressions for strength and
deformation capacity for RC and FRP jacketed members are presented (Chapter Three).
In the Third Chapter the case of RC members strengthened with RC jackets is examined. A
parametric study was carried out in order to investigate the influence of the characteristics of the jacket
in the response of the rehabilitated member. Two alternative methodologies for proportioning of RC
jacketed members are proposed. The first one refers to the development of a simplified model for RC
jackets for calculating the deformation and strength capacity through parameterized expressions that
relate the mechanical characteristics of the member with the retrofit characteristics. In the second
design approach, the strengthened cross-section is considered as monolithic, assuming full connection
between old and new concrete. Proportioning of RC jackets is based on the characteristics of the
monolithic cross section, multiplied with adequate reduction factors or monolithic factors, as referred
in literature. The empiricism inherent in the calculation of monolithic factors requires the development
of a detailed methodology for the parametric investigation of the sensitivity of these multipliers in the
design variables.
The proposed analytical model introduces a kinematic degree of freedom (interface slip) that
enables consideration of an important mechanism of behavior that was previously overlooked, namely
the shear transfer mechanisms mobilized due to sliding at the interface between existing and new
material. In order to investigate the validity of the proposed analytical model for RC jacketed members
published experimental data are used. The analytical model for RC jacketed members is utilized in
order to conduct a parametric investigation so as to establish the sensitivity of the monolithic factors to
the important design and model variables.
In the same Chapter, an analytical methodology for estimating the response indices of reinforced
concrete members repaired / strengthened by FRP jackets is presented, which is based on a previous
research of Tastani and Pantazopoulou (2004). The mechanical characteristics of the retrofitted
element are related to the design characteristics of the composite jackets for the various failure modes
through parameterized expressions.
Part B: Development of a retrofit design strategy for existing RC buildings:
The proposed methodology for the design of the retrofit strategy of existing buildings is presented in
Part B of the report. The design of a strategy for the seismic upgrading of existing buildings, as well as
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the achievement of coordinated performance objectives according to the proposed retrofit design
framework, requires the formulation of a methodology, so as to be possible the direct qualitative and
quantitative inspection of the changes effected at global level due to modifications at local level. The
retrofitted building is considered to respond according to a unique pattern of lateral deflection
provided that all the premature failure modes but flexural are suppressed through local interventions at
member level.
In Chapter Four a methodology for the derivation of the characteristics of the Equivalent SingleDegree-Of-Freedom (ESDOF) system of the retrofitted building is presented. The retrofitted building,
provided that damage localization has been mitigated, is considered to deform according to a unique
lateral response shape. This assumption allows the derivation of parametric expressions that describe
the fundamental properties (mass, stiffness, strength, deformation capacity and consumption of
energy) of the Equivalent Single-Degree-of-Freedom (ESDOF) as a function of the characteristics of
the original system and the weighted contribution of the design parameters of the retrofit solution
through energy principles. The derived expressions provide direction inspection of the changes
effected at global level through modifications of the characteristics of the intervention method at local
level. The response shape of the retrofitted building is controlled through selective increase of the
stiffness of each floor using the weighting factors. The methodology for the derivation of the
weighting factors is presented in the last section of Chapter Four.
In Chapter Five the proposed methodology for the seismic upgrading of existing RC buildings is
presented. Response modification through prioritizing of the alternative failure modes and correction
of any deficiencies related to localization of damage constitute fundamental objectives of the proposed
methodology. The damage in structural level is quantified in terms of seismic displacement of the
building. To effect a pre-selected target response shape that optimizes interstorey drifts in all floors a
weighted distribution of added stiffness along the building height is required. Because the response is
considered in the elastic range, stiffness is proportional to the flexural strength of reinforced concrete
members. Thus, modification of stiffness is also accompanied by a commensurate change in the
strength at yielding of the structural system. The yield point spectrum format is utilized for definition
of demand at yield. Members to be retrofitted are designed in order to supply the required stiffness and
interstory drift as dictated by the selected target response shape and the target drift at yield. The
reliability of the proposed methodology is verified by the application to a full-scale structure tested in
laboratory conditions (ICONS frame). Three alternative retrofit scenarios are examined and the
effectiveness of the proposed retrofit design methodology is confirmed through dynamic time-history
analyses for a variety of strong ground motions including near field records.
The proposed retrofit design methodology is simplified considerably with the extraction of a
special category of spectra for retrofitted structures, the Drift Dependent Spectra (DDS), presented in
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Chapter Six. The Drift Dependent Spectra (DDS) provide the engineer direct inspection of the
consequences that any selection of a retrofit scenario may cause to the characteristics of seismic
upgrading to both local and global level. With the help of the DDS, direct correlation between stiffness
demand and targeted response shape of the retrofitted building is possible. The use of the Drift
Dependent Spectra for the seismic upgrading of ICONS frame demonstrates their practical use. In the
general framework of the proposed retrofit design approach the Alternative Retrofit Spectra (ARS) are
derived. They are inelastic spectra on which curves that describe alternative retrofit scenarios have
been superimposed. For each retrofit scenario there is direct interrelation between demand in terms of
spectral ordinates and design parameters.
Part C: Development of a methodology for the assessment of alternative retrofit scenarios for the
seismic upgrading of existing RC buildings:
In Chapter Seven (Part C) a methodology for the assessment of alternative retrofit scenarios that
relates the characteristics of the seismic upgrading method to the demand imposed by the design
spectrum, is presented. A new type of spectra, the Retrofit Design Spectra (RDS), where performance
point is given as a function of the design parameters of the retrofit solution, is derived. The proposed
retrofit assessment approach relies on the Capacity Spectrum Method. It is however distinct from the
Capacity Spectrum Method with regards the procedure followed for estimation of the performance
point. A key feature is that the capacity curve of the retrofitted structure is expressed parametrically in
terms of the intervention method characteristics thereby eliminating the need for modeling the
retrofitted structure or the need to conduct pushover analyses. The performance point is calculated
directly by solving parameterized expressions that relate the characteristics of the intervention method
to the imposed earthquake demand. These parameterized expressions are the basis for the construction
of the RDS, whereby the retrofit design decisions directly affect the resulting performance point. The
Retrofit Design Spectra utilize the ADRS format and supplementary design graphs that facilitate the
design procedure. The efficiency of the new type of design and assessment spectra is investigated
through an analytic application of the complete methodology to a building tested in full-scale (ICONS
frame).
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Chapter 2
Retrofit design framework and strategy for the
seismic upgrading of existing RC buildings

2.1

Introduction

In recent years devastating earthquakes revealed the weaknesses of existing buildings and brought in
the limelight the necessity of taking measures for the seismic protection of the existing building stock.
In Europe, the handbook issued by the United Nations (UNIDO - United Nations Industrial
Development Organization 1983) was added to the existing knowledge of that era, by conveying the
experience of the Balkan countries gained in the field of structure’s strengthening. In Greece, after the
earthquake of Thessaloniki in 20/6/1978 (5.9 R, epicenter location between the lakes of Volvi and
Lagada) institutions such as the National Technical University of Athens (1978), Aristotle’s
University of Thessaloniki (1978, 1979) and the Ministry of Public Works (1978) issued technical
handbooks, which aimed at putting the technical world into the picture of existing structure’s
rehabilitation. These strong earthquakes that occurred at the biggest cities of Greece pushed forward
the necessity of mapping out a national seismic policy. The founding of Earthquake Planning and
Protection Organization (E.P.P.O.), in 1983, contributed in a determinant way to the confrontation of
seismic risk in our country. Since then, great progress has been made, by the publication of Design
Codes (EAK-2000, ΕΚOS-2000), guidelines for the seismic assessment of existing buildings (E.P.P.O
2001α, 2001b), but also by preparing the Greek society to deal with these phenomena. The first
Rehabilitation Code (KANEPE 2004) is at the last stage of elaboration and soon it will lay into force.
The knowledge and experience in the area of rehabilitation of existing infrastructure is presented
in the Structural Eurocodes. In Part 1.4 of Eurocode 8 (Part 1.4, EC8, 1996) general guidelines are
presented, concerning the assessment and seismic upgrading of existing structures and Annex G refers
to the design of several intervention methods for reinforced concrete buildings. Part 3, which is still
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under development, deals with the evaluation and the design of seismic upgrading of existing
structures, by following a new approach based on the performance based design. Annex A gives
empirical or semi-empirical expressions for the calculation of the maximum rotation of reinforced
concrete members to which several intervention methods are applied (Fardis 2004).
In North America the serious effects of San Fernando (1971), Loma Prieta (1989) and Northridge
(1994) earthquakes led to a vast and coordinated research, aiming at the development of Design
Guidelines for the assessment and seismic upgrading of existing structures. The results of this
important effort are summarized in the ATC 40 (1996) and FEMA 273 / 274 (1997) documents.
Field observations, in situ recording of various damage types, as well as the study of the causes
and effects improved the level of knowledge and understanding of the various behavior mechanisms
and contributed substantially to the evolution of the seismic design codes. In the new generation of
seismic design methods performance is quantified in terms of displacement, because displacement is
the most representative index in describing the extent of damage undergone by a structure. The
acceptable damage level for each structural system and for the most widespread retrofit scenarios is
defined as a percentage of the inelastic deformation capacity which corresponds to the performance
level selected in the design phase.
The only viable solution for buildings that do not comply with current seismic design codes is
seismic upgrading through the application of repair / strengthening methods, which will provide
solutions of low cost and high structural effectiveness. Old-type buildings present a series of
deficiencies, such as detailing according to older construction practices (sparse stirrups, insufficient
anchorage lengths, etc), discontinuity in load transfer and lack of capacity design (i.e. lack of
prioritizing of failure modes). Through the evolution of materials technology the possible solutions for
the configuration of retrofitting / strengthening of reinforced concrete elements vary.
Local interventions for the seismic upgrading of the existing structure lead to modifications in
global response as far as the design indices are concerned, i.e. the magnitude of seismic risk and the
deformation capacity of the whole structure. Assessment of alternative retrofit scenarios and
proportioning of the retrofit solution requires the interrelation between the design parameters of the
intervention method and the performance indices of the retrofitted member. The derivation of
parameterized expressions, which relate the characteristics of repair / retrofitting to the response
indices of the retrofitted member, constitutes a fundamental component of the proposed methodology
for the seismic upgrading of existing RC buildings. It is true that in the majority of the intervention
methods there is lack of analytical expressions and usually the calculations have an empirical
character. In Section 2.2 all the known rehabilitation methods, which are classified in local and global
depending on their effect on the response of the building, are presented. Information relative to
proportioning and design guidelines is given. From all the methods presented, two methods are
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selected, one local and one global method, which are used for the formulation of the proposed retrofit
design methodology. The selected methods are studied analytically in Chapter Three of the report,
which constitutes Part A of the report, the objective of which is the development of methodologies for
the estimation of design indices of repaired / strengthened RC members for various intervention
methods.
The contemporary approaches for assessment of existing structures are based on the comparison
between deformation capacity and demand for the various performance levels [(ΔSd<ΔRd) (Tastani and
Pantazopoulou 2004a). This premise is adopted by the proposed retrofit design framework for the
seismic upgrading of existing RC buildings for the determination of the adequate strategy for the
seismic upgrading of buildings with or without previous seismic damage. In Section 2.3, the
parameters that play a decisive role in the formulation of the retrofit design strategy are presented and
the complexity of the procedure is discussed. The existing knowledge with regard to the design of the
retrofit strategy is recorded through cases of the international literature, which refer to either analytical
or experimental applications. A common characteristic of all the case studies is the lack of tools that
render possible the direct qualitative and quantitative inspection of the effects of any local intervention
at the member or part of the structural system to the global response indices. The proposed retrofit
design strategy for seismic upgrading of existing RC structures intends to fill the gap created by the
lack of such tools. This requires parameterization of deformation capacity and demand in order to be
possible the transfer of the information from local to global level. The formulation of the proposed
retrofit design methodology presupposes the use of the research results of Part A of the report, which
refers to the extracted methodologies for correlating the retrofit design parameters to the response
indices. The proposed design methodology for seismic upgrading is presented extensively in Part B of
the report constituted from Chapters Four, Five and Six.
In the redesign procedure, a critical issue is the selection of the optimal retrofit scenario for the
seismic upgrading of each case study. Based on the proposed retrofit design framework, the objective
is the formulation of a methodology, where the performance point will be directly obtained as a
function of the design parameters of the retrofit solution. In Section 2.4, all the known methodologies
from the international literature for estimating the performance point are presented. The objective of
this effort is the comprehension of each methodology and the detection of tools that might be
incorporated in the proposed methodology. A serious disadvantage of all the methods is that they do
not correlate the response indices of the retrofitted structure to the characteristics of the intervention
method. In Chapter Seven, which constitutes Part C of the report, the proposed methodology for
assessment of alternative retrofit scenarios is presented.
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2.2

Methodologies for evaluating the response indices of repaired / strengthened RC
members for various intervention methods (Part A)

The evolution of material technology enabled the development of various potential retrofit solutions
for RC members, allowing a variety of combinations between them. The success of repair /
strengthening, as quantified by the increase of selected mechanical response indices of the retrofitted
members, depends it its entirety on the degree of collaboration between the various monolithic phases
of the composite member. The response of the retrofitted member is modified proportionally to the
slip that takes place along the interface. The calculation of slip and its effects on the mechanical
characteristics of the retrofitted members presupposes the use of analytical models. An alternative to
this approach, which simplifies substantially the redesign procedure and is used extensively in practice
for various intervention methods for different type of structural members (slabs, beams, columns,
walls or footings), is the use of monolithic factors.
Monolithic factors are empirical reduction factors which relate the characteristics of the repaired /
retrofitted cross section to those of the corresponding monolithic one. The definitions usually adopted
for the monolithic factors by the retrofit design codes (EC8 1996, KANEPE 2004) are related to the
satisfaction of a particular level of strength and stiffness. The monolithic factors for stiffness, KK, and
strength, KR, are defined as follows:

KK 

Stiffness of the composite cross section
1
Stiffness of the same monolithic cross section

(2.1)

KR 

Strength of the composite cross section
1
Strength of the same monolithic cross section

(2.2)

Monolithic factors are utilized for proportioning the repair / strengthened member by decreasing
its strength, in order to satisfy the following equation:
S des  K i Rdes

(2.3)

where Sdes and Rdes is the design and resistance force of the member, respectively.
In the proposed retrofit design framework one of the fundamental objectives is the mathematical
formulation of the response indices (i.e. strength and deformation capacity) as a function of the
characteristics of the intervention method in order to be possible the knowledge of the effect of the
intervention method to both local and global level. In this section, all the known rehabilitation
methods and the retrofit design methodologies proposed by the codes (EC8 1996, EC8 2005,
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KANEPE 2004) are presented. The effect of the various intervention schemes at both local and global
level and some useful comments with regard to the effectiveness of the method and parameters that
should be taken into account in the design phase are presented in Appendix 2.1 (Table 2.2).
Interventions methods are classified depending on the effect they have on the seismic response of
the structural system to: (i) local and (ii) global (Section 2.2) and are presented in the subsequent
sections [Table 2.1]. Local intervention methods are applied at member level and improve their
response to the demands imposed by the global response of the building. Global intervention methods
modify substantially the response of the existing structure and define a new structural system. From all
the methods presented, one representative local and one representative global intervention method are
selected and used for the formulation of the proposed retrofit design methodology.
The term “rehabilitation” is used as a comprehensive term to include all types of repair, retrofitting
and strengthening that lead to reduced earthquake vulnerability. The term “repair” is defined as
reinstatement of the original characteristics of a damaged section or element and is confined to dealing
with the as-built system. The term “strengthening” is defined as intervention that lead to enhancement
of one or more seismic response parameters (stiffness, strength, ductility, etc.), depending on the
desired performance.

Table 2.1 Proposed classification of the repair / strengthening methods.
Local intervention methods
Crack injections
Steel plate adhesion
Steel jacketing
FRP jackets – Externally bonded FRP sheets
or laminates – Near-surface mounted FRP
Selective intervention methods

2.2.1

Global intervention methods
Reinforced Concrete jacketing
Addition of walls
External buttresses
Steel bracing
Seismic isolation
Foundation strengthening

Local intervention methods

The local modification of isolated components of the structural and non-structural system aims at the
increase of the deformation capacity of deficient components so that they will not reach their limit
state as the building responds at the required level [Fig. 2.1]. Local intervention techniques are applied
to a group of members that suffer from structural deficiencies and a combination of these techniques
may be used in order to obtain the desired behavior for a seismically-designed structure.
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Retrofitted building

Existing building
Roof displacement
Composite jackets
Fig. 2.1 Local intervention methods.

2.2.1.1

Crack injections

Crack injection is a versatile and economical method of repairing reinforced concrete structures. The
effectiveness of the repair process depends on the ability of the adhesive material (usually epoxies) to
penetrate, under appropriate pressure, into the fine cracks of the damaged concrete. Flexural cracks
and shear cracks are mainly continuous and therefore provide unobstructed passages for the epoxy. On
the other hand, longitudinal cracks, which develop along reinforcing bars as a result of bond failure,
are usually discontinuous and narrow. Difficulties may occur in repairing the steel-to-concrete bond by
epoxy injection. This repair method can be used in minor (<0.1 mm), medium (<3 mm) size cracks,
and large crack widths (up to 5 - 6 mm). In case of larger cracks, up to 20 mm wide, cement grout, as
opposed to epoxy compounds, is the appropriate material for injection [Fig. 2.2].
Flexural tests on reinforced concrete beams and beam-column joints show that the repair process
not only eliminates the unsightly appearance of wide cracks, but also restores the flexural strength and
stiffness of the damaged member (Chung 1981, Karayannis et al. 1998, Tsonos 2002a). The repaired
components are being detailed according to the monolithic approach, by taking the monolithic factors
KR=KK=1.0 (KANEPE 2004). No information is found in the literature relative to the deformation
capacity of the repaired components. Whether the component, after being repaired, reaches the same
deformation level as before and to what extent its ductility is being affected, have not been studied yet.
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(b)

(a)

(d)

(e)

(c)

(f)

Fig. 2.2 Application (a) - (e) epoxy resin and (f) cement grout injection in beam-column joints.

2.2.1.2

Steel plate adhesion

Steel plate adhesion to the tensile flange of reinforced concrete components (mainly slabs and beams)
aims at the enhancement of the flexural strength, by, simultaneously, substantially increasing the
stiffness and limiting the deformations, cracking and ductility (KANEPE 2004). The method is applied
to those cases, where the existing element, before being repaired, is in position of undertaking dead
load. The monolithic approach is adopted for detailing. The steel plates are considered to be the
external reinforcement and full connection between concrete and steel plates is assumed. The applied
layers of the steel plates are determined by the desired failure mode of the component, according to
which the repair material reaches its conventional ultimate strain, whereas the ultimate concrete strain
in the compression zone doesn’t exceed εc=0.0035. According to KANEPE 2004, the design value of
the effective stress of the new reinforcement is evaluated, based on the critical stress or strain value of
the repair material, which depends on the type of failure mode. In order to avoid de-bonding of the
laminate edges, due to shear stress and tensile stresses vertical in the interface concentration, an
adequate anchorage length should be provided (E.P.P.O. 2001, EC8 1996). The likely modes of failure
refer to: (i) fracture of retrofit material, (ii) premature de-bonding of the retrofit material due to
insufficient connection along the member’s length or anchorage of the ends and (iii) concrete spalling
at the end of the member. When thick steel plates are needed, it is advisable to use several thin layers
instead, to minimize interfacial shear stresses. A sound understanding of both the short-term and longterm behavior of the adhesive used is required.
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In case of beams, the increase of shear strength is achieved by the adhesion of metallic laminates
at the two opposite sides of the member with the application of open U-shaped or closed jackets. The
monolithic approach is adopted for proportioning the intervention method and the metallic laminates
play the role of the added shear reinforcement. Shear resistance apart from the two terms of concrete
and stirrup contribution includes the shear undertaken by the new shear reinforcement. The failure
mode (fracture of retrofit material, premature de-bonding of the retrofit material, significant
enlargement of shear cracks) determines the critical stress or strain value of the retrofit material which
defines the effective stress of the added reinforcement. According to KANEPE (2004), the critical
material strain is given as a percentage of highest tensile strain of the material with the help of a semi
empirical factor, which takes into the failure mode and jacket type (open or closed).
The interpretation of the phenomenon of premature de-bonding of the metallic laminate from the
surface of the RC member due to high concentration of stresses at the ends of the element constituted
central component of the research (analytical models and experimental tests) carried out in recent past
(Taljsten 1997, Ali et al. 2001, Aprile et al. 2001, Mohamed Ali et al. 2001, Smith and Teng 2001).
The complexity of this subject makes particularly difficult the extraction of parameterized expressions
that would connect the response indices of the existing element (strength, stiffness, deformation,
ductility) to the design parameters.

2.2.1.3

Steel jacketing

The application of metallic jackets in RC columns aims at the increase of shear strength,
strengthening of the lap-splicing region and ductility capacity. The steel jacketing option involves the
total encasement of the column with thin steel plates placed at a small distance from the column
surface, with the ensuing gap filled with non-shrink grout (Priestley et al.1994, Aboutaha et al. 1999).
An alternative to a complete jacket (exemplified in Fig. 2.3(b), Fig. 2.4) is the steel cage alternative
(Dritsos and Pilakoutas 1994, Georgopoulos and Dritsos 1994). Steel angles are placed at the corners
of the existing cross-section and either transversal straps or continuous steel plates are welded on them
[Fig. 2.3(c)]. In practice, the straps are often laterally stressed either by special wrenches or by
preheating to temperatures of about 200-400oC, prior to welding. Any spaces between the steel cage
and the existing concrete are usually filled with non-shrink grout. When corrosion or fire protection is
required, a grout concrete or shotcrete cover may be provided [Fig. 2.3(a), 2.4]. The corrugated steel
jacketing technique can be applied for the rehabilitation of columns and beam-column joints
(Ghobarah et al. 1996, 1997). Deficient connections are encased by the steel jacket and the gap
between the concrete and the steel jacket is filled with non-shrink grout. A gap is provided between
the beam jacket and the column face to minimize flexural strength enhancement of the beam; which
may cause excessive forces to develop in the joint and column.
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According to the design guidelines of Annex A (A.4.3) of the new Eurocode 8 (2005), the shear
strength of the metallic jacket is added to the shear strength of the existing member, provided that the
jacket remains in the elastic region. This condition is necessary in order for the jacket to be in position
to control the width of the internal cracks and secure concrete integrity, and function as a mechanism
of shear resistance of the existing member. The thickness of the jacket is determined taking into
consideration only 50% of the nominal yield strength of the metallic jacket. The confinement provided
by the metallic jacket in the lap-splicing region improves deformation capacity in case of cyclic lateral
displacement reversals. Guidelines for the construction of the jacket are given in Eurocode 8 (2005).
In KANEPE (2004) the metallic jacket and the steel cage techniques are proposed for increasing
ductility at member level. The mechanical volumetric confinement reinforcement ratio is related to the
target curvature ductility. Moreover, in the case of the steel cage technique due to the fact that the
added vertical members transfer part of the axial load, their ability to transfer load from the existing
structure need be checked. In the case that the friction mechanism is insufficient additional measures
are required (e.g. anchor bolts or nails).

(a)

A

h

h

h
b

A

(b)

A

A

(c)

A

A

Fig. 2.3 (a) Metallic jacket, (b) Steel cage technique using steel straps or (c) steel plates.
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(a)

(b)

(c)

Fig. 2.4 Detailing of the steel cage technique with the use of metallic collars.

2.2.1.4

FRP jackets – Externally bonded FRP sheers or laminate – Near-surface mounted FRP

The ease of application of Fiber Reinforced Polymers (FRPs) renders them attractive for use in
structural applications; especially in cases where dead weight, space or time restrictions exist. [Fig.
2.5] (Pantazopoulou 2000a). Although FRP composites can have strength levels significantly higher
than those of steel and can be formed of constituents such as carbon (CFRP), glass (GFRP), and
aramid (AFRP) fibers, it is important to note that its use is often dictated by strain limitations
(Ghobarah and Said 2001). They are very sensitive to transverse actions (i.e., corner or discontinuity
effects) and unable to transfer local shear (i.e., interfacial failure). The type of the fibers, their
orientation, their thickness and the number of plies are parameters which define the optimum retrofit
scheme for prioritizing of failure modes at local (i.e., upgrade of single elements) and global (i.e.,
achievement of a desired global mechanism) level. In general, FRP composites behave in a linear
elastic mode up to failure without any significant yielding or plastic deformation. Additionally, it
should be noted that unlike reinforcing steel, some fibers (such as carbon fibers) are anisotropic. This
anisotropy is also reflected in the coefficient of thermal expansion in the longitudinal and transverse
directions. The large differences in strength (transverse strength < longitudinal strength) and
coefficients of thermal expansion may result in bond deterioration and splitting of concrete. Moreover,
they may cause lateral stresses and low cycle fatigue under repeated thermal cycling (Karbhari 2001).
Exposure to a variety of environmental conditions can dramatically change failure modes of the
composites, even in cases where performance levels remain unchanged. In other cases, exposures can
result in the weakening of the interface between FRP composites and concrete, causing a change in
failure mechanism and sometimes a dramatic change in performance.
The numerous experiments carried out the last decade allowed the systematic study of the
behavior of members repaired / strengthened with FRP jackets aiming at the derivation of design
expressions and the assessment of the effectiveness of this intervention method. Notwithstanding this
significant effort, still there are issues that remain open and there is an ongoing research effort in this
field. In 2001 the Technical Report (fib Bulletin 14 2001) of Task Group 9.3 (FRP reinforcement for
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concrete structures) of fib (federation international du béton) was completed and the existing
knowledge up to that year on design issues was recorded. Today, for the first time in Annex A (Annex
A, A.4.4) of the new Eurocode 8 (2005) there is a Section that refers to design of repair / strengthening
with FRPs. Design expressions depending on the objective of the repair / strengthening are provided in
the Hellenic Code for Interventions (KANEPE 2004).
In the case of externally bonded FRP sheets or laminates either as closed or open (U-shaped)
jackets or applied in the two opposite sides of the member the shear strength of beams, columns and
walls is increased. The effectiveness of strengthening depends on the bond conditions, the available
anchorage length and/or the type of attachment at the FRP ends, the thickness of the laminates,
amongst other less important factors. According to experimental data (Malek and Saadatmanesh 1998,
Triantafillou 1998, Khalifa and Nanni 2002, Smith and Teng 2002, Antoniadis et al. 2002, Karabinis
and Rousakis 2002, 2006, Karayannis and Chalioris 2003, Tastani and Pantazopoulou 2004b, Tastani
and Pantazopoulou 2004d, Tastani et al. 2006), failure of the FRP reinforcement may occur either by
peeling off (de-bonding) through the concrete near the concrete-FRP interface or by tensile fracture at
a stress which may be lower than the tensile strength of the composite material, because of strength
concentrations (e.g., at rounded corners or at de-bonded areas). In many cases, the actual failure
mechanism is a combination of FRP de-bonding at certain areas and fracture at others (fib Bulletin 14
2001). As far as proportioning is concerned, the layers of the composite fabric are considered as
additional external reinforcement which is taken into account in the estimation of the total shear
strength of the repaired / strengthened member. Expressions which relate the characteristics of the
layers of the composite fabrics to shear strength are provided for all the application modes of
composite fabrics (KANEPE 2004, EC8 2005).
In the case of columns, shear failure, confinement failure of the flexural plastic hinge region and
lap splice de-bonding can be accommodated by the use of FRPs (Saadatmanesh et al. 1996, Seible et
al. 1997, Ma and Xiao 1999, Pantazopoulou et al. 2001). In the case of beam-column joints, the jacket
is designed to replace missing transverse reinforcement in the beam-column joint (Geng et al. 1998,
Castellani et al. 1999, Gergely et al. 2000, Ghobarah and Said 2001, Triantafillou and Antonopoulos
2000, El-Amoury and Ghobarah 2002). The FRP technique can also be used for strengthening walls
(Antoniadis et al. 2002).
The calculation of the required layers for increase of shear strength follows the same approach
with the case of externally bonded FRP sheets. According to the new Eurocode 8 (Annex A, A.4.4.1),
wrapping with composite fabrics is considered to have negligible influence on the flexural resistance
and curvature at yield. The application of layers from composite fabrics in the plastic hinge region
increases the degree of concrete confinement and allows the increase of deformation capacity. In the
new Eurocode 8 (2005), the expression that relates the required confinement stress is a function of the
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ratio between the target curvature ductility and the target curvature ductility of the existing member.
Slipping in the lap-splicing region is avoided by providing a required level of lateral confinement
stress, which is related to the required thickness of the jacket (Annex A, A.4.4.4, EC8 2005). In the
last two cases of design (ductility increase and prevention of lap-splicing failure), the new Eurocode 8
(2005) proposes alternative design methodologies making use of semi-empirical expressions for the
calculation of the rotation at ultimate and the rotation in the plastic hinge region, which are valid for
monolithic cross-section and which modify the terms which refer to confinement adequately (A.3.2,
Annex A, EC8 2005). A design methodology for preventing bar buckling is not presented in the
documents of the new Eurocode 8 (2005) and KANEPE (2004).
The application of near-surface mounted FRPs aims at the increase of the flexural resistance of
existing RC members (De Lorenzis et al. 2001, Hassan and Rizkalla 2003, Barros et al. 2006, Novidis
and Pantazopoulou 2006). This intervention method is under development and is proposed as an
alternative to the externally bonded FRP sheets or laminates, since the de-bonding phenomena are
efficiently controlled or even warded off. A rather crucial matter in the design in this category of
intervention methods is the bond along the interface. In the absence of bond it is not possible to
develop a strain gradient along the bar as would be required by statics, and thus no tension stiffening
may be mobilized. Thus, bond of post-installed reinforcement is essential in securing composite action
with the existing members. Bond also controls the strength and the eventual failure mode of the
upgraded member (Novidis and Pantazopoulou 2006).
At this juncture it is important to stress that none of the failure modes and associated retrofit
solutions should be viewed separately, since retrofitting for one deficiency may only shift the problem
to another location and/or failure mode without necessarily improving the overall performance. For
example, a shear-critical column, strengthened over the column centre region with carbon wraps, is
expected to develop flexural plastic hinges at column ends which, in turn, need to be retrofitted for the
desired confinement levels. Furthermore, lap splice regions need not only to be checked for the
required clamping force to develop the capacity of the longitudinal column reinforcement, but also for
confinement and ductility of the flexural plastic hinge (Seible et al. 1997, Tastani and Pantazopoulou
2004c).
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(g)

Fig. 2.5 Alternative applications of fiber reinforced polymers.

2.2.1.5

Selective intervention methods

Where system-optimal performances dictate selectively modifying specific response parameters to
pre-defined levels, procedures for affecting single parameters with no effect on others are called for.
The initial development of “selective intervention” techniques, proposed by Elnashai (1992) was first
applied to structural walls under static loading (Elnashai and Salama 1992). Further studies applied the
techniques to shaking table-tested walls (Pinho and Elnashai 1998), and culminated with application to
a full-scale four-storey RC building (ICONS frame) [Fig. 2.6].
The fundamental parameters governing structural responses to transverse actions in the inelastic
range are: stiffness, strength and ductility. Consequently, selective intervention techniques are referred
to as stiffness-, strength-, and ductility-only. Altering the sequence of plastic hinge formation to
achieve a predetermined failure mode becomes an essential objective for seismic safety. This requires
an increase in strength of strategically located members. Only a selective strength-only intervention
can be effective in addressing such deficiency. The design of selective intervention methods follows
the methodology developed by Pinho (2001). The design expressions relate the target increase of the
stiffness, strength or ductility of the member (depending on the parameter selected to be modified)
with the characteristics of the metallic laminates, the external bar diameters and the external laminates
of shape-U, respectively.
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(a)

(b)

Fig. 2.6 Incrase of (a) stiffness, (b) ductility.

2.2.2

Global intervention methods

Global intervention methods are applied in systems with high flexibility, in torsionally unbalanced
systems or in cases that strengthening of the existing building is required (pilotis type buildings, soft-

Existing building

Retrofitted building

Base shear

storey mechanisms) [Fig. 2.7].

Retrofitted building

Existing building
Roof displacement
RC wall

RC jackets

Fig. 2.7 Global intervention methods.

2.2.2.1

Reinforced Concrete jacketing

Reinforced Concrete (RC) jacketing is one of the most commonly applied methods for the
rehabilitation of concrete members. Jacketing is considered to be a global intervention method if
longitudinal reinforcement placed in the jacket passes through holes drilled in the slab and new
concrete is placed in the beam-column joint (Fig. 2.8). However, if the longitudinal reinforcement
stops at the floor level then RC jacketing is considered as a member intervention technique. The main
advantage of the RC jacketing technique is the uniformly distributed lateral load capacity throughout
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the structure thereby avoiding concentrations of lateral load resistance, which occur when only a few
shear walls are added (Rodriguez and Park 1991). A disadvantage of the method is the presence of
beams which may require most of the new longitudinal bars in the jacket to be bundled into the
corners of the jacket. Because of the presence of the existing column, it is difficult to provide cross ties
for the new longitudinal bars, which are not at the corners of the jacket.
The effectiveness of the method has been studied by many researchers and supported by
experimental work (Ersoy et al. 1993; Rodriguez and Park 1994, Stoppenhagen et al. 1995, Gomes
and Appleton 1998, Julio et al. 2003, Bousias et al. 2004, Vandoros and Dritsos 2006a, 2006b). In
cases where buildings are in close proximity to one another, the method is modified and one-, two- or
three-sided jacketing applies (UNIDO 1983, Tsonos 2002b) [Fig. 2.8(c)].
The design methodology presented in guidelines (E.P.P.O. 2001) or in code provisions (EC8 1996,
KANEPE 2004, EC8 2005) adopts the monolithic approach for the analysis of composite cross
sections making use of adequate monolithic factors for obtaining the mechanical properties of the
strengthened member. In Eurocode 8 (Annex G, 1996) monolithic factors receive values for resistance
KR=0.8 and for stiffness KK=0.7 under the following conditions: (i) loose concrete and buckled
reinforcement in the damaged area have been repaired or replaced before jacketing, (ii) all new
reinforcement is anchored into the beams or slabs, (iii) the additional concrete cross section is not
larger that twice the cross section of the existing column. In the Hellenic code for interventions
(KANEPE 2004) and the new Eurocode 8 (A.4.2, Annex G, 2005) a simplified model for RC jackets
is proposed, which is based on the monolithic approach and monolithic factors are utilized. Full
composite action is considered between the core (existing element) and the jacket, axial load is applied
in the entirety of the composite cross section and both the jacket and the existing cross section have
the same concrete quality. Based on these assumptions, the semi-empirical design expressions
presented in Chapter Seven of KANEPE (2004) and in Annex A of Eurocode 8 (A.3, Annex A, EC8
2005) and refer to the calculation of the rotation at yield, θy, the rotation at ultimate, θu, the moment at
yield, My, and in the shear strength under cyclic loading may be used. The values of monolithic factors
given by KANEPE (2004) are for monolithic factors of strength, KR=0.9, stiffness, KK=0.8, rotation at
yield and ultimate Kθy=Kθu=1.0. In the case of the new Eurocode 8 (2005) the monolithic factors
receive values for shear strength in cyclic loading, KV=0.9, for moment at yield, ΚΜy=1.0, for the
rotation at ultimate, Kθu=1.0, whereas for the rotation at yield, the value Kθy=1.05 is valid in case that
measures for roughening of the interface have been taken and the value Kθy=1.20 is valid for the rest of
the measures taken for the connection of the jacket to the existing member or when no particular
measures are taken.
A recent experimental study of Vandoros and Dritsos (2006a, 2006b) demonstrated that
monolithic factors related to strength, stiffness and deformation are differentiated, depending on the
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technique adopted for the construction of the jacket. Dowels improve the ductility capacity of the
retrofitted member, roughening of the interface increases the energy dissipation and the combination
of the two measures improves the stiffness level. It is observed that there is no clear relationship
between these alternative construction techniques of RC jackets and the influence on the strength and
deformation capacity of the composite member. An issue that remains open and till now has not been
clarified and quantified is the influence of slip that takes place in the interface between the existing
member (core) and the jacket. The transfer of normal and shear stresses in the interface between the
external layers of the jacket and the existing member determines the composite action developed by
the strengthened members (Thermou et al. 2004a, 2007a).

(a)

(d)

(c)

(b)

(e)

(f)

Fig. 2.8 Reinforced concrete jacketing.

2.2.2.2

Addition of walls

Addition of new reinforced concrete walls is one of the most common methods used for strengthening
of existing structures. This method is efficient in controlling global lateral drift, thus reducing damage
in frame members. During the design process, attention should be paid to the distribution of the walls
in plan and elevation (to achieve a regular building configuration), transfer of inertial forces to the
walls through floor diaphragms, struts and collectors, integration and connection of the wall into the
existing frame buildings and transfer of loads to the foundations. Added walls are typically designed
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and detailed as in new structures. To this end, in the plastic hinge zone at the base they are provided
with boundary elements, well-confined and detailed for flexural ductility. They are also capacitydesigned in shear throughout their height and over-designed in flexure above the plastic hinge region
(with respect to the flexural strength in the plastic hinge zone, not the shear strength anywhere), to
ensure that inelasticity or pre-emptive failure will not take place elsewhere in the wall before plastic
hinging at the base and that the new wall will remain elastic above the plastic hinge zone.

(a)

(b)

(c)

Fig. 2.9 Infilling of strategically-selected bays.

The most convenient way to introduce new shear walls is by partial or full infilling of
strategically-selected bays of the existing frame (Bush et al. 1990, Özcebe et al. 1998, Erdem et al.
2004). If the wall takes up the full width of a bay, then it incorporates the beams and the two columns,
the latter acting as its boundary elements [Fig. 2.9]. In case only the web of the new wall needs be
added, this is achieved by shotcreting against a light formwork or a by the addition of a partition wall.
Shotcrete is normally used for increased adhesion between the existing and the added material. An
alternative to the cast-in-place infill wall technique is the addition of pre-cast panels. The pre-cast
infill wall system should be designed to behave monolithically, and the infill wall should be designed
with sufficient shear strength to develop flexural yielding at the base of the wall (Frosch et al. 1996).
In Eurocode 8 (Part 1.4, 1996) a simplified model is provided for the design of the added vertical
members in the case of infilled frames. In KANEPE (2004), no methodology is presented for the cases
of infilling an existing bay or adding new walls, but general design guidelines are provided. A major
drawback of the addition of walls is the need for strengthening the foundations to resist the increased
overturning moment and the need for integrating the wall with the rest of the structure. Foundation
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intervention is usually costly and quite disruptive, thus rendering the application of this technique
unsuitable for buildings without an existing adequate foundation system.

2.2.2.3

External buttresses

To reduce or eliminate the disruption to the use of a building, external buttresses may be constructed
to increase the lateral resistance of the structure as a whole. Such an intervention scheme, in common
with the construction of reinforced concrete walls, requires a new foundation system. The foundation
scheme would possibly be eccentric footings (eccentric with respect to the axis of the buttress to avoid
excavation under the building).
The two most intricate problems in strengthening by constructing a set of external buttresses are:
(i) the buttress stability may be critical since it is not actually loaded vertically downwards in the same
way that the structure is. The vertical action on the buttress is only its own weight. This increases the
possibility of uplifting of the foundations and may even cause over-turning, (ii) the connections
between the buttresses on the one hand and the building on the other is far from straightforward. To
insure full interaction and load sharing when the structure is subjected to lateral actions, the buttress
should be connected to the floors and columns at all levels. The connection area will be subjected to
unusual levels of stresses that require special attention.

Fig. 2.10 External buttresses.

2.2.2.4

Steel bracing

Steel bracing can be a very effective method for global strengthening of buildings. Some of the
advantages are the ability to accommodate openings, the minimal added weight to the structure and in
the case of external steel systems minimum disruption to the function of the building and its
occupants.
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Alternative configurations of bracing systems may be used in selected bays of a reinforced
concrete frame to provide a significant increase in horizontal capacity of the structure. Concentric steel
bracing systems have been investigated for the rehabilitation of non-ductile buildings by many
researchers (Masri et al. 1996, Bush et al. 1991, Badoux and Jirsa 1990, Pincheira and Jirsa 1995).
The use of eccentric bracings in the rehabilitation of reinforced concrete structures gains ground.
Further research is needed in several areas such as testing of the RC beam-steel link connection details
due to the difference on the mechanical properties of the materials in contact (Ghobarah and Elfath
2001). Post-tensioned steel bracing can be used for the seismic upgrading of infilled non-ductile
buildings limited to low-rise and squat medium-rise buildings (Ghobarah and Elfath 2001). The
method was successfully used by Miranda and Bertero (1990) to effectively upgrade the response of
low-rise school buildings in Mexico. In KANEPE (2004) general guidelines are given for
proportioning steel bracing systems with or without eccentricity, and some construction details for
bracings.

e

e

e

e

(b)

(c)

e
e

(a)

(d)

Fig. 2.11 Eccentric steel bracing (a) -V, (b) –Κ, (c) –Χ, (d) –Υ.

2.2.2.5

Seismic isolation

Seismic isolation is mostly adopted for rehabilitation of critical or essential facilities, buildings with
expensive and valuable contents and structures where performance well above performance levels is
required. Seismic isolation system significantly reduces the seismic impact on the building structure
and assemblies. Generally, the isolation devices are inserted at the bottom or at the top of the first floor
columns. Retrofitting mostly requires traditional intervention; in the first case the addition of a floor in
order to connect all the columns above the isolators while in the second case the strengthening of the
first floor columns (enlarging of the cross sections, addition of reinforcing bars or construction of new
resistant elements). Nevertheless, inserting an isolator within an existing column is so simple because
of the necessity of cutting the element, temporarily supporting the weight of the above structure,
putting in place the isolators and then giving back the load to the column, without causing damages to
persons and to structural and non-structural elements.
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Recently, efforts have been made to extend this valuable earthquake resistant strategy to
inexpensive housing and public buildings (Taniwangsa 2002). The results of a joint research program
conducted by the International Rubber Research and the Development Board (IRRDB) of United
Kingdom showed that the method can be both cost effective and functional for the protection of small
buildings in high seismicity regions. A comparative study conducted by Bruno and Valente (2002) on
conventional and innovative seismic protection strategies concluded that base isolation provides
higher degree of safety than energy dissipation does, regardless of the type of devices employed.
Moreover the comparison between conventional and innovative devices showed that Shape Memory
Alloys (SMA)-based devices are far more effective than rubber isolators in reducing seismic
vibrations.
The seismic isolation of structures is particularly widespread in countries such as USA and Japan.
In USA the design of new seismic isolated buildings follows the International Building Code (2000) or
Chapter 24 of the California retrofit design code (OSHPD 1996). Eurocode 8 (Part 2: Bridges, 2005)
includes provisions that refer to the seismic isolation of bridges, whereas in Greece the “Pro-seismic
control of bridges” (E.P.P.O. 1999) covers the subject. The Hellenic Seismic Code (EAK 2000) does
not cover this issue.

2.2.2.6

Foundation strengthening

Seismic upgrading of the super-structure has a direct effect on the demand imposed on the existing
foundation system. Structural requirements may dictate considerable strength enhancement in
locations that are connected directly to the foundations. Capacity design principles immediately dictate
that foundation strengthening is needed. Moreover, parameters such as soil conditions and soilstructure interaction play an important role in foundation strengthening projects.
Old buildings mainly supported by isolated footings and in fewer cases by combined footings are
weak or flexible compared to the current seismic design philosophy. In the majority of cases, the
foundation system along with the rest of the structure are representative of construction practices
adopted in the past and may be susceptible to a number of different modes of brittle failure.
Retrofit strategies may aim at either strengthening the existing foundation system and/or adding
supplemental foundation elements (footings or piles). Larger spread footings can distribute the load
and additional reinforcement can increase their shear and bending resistance. The incorporation of
existing footings into grade beams or mats, which can spread load over a larger soil area and activate
the gravity loads in other columns in the resistance of the overturning moments and uplift forces, is
another option. Projects involving the addition of grade beams or increased size of spread footings
usually require excavation under difficult circumstances and there are difficulties in pinning or
attaching the existing footings to the new elements (Roeder 1996). Moreover, piles may be added to
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improve the overturning resistance. Adding piles along the perimeter of the building can be an easier
task from an economical and constructional point of view compared to the case where piles are added
under the interior of the buildings.
The selection of the RC jacketing as the retrofit solution for the super-structure results in a
uniform distribution of stiffness. The retrofit of the foundation system can be relatively easily
accommodated by extending the jacketing to the foundation level (Fig. 2.12). On the other hand, the
addition of new elements (e.g. RC walls, external bracings) may add strength and stiffness to the
building at critical locations. In these cases, greater demands on the foundation system are placed. The
shear transmitted between the soil and the strengthened structure may be higher because of the
increased strength and stiffness of the structure (Roeder et al. 1996). Stiff structural components
generate large bending moments at the base. Large overturning movements may cause large dynamic
axial forces to develop in the columns of braced frames or at the boundary elements of shear walls.
In the intervention codes (EC8 1996, KANEPE 2004, EC8 2005) no specific methodology is
proposed for the seismic upgrading of the existing foundation system. According to KANEPE (2004)
the insufficient bearing area or the insufficient height of the footings may be accommodated by
increasing the dimensions of the footing, which may be combined with techniques that provide
strengthening of vertical members, such as RC jacketing [Fig. 2.12]. The calculation of the
characteristics of the strengthened members is done by using adequate monolithic factors (KR=0.90,
KK=0.85, Kθy=Kθu=1.0).

Fig. 2.12 Strengthening of the foundation system with RC jacketing.

2.2.3

Selection of the intervention methods utilized in the formulation of the proposed retrofit
strategy

The preceded presentation of local and global intervention methods aimed at presenting the main
characteristics of the most representative methods, as well as their effect on global level for the
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formulation of the objectives of the proposed retrofit design strategy. Methods were classified based
on how widespread and familiar they are to engineers in practice and personnel. In the remainder of
the present report, emphasis is placed on RC jacketing, as one of the most representative methods used
in the field for global intervention of buildings, whereas wrapping with composite fabrics (FRP
jackets) as one of the most representative local intervention methods. Reference to these two
techniques is only made as a vehicle for demonstration of concepts of the proposed retrofit design
methodology.
The selection of the performance objectives to be satisfied by the retrofit design methodology,
determines the level of modification of the performance indices, i.e. strength, stiffness and ductility.
This information is decoded in terms of demand at local and global level.
The addition of RC jackets in selected members increases stiffness of the existing building in a
satisfactory level, so that deformation capacity would not be exhausted. The use of FRP jackets at
local level increases the deformation capacity of the individual members and consequently of the
whole building and thus enables attainment of large deformations without significant loss of strength.
The proposed displacement-based retrofit design methodology requires the derivation of
simplified expressions for deformation and strength capacity in order to assess the effects of
retrofitting at local level to the response at global level. This is the objective of Chapter Three of the
present report, where RC members retrofitted by RC and FRP jackets are studied. The extracted
information constitutes an essential component of the design methodology, since they take into
consideration the necessary information of the deformation capacity of the individual members of the
retrofitted building.

2.3

Retrofit strategies for the seismic upgrading of existing RC buildings (Part B)

Development of a strategy guiding the retrofit solution for existing RC buildings through established
objectives or criteria is an ongoing effort of the earthquake engineering research community. The
selection of the rehabilitation scheme and the level of intervention is a rather complex procedure,
because many factors of different nature come into play. A decision has to be taken on the level of
intervention. Some common strategies are the restriction or change of use of the building, partial
demolition and/or mass reduction, addition of new lateral load resistance system, member
replacement, transformation of non-structural into structural components and local or global
modification (stiffness, strength and ductility) of elements and system (fib Bulletin 24 2003). In
addition, methods such as base isolation, provision of supplemental damping and incorporation of
passive and active vibration control devices may apply. The alternatives of “no intervention” or
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“demolition” are more likely the outcomes of the evaluation if the seismic retrofit of buildings is quite
expensive and disruptive.
Socio-economic issues have to be considered in the decision of the level and type of intervention.
Surprisingly, there are documented cases where aesthetic and psychological issues dictated the
rehabilitation strategies. For example, in the Mexico City earthquake of 19th September 1985, external
bracing was popular, because it instilled a feeling of confidence in the occupants that significant and
visible changes have been made to the structure to make it safer (Jirsa 1994). Cost versus importance
of the structure is a significant factor, especially in the case that the building is of cultural and/or
historical interest. The available workmanship and the level of quality control define the feasibility of
the proposed intervention approach. The duration of work / disruption of use and the disruption to
occupants should also be considered. The functionality and aesthetical compatibility of the
intervention scheme with the existing building is an additional engagement. Even the reversibility of
the scheme in case it is not accepted on a long-term basis should be taken into account.
From a technical point of view the selection of the type and level of intervention have to be based
on compatibility with the existing structural system and the repair materials and technology available.
Controlled damage to non-structural components and sufficient capacity of the foundation system are
essential factors that are often overlooked. Issues such as irregularities of stiffness, strength and
ductility have to be considered in detail. A special case is the soft-storey mechanism. A common
structural configuration (typical of the construction practice in Southern Europe) susceptible to a softstorey failure mechanism is the pilotis frame. The ground-storey used for commercial facilities is an
open frame (bare frame), while the stories above are infilled. Under lateral loading, the ground-storey
columns have to resist the large base shear which leads to large storey drift concentrated in the first
storey. The large demand increases progressively due to second order effects, often leading to the
collapse of the structure in a soft-storey mechanism. The retrofit strategy should aim at a uniform
distribution of stiffness as possible along the height of the building. The addition of RC jackets or RC
walls along the height of the building is effective solution to control the lateral response shape.
Horizontal irregularities (irregularities in plan) are due to the eccentricity between the centers of mass
and stiffness. The uneven distribution of stiffness may be the result of architectural (e.g. L-shaped
buildings) or functional (e.g. facade of commercial buildings) features. The position of the elevator
shaft walls plays an important role in the distribution of stiffness in plan. Walls and columns have to
be placed in strategic positions in order to accommodate irregularities. The retrofit strategy should aim
at the balance of stiffness or mass irregularities in plan. The addition of new elements (e.g. RC walls,
external buttresses) may be used to address plan irregularities.
In general, seismic rehabilitation may aim to either recover or upgrade the original performance or
reduce the effect of seismic demand (Sugano 1996). In case of seismic upgrading, the retrofit strategy
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as an operational framework aims to balance supply and demand. The supply refers to the capacity of
the structural system, which has to be assessed in detail before selecting the appropriate intervention
scheme. The demand is expressed by either a code design spectrum or a site-specific set of records as
a function of period and shape of vibration characteristics of the upgraded system. By modifying
strength, stiffness or ductility of the system alternative retrofit options are obtained [Fig. 2.13].
Ductility enhancement applies to systems with poor detailing (sparse shear reinforcement, insufficient
lap splicing), stiffness and strength enhancement to systems with inherently low deformation capacity
(so as to reduce displacement demand), whereas strength and ductility enhancement apply to systems
with low capacity or where seismic demand is high (Thermou et al. 2005, 2004b, Thermou and
Pantazopoulou 2005, 2006a, 2007b, Thermou and Elnashai 2006).

(a)

Existing
building

Δu
(b)

Roof displacement

Retrofitted
building
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building
Roof displacement
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ductility

Base shear

Retrofitted
building
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stiffness

Base shear

Base shear

Ductility increase
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Fig. 2.13 Alternative retrofit strategies (Thermou and Elnashai 2006).

A convenient way to discuss the engineering issues of evaluation and retrofit is to break down the
process into steps, as shown in Fig. 2.14 (Thermou and Elnashai 2002). It is noted that an essential
step that precedes the rehabilitation process is the review of the initial considerations. Issues such as
structural characteristics of the building, restrictions on the design of the rehabilitation measures,
building use and occupancy requirements, economic considerations, societal issues and seismic
hazards including geologic site hazards known to be present at the site, shall be well-defined.
The first step of the process involves the collection of information for the as-built structure. The
engineer shall record the configuration of the structural system, the reinforcement detailing, material
strengths, the foundation system and the level of damage. In addition, data shall be collected for the
non-structural elements that play a significant role and influence the seismic response of the structure
(e.g., infill walls). The rehabilitation objective is selected from various combinations between different
performance targets and earthquake hazard levels. The performance target is set taking scope of an
acceptable damage level. Building performance can be described qualitatively in terms of:
(i) the safety afforded building occupants during and after the event,
(ii) the cost and feasibility of restoring the building to pre-earthquake condition,
(iii) the length of time the building is removed from service to effect repairs, and
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(iv) the economic, architectural or historic impacts on the larger community.
The next step involves the selection of the rehabilitation method, which refers to the selection of
the analysis procedure, the development of a preliminary rehabilitation scheme (using one or more
rehabilitation strategies), the analysis of the building (including rehabilitation measures), and the
evaluation of the analysis results. What follows is the verification of the retrofit solution for the
various performance levels defined by the retrofit strategy. If the rehabilitation design fails to comply
with the rehabilitation objective set, the rehabilitation measures shall be redesigned or an alternative
rehabilitation strategy shall be implemented. This process shall be repeated until the design is in
compliance with the acceptance criteria for the selected rehabilitation objective.
From the above, it is evident that design of the retrofit solution is a laborious iterative procedure
that requires a large number of analyses of the retrofitted structure, until an acceptable solution is
obtained. What is emerged is the lack of tools which enable direct inspection of the effects that the
various modifications in the characteristics of the retrofit solution have on global response indices.
One of the objectives of the report is the development of a retrofit design methodology, where the
retrofit solution will be obtained directly without iterative procedures. The proposed retrofit design
framework is displacement-based and the retrofit design strategy is the outcome of the comparison
between deformation capacity and demand for the various performance levels. Key point of the
proposed retrofit design strategy is a methodology for estimating capacity (in terms of strength and
deformation) and demand of the retrofitted building. The parameterized expressions, which relate
directly the response indices to the characteristics of the intervention method as derived in Part A of
the report (Chapter Three), allow the development of a displacement-based methodology (presented in
Chapters Four, Five, and Six, which constitute Part B of the report).

31

Chapter 2 Retrofit design strategy and framework for the seismic upgrading of existing RC buildings

Obtain as built
information

Select rehabilitation
objective

Select rehabilitation
method
or
Perform rehabilitation
design

Verify rehabilitation design

Acceptable?

Redesign

NO

YES

Begin rehabilitation

Fig. 2.14 Procedure of the retrofit design strategy.

2.3.1

Alternative retrofit strategies for seismic upgrading

The information collected from the international literature refers to individual case studies where
intervention methods for reinforced concrete structures are applied without following any particular
retrofit design methodology. However, the presentation of these cases and the recording of the various
design approaches adopted is interesting and within the scopes of the present report. The experience
gained from the examination of each case study, the objectives of each retrofit solution and the
outcome of this effort, contributes in the formulation of a completed strategy that will remedy any type
of deficiency observed in previous applications. Three alterative retrofit strategies for may be
identified which refer to providing (i) adequate stiffness without loss of the low deformation capacity
of the building, (ii) adequate deformation capacity in order for the building to develop large
deformations without loss of strength and (iii) selective increase of individual design parameters.
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2.3.1.1

Addition of elements for controlling lateral deflection and decrease of ductility demand

Cases studies both analytical and experimental, which refer to the increase of stiffness of the existing
building and aim at the control of lateral deflections and reduction of ductility demand, are presented.
The information given for each case study refers to the objective of the retrofit strategy, the
intervention methods selected and the results of the application.
Pincheira (1993) examined alternative retrofit strategies in a three-storey model reinforced
concrete frame representative of the constructional practice prevailed in N. America in the ‘60s. The
building was designed for gravity loads and presented insufficient reinforcement detailing (insufficient
confinement, lap-splicing length, anchorage length of the bottom longitudinal reinforcement of
beams). The addition of pre-tensioned steel bracings [Fig. 2.15(a)], steel bracings without eccentricity
[Fig. 2.15(b)] in selected bays, as well as the addition of a wall in the middle bay [Fig. 2.15(c)]
constituted the three alternative design scenarios adopted. Pushover analyses as well as dynamic timehistory analyses were performed, which revealed the effectiveness of all the three alternative methods
in controlling lateral deformations. The retrofit design objective in this study was control of the lateral
displacements of the building and restriction of damage in existing structural elements which are not
strengthened and play a decisive role for structural stability. The analyses results indicated that the
highest permissible lateral displacement of the building may be determined approximately from the
inelastic response spectrum. The strategy developed which is applicable in low-rise buildings built on
solid grounds utilizes inelastic displacement response spectra for the definition of stiffness and
strength demand. Through this procedure the number of the likely retrofit scenarios is reduced.

(a)

(b)

(c)

Fig. 2.15 Addition of (a) pre-tensioned steel bracing, (b) steel bracing without eccentricity, (c) wall
(Pincheira 1993).
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Pincheira and Jirsa (1995) applied the three alternative retrofit scenarios presented for the threestorey frame [Fig. 2.15] in medium- and high-rise frame buildings. A typical seven-storey frame was
constructed according to the design codes of N. America in the ‘50s. The deficiency of this frame was
located in the exterior columns along the length of the frame, which were expected to fail in shear, due
to the presence of spandrel beams (reduction of shear span) and sparse stirrups. Additionally, failure of
the anchorage of the bottom layer of reinforcement bars was expected in beams after yielding. The two
retrofit strategies adopted were the placement of pre-tensioned steel bracing [Fig. 2.16(a)] and steel
bracing without eccentricity [Fig. 2.16(b)] in selected bays. The twelve-storey frame was a
representative sample of office buildings constructed according to the code provisions of N. America
in ‘70s. The building allocated a heavy facade and soft-storey mechanism was expected in the ground
floor. Columns of the lower stories were prone to shear failure due to large stirrup spacing and
relatively low yield strength. The four alternative retrofit scenarios adopted are presented in Fig. 2.16.
The frames were subjected to a series of pushover analyses and dynamic time-history analyses for
five records. The response of each intervention system was a function of the properties of the existing
frame and the characteristics of the records. The results indicated that there is no unique solution and
the alternative retrofit strategies may be equally effective. The intervention systems which were
considered effective were those that did not provoke any damage to the existing frame members,
which were designed only for gravity loads. Strengthening of beams and columns was considered
crucial for the satisfying response of the bracings, especially in cases where shear failure of columns
was expected. The addition of pre-tensioned steel bracings modified substantially the distribution of
internal forces of the existing RC members. Buildings having the same configuration as the sevenstorey frame [Fig. 2.17] require particular attention due to the tendency of concentration of large
deformations at the end of the frame having as a consequence the presence of high forces in the
external columns and beams after the initial pretension. The walls behaved satisfactorily in the case of
the twelve-storey frame [Fig. 2.17(c), (d)].

(a)

(b)

Fig. 2.16 Addition of (a) pre-tensioned steel bracing, (b) steel bracing without eccentricity (Pincheira and
Jirsa 1995).

34

Chapter 2 Retrofit design strategy and framework for the seismic upgrading of existing RC buildings

(a)

(b)

(c)

(d)

Fig. 2.17 Addition of (a) pre-tensioned steel bracing, (b) steel bracing without eccentricity, (c) walls in the
external bays, (d) wall in the central bay (Pincheira and Jirsa 1995).

Stoppenhagen et al. (1995) investigated experimentally the effectiveness of a strengthening system
for frames designed according to the code provisions of the ‘50s in N. America. A characteristic
feature of the frame was the presence of spandrel beams and short columns. The two-storey two-bay
frame under study was constructed to a 2:3 scale based on the characteristics of the fifth, sixth and
seventh floor of seven-storey model frame. The frame before retrofitting was previously damaged.
The retrofit strategy aimed at the modification of the response mechanism of the frame by creating
plastic hinges at the ends of the spandrel beams. The technique applied referred to the encasement of
the existing columns in RC jackets. The design of the interventions was based on the satisfaction of
the seismic provisions of ACI 318-83 code. The experimental results verified the important increase of
strength of the retrofitted frame and the strong-column weak-beam mechanism. RC jacketing of the
existing columns prevented brittle shear failure and led to the creation of plastic hinges at the beams
ends.
The effectiveness of three alternative intervention systems for the seismic upgrading of gravity
load designed frames in low-to-moderate seismic regions was investigated in the experimental and
analytic study conducted by Bracci et al. (1995). The first technique, the prestressed concrete
jacketing technique, consists of encasing existing columns in a concrete jacket with additional
longitudinal and transverse reinforcement, providing a reinforced concrete fillet around the
unreinforced beam-column joints and post-tensioning the added longitudinal column reinforcement.
The second technique, the masonry block jacketing technique, requires the interior columns to be
encompassed by masonry blocks with additional longitudinal reinforcement within the corner cores
extending continuously through the slabs and later post-tensioned. The third technique, the partial
masonry infill technique, requires the construction of partial masonry infills on each side of the
existing columns. The retrofit strategy aimed at selective strengthening of columns for preventing the
development of a soft-storey, controlling global structural response, damage and drifts and
strengthening beam-column joints. The technique of the proposed RC jacket was applied in the
internal columns of the (1:3) scale model of the tree-storey, three-bay frame designed for gravity loads
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without seismic detailing. The results from an experimental “shaking table” study showed that the
overall structural response and damage formation can be adequately controlled using a partially
prestressed concrete jacketing retrofit of the interior columns of the frame. Nonlinear dynamic
analyses verified the effectiveness of the proposed three intervention systems in providing global
strengthening of the existing frame.
Wasti et al. (2001) presented the results of an extensive program for seismic upgrading of
buildings moderately damaged in Dinar earthquake (1995). The basic criterion for seismic retrofitting
of the damaged buildings was to upgrade their resistance to the level required by the Turkish seismic
code (Ministry 1997). Although each building was studied separately, a common strategy was
developed for the seismic upgrading of all the buildings. The intervention methods selected to be
applied were addition of infill shear walls along the height of the existing frame, RC jacketing of
individual damaged or low capacity structural members and strengthening of the foundations. Walls
were designed so as to ensure that 90% of the base shear is resisted by the new shear walls, whereas
the existing columns served as axial load carrying members. The cross sectional area of the shear
walls in each orthogonal direction should no be less than 1% of the floor area. Information was also
given for the design of the dowels, which define the degree of connection between new and existing
members. Based on the experience gained from the application of the proposed strategy (infill of
selected bays along the height of the frame) it is concluded that this technique was time and as well as
cost effective. The calculated lateral drifts and the period of vibration were significantly reduced. The
satisfying response of the retrofitted frames was verified by the small magnitude earthquakes occurred
in Dinar since the end of the project (Gülkan et al. 1998)
Sucuoğlu et al. (2004) selected two damaged buildings from Dinar (1995) and Adana-Ceyhan
(1998) earthquakes as samples for the comparative evaluation of different seismic performance
assessment procedures in predicting the observed performances of damaged buildings and for the
verification of the implemented simple systematic rehabilitation methodology. The retrofit strategy
was based on adding new concrete shear walls to constitute a primary system for seismic resistance,
while keeping the existing frame as a secondary system mainly responsible for carrying gravity loads.
The new walls and their connections to the existing members of the frame were designed to overtake
at least 70% of the base shear force and simultaneously reduce the lateral displacements in acceptable
levels. The ratio of the cross section area of shear walls to the total floor area of the building had to
exceed 0.002 in both orthogonal directions. New foundations were provided under the added shear
walls to resist the overturning actions. The seismic performance of rehabilitated buildings strongly
depends on the integration of the new shear walls with the existing frame by employing dowelled bars.
In the case of Dinar earthquake (1995) a four-storey building was selected. Severe damage due to
shear failure of both ends was detected in only two columns of the ground floor. Although the damage
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was concentrated at the ground level, masonry partition wall damages continued in the upper stories
accompanied with lighter damages in the concrete members. The positions where new shear walls
were added, which continued along the height of the building, are presented in Fig. 2.18(a). The
seven-storey frame selected in the case of Adana-Ceyhan (1998) earthquake suffered moderately
damage in beams and in the columns around the elevation shaft in the ground level. The addition of
new RC shear walls is depicted in Fig. 2.18(b). The pushover analyses performed for the retrofitted
buildings verified that the life safety performance can be easily satisfied by adding shear walls that
resist approximately 70% of the total base shear force. The addition of new RC walls place high
rotation demands on the ends of existing beams framing into the added walls and high axial tension /
compression demands on the adjacent columns. The influence of the foundation system on the
performance level is significant.

(a)

(b)

Fig. 2.18 Addition of walls to building damaged by the (a) Dinan (1995), (b) Adana-Ceyhan (1998)
earthquakes (Sucuoğlu et al. 2004).

2.3.1.2

Increase of deformation capacity

The material evolution contributed considerably in the application of new techniques for seismic
upgrading of existing buildings. In cases where the objective is deformation capacity increase,
composite fabrics are used extensively.
Balsamo et al. (2005) studied the efficiency of the use of carbon composite fabrics for the seismic
rehabilitation of a full-scale dual system subjected to pseudo-dynamic tests in ELSA laboratory
(European Laboratory for Structural Assessment-ELSA) of the Joint Research Institute (JRC) in Ispra,
Italy [Fig. 2.19]. The retrofit design strategy aimed at the increase of the deformation capacity though
modification of the characteristics of the member at local level. The measures taken was wrapping of
beam and column critical regions with carbon FRP jackets for enhancement of ductility and shear
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strength, full encasement of RC walls in carbon FRP jackets for shear strengthening and wrapping of
beam-column joints for prioritizing of failure modes (concentration of damage in the critical regions of
beams). The retrofitted frame was subjected to the same loading history as the existing one (design
earthquake and 1.5 times the design earthquake). The experimental results point out that the repaired
structure did not attain any local mechanism above the foundation, but its failure was controlled by
column/wall–footing interface. The retrofitted frame increased substantially its deformation capacity,
without exhibiting any loss of strength and presented moderate damage above the foundation level.

Fig. 2.19 Carbon FRP wrapping for seismic rehabilitation of dual systems (Balsamo et al. 2005).

Della Corte et al. (2006) investigated the efficiency of FRP jackets in modifying the plastic
collapse mechanism of a two-storey frame, which was part of an existing building representative of the
construction practices of the ‘50s, ‘60s, 70s in South Italy [Fig. 2.20(a)]. The building was loaded in
the transverse direction with respect to the perimeter longitudinal beams sustaining the floor-slabs
with use of a reacting frame and hydraulic jacks. The frame was retrofitted and loaded again [Fig.
2.20(b)]. The main objective of the retrofit strategy was to avoid formation of a storey plastic
mechanism and improve strength and displacement capacity of the original frame. FRP wrapping was
limited only to vertical members since the objective was to avoid all the premature failure modes apart
the flexural [Fig. 2.20(c)]. Damage concentration was observed in the plastic hinges at the base of the
columns of the ground floor and at the beam ends in the ground floor. The application of FRP
composite jackets increased substantially strength and deformation capacity of the existing frame.
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Frame under
study

(a)

(b)

(c)

Fig. 2.20 Modification of the failure mechanism with the use of FRP jackets (Della Corte et al. 2006).

Di Ludovico et al. (2007) assessed the efficiency of FRP composite fabrics for the seismic retrofit
of a full-scale three-storey framed subjected to a bi-directional pseudo-dynamic (PsD) test at the
European Laboratory for Structural Assessment (ELSA) of the Joint Research Institute (JRC) in Ispra,
Italy [Fig. 2.21] (Jeong S-H and Elnashai, 2005a, 2005b). The frame was designed for gravity loads
based on the Royal Decree of 1954 [Fig. 2.21(a)] and was torsionally unbalanced. The as-built frame
was initially subjected to pseudo-dynamic loading, then retrofitted with the use of composite fabrics
and subjected once more to pseudo-dynamic loading of the same or higher intensity compared to
initial loading. The retrofit strategy focused on increasing the global deformation capacity of the
structure in order for the members to fully exploit the increased deformation capacity by avoiding
brittle collapse modes. FRP jackets were applied in columns for increasing the confinement level and
in the external beam-column joints and the wall-type column for shear strengthening [Fig. 2.22]. The
experimental results verified the pushover analyses results confirming the effectiveness of the FRP
retrofit in increasing significantly the deformation capacity and energy dissipation of the existing
frame.

Fig. 2.21 SPEAR frame.
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Fig. 2.22 FRP wrapping – SPEAR frame overview (Di Ludovico et al. 2006).

Bousias et al. (2006, 2007) investigated experimentally the response of two two-storey one-bay
torsionally unbalanced frames at 0.7:1 scale. The frames were designed according to older generation
of Greek codes (between 1954 and 1995), without seismic detailing [Fig.2.23 (a)]. The second frame
presented additional non-uniform distribution of stiffness along the height of the building due to the
infilled bays of the first storey. The objective of the seismic retrofit strategy was the increase of the
deformation capacity of the frames and the dissipation of energy. In the first frame, FRP jackets were
placed in the bottom region of all columns in both storeys in order to strengthen the lap-splicing region
[Fig. 2.23(b)]. In the second frame jackets were applied in the top and bottom region of all the
columns in both stories. [Fig. 2.23(c)]. The rehabilitated frames were subjected to the same record
(pseudo-dynamic) as the corresponding existing frames. FRP composite fabrics increased substantially
the deformation capacity at global level and satisfied the increased demand due to torsional
phenomena.

(a)

(b)

(c)

Fig. 2.23 (a) Plan of the frame, (b) first, (c) second retrofit scenario.
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2.3.1.3

Selective increase of design parameters (Selective intervention)

In ICONS (Innovative seismic design CONcepts for new and existing Structures Project) research
project the selective intervention approach (Section 2.2.1.5) was applied to a four-storey three-bay
frame constructed and tested in full-scale at the European Laboratory for Structural Assessment
(ELSA) of the Joint Research Institute (JRC) in Ispra, Italy (Pihno and Elnashai 2001, Pinto et al.
2002). The building was designed for gravity loads without seismic detailing according to the
construction practice of South Europe in the ‘50s. The existing frame was subjected to pseudodynamic loading for artificial records which correspond to 475 and 975 years return period (yrp) for a
moderate-high seismicity zone in Europe. In case of the 975 yrp record, test was terminated at 7.5 sec
(15 sec was the whole duration), due to the significant damage concentration observed in the third
floor. The retrofit design followed the selective modification of the design parameters (stiffness,
strength and ductility), as proposed by Pihno and Elnashai (2001). The objective was the reduction of
the difference in flexural strength between the second and the third storey and the increase of the
deformation capacity of the first three floors. In Fig. 2.24 the intervention systems applied in the
stocky column of the frame are presented (more information can be found in the technical report of
Pinto et al. 2002). It is noted that this frame was selected as an example frame for the application of
the proposed retrofit design methodology presented in Chapter 5 of the report.

Increase of
ductility

Increase of strength

Increase of
ductility and
strength
Fig. 2.24 Application of selective interventions for the seismic upgrading of ICONS frame (Pinto et al.
2002).

2.4

Methodologies for assessment of the retrofit solution for existing RC buildings
(Part C)

The comparison of deformation capacity and demand imposed by the design earthquake constitutes
the base of the new philosophy for assessment of the alternative retrofit scenarios. Within this
framework various methods have been developed, the objective of which is the determination of the
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performance point, namely the highest deformation expected by the design earthquake (Pantazopoulou
2000b). The procedure usually adopted includes three main actions: (i) the construction of the
Capacity Curve, (ii) the construction of the Acceleration Displacement Response Spectra (ADRS) and
(iii) the determination of the performance point.
 Capacity Curve:
The pushover curve of the building corresponds to the change of the base shear as the roof
displacement is modified for progressive increase of the distributed lateral force along the height of
the building [Fig. 2.25]. The lateral force is distributed according to the fundamental mode shape,
when this is dominant; whereas in practical applications the triangular or the uniform distribution of
load may be adopted (alternatively any shape which approaches qualitatively the fundamental mode
shape may be used). The construction of the pushover curve presupposes analytic modeling of the
retrofitted building utilizing an inelastic response program. The modeling method should take into
consideration the hierarchy of all the failure modes as means of reduction of member’s deformation
capacity. The pushover curve, which corresponds to the response of the Mutli-Degree-of Freedom
(MDOF) system is transformed into Capacity Curve of the Equivalent Single-Degree-of-Freedom
(SDOF) system by multiplying the two axes with adequate factors (details for the procedure followed
is presented in the Chapter Four). The Capacity Curve of the ESDOF system carries all the
information for the response of the retrofitted structure in terms of spectral ordinates [Fig. 2.25].

Δ

Pushover curve

Sa

V

Capacity curve

Δ

Sd

V
Fig. 2.25 Construction of the Capacity Spectrum.

 Accelerations Displacement Response Spectra (ADRS):
Each point of the design spectrum is related to a unique value of spectral acceleration, Sa, spectral
displacement, Sd, and period, T [Fig. 2.26(a)]. The graph with abscissa the spectral acceleration, Sa,
ordinate the spectral displacement, Sd, and radial lines the periods, T, corresponds to the Acceleration
Displacement Response Spectrum (ADRS) [Fig. 2.26(b)]. The Acceleration Displacement Response
Spectra (ADRS) may be constructed either from design spectra or response spectra for various
records. For the construction of the elastic Acceleration Displacement Response Spectrum, the
expression which relates the spectral acceleration, Sa, to spectral displacement, Sd, is:
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Sd 

T2
Sa g
4π 2

(2.4)

The construction of inelastic Acceleration Displacement Response Spectra requires the knowledge
of the hysteretic response, relating the force reduction factors, R, with the ductility as a function of
period (R--T relationships). The spectral displacement of a constant ductility spectrum of ductility μ
may be derived by multiplying the second part of from Eq. (2.4) by the ductility term (Sd=μT2/4π2Sag).
Alternatively, elastic Acceleration Displacement Response Spectra may be constructed corresponding
to higher damping values, taking into consideration the dissipation of hysteretic energy due to the
inelastic response of the structure. The equivalent hysteretic damping, βeq, is defined by the sum of the
hysteretic damping due to inelasticity and the inherent viscous damping.

Sa

Sa

T1

T2

Sd

T3
T4

(a)

(b)

Sd

T
Fig. 2.26 (a) Acceleration spectrum, Displacement Spectrum, (b) Acceleration Displacement Response
Spectra (ADRS).

 Determination of the performance point:
Superimposing the Capacity Curve on the Acceleration Displacement Response Spectrum leads to the
determination of the performance point. The performance point is the outcome of the intersection of
the Capacity Curve with the adequate Acceleration Displacement Response Spectrum [Fig. 2.27]. The
post-yield branch of the Capacity Curve is intersected in various points by a group of spectra of
different ductility or equivalent damping. The performance point is the point for which the value of
equivalent damping or ductility calculated based on the Capacity Curve coincides with the value of
damping or ductility that passes through this point. The performance point corresponds to that limit
where seismic capacity of the building counterbalances seismic demand.
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Sa

5%

Τ

βeq>5%

Performance point

Sd
Fig. 2.27 Determination of the performance point.

The examination of alternative retrofit scenarios for the seismic upgrading of existing buildings
requires analytical modeling for each case study. A serious disadvantage of this procedure, as stressed
in Section 2.3.1, apart from the considerable time and effort required, is the lack of direct inspection of
the effects that any change in the characteristics of seismic intervention may cause on the response of
the retrofitted building. Numerous inelastic static analyses need be conducted for the estimation of the
pushover curves, till the optimal retrofit design scenario is selected. Beyond this, performance point is
defined graphically following an iterative procedure.
The extraction of a design tool that will provide direct estimation of the performance point as a
function of the retrofit design characteristics is one of the fundamental objectives of the present report.
The proposed methodology follows the framework of performance-based design and the determination
of the performance point is defined as the intersection point of the Capacity Curve with the adequate
ADRS. In the next Sections the most well known assessment methodologies are presented aiming at
the appointment of the particularities of each method. This procedure is essential for the formulation
of the proposed methodology for the assessment of alternative retrofit scenarios presented in Chapter
Seven, which constitutes Part C of the report

2.4.1

Capacity Spectrum Method

The Capacity Spectrum Method was developed by Freeman in the beginning of the' 70s (Freeman et
al. 1975). The method since then was modified further as presented in ATC 40 (1996). The method
compares the capacity of the building described by the Capacity Curve, with the earthquake demand,
expressed through elastically damped Acceleration Displacement Response Spectra [Fig. 2.28]. The
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elastic Acceleration – Displacement spectra which correspond to higher percentages of damping are
determined based on adequate reduction factors, which are related to equivalent damping, βeq. The
adoption of a hysteretic model representative of the response of the retrofitted structure is an essential
step for the determination of the reduction factors of the elastic spectrum (5% damping). The
performance point, which is found on the Capacity Curve, is related directly to equivalent damping.
The determination of the performance point (balance between supply and demand) results through an
iterative procedure, so that the equivalent damping that corresponds to the selected point on the
Capacity Curve has the same value of damping with the ADRS which intersects the Capacity Curve at
this point [Fig. 2.28].

2.4.2

Variations of the Capacity Spectrum Method

Fajfar (1999, 2000) exploiting the idea of Bertero (1995) and Reinhorn (1997) advanced in the
modification of the N2 method (Fajfar and Gašperšič 1997) making use of the Acceleration
Displacement Response Spectra. It is about a variant of the Capacity Spectrum Method, where in place
of elastically damped spectra inelastic constant ductility Acceleration Displacement Response Spectra
are utilized. The Fajfar method (1999, 2000) is differentiated considerably compared to the Capacity
Spectrum Method as per the estimation of the performance point. The first step of the method refers to
the construction of the Capacity Curve of the retrofitted building following the procedure described
previously and its transformation to a bilinear curve. The inelastic constant ductility spectra result
from elastic spectra (5% damping, μ=1) with the use of reduction factors, R, which are given as a
function of ductility and period (R-μ-T expressions). Fajfar (1999, 2000) used the expressions of
Miranda and Bertero (1994):

If T  Tc ,

R   μ  1

If T  Tc ,

Rμ

T
1
Tc

(2.5a)

(2.5b)

where μ is the ductility and Tc is the period value that defines the limit of the constant acceleration
branch. The use of Eqs. (2.5) allows the construction of the Acceleration Displacement Response
Spectra for various ductility values [Fig. 2.29]. The performance point is obtained through a graphical
procedure which is presented in Fig. 2.29. The intersection of the radial line which corresponds to
elastic period (Τ*) with the elastic spectrum defines the spectral acceleration demand, Sae. The
reduction factor, R, is given by the ratio Sae/Say. By making use of Eq. (2.5b) the performance point is
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equal to Sd=μSdy=Sde. In case that the elastic period of the retrofitted structure is equal to Τ*<Τc, then
the performance point would be obtained by Eq. (2.5a), Sd=Sde/R(1+(R-1)Τc/T*). The expression R-μ-Τ
plays a determinant role in the derivation of the performance point.
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Fig. 2.28 Determination of the performance point with the Capacity Spectrum Method (ATC-40 1996).
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Fig. 2.29 Modified Capacity Spectrum Method (Fajfar 1999).

Constant ductility Acceleration Displacement Response Spectra were adopted by Chopra and Goel
(1999) for the presentation of two alternative methodologies for predicting the performance point
similar to the procedures A and B of the Capacity Spectrum Method as presented in ATC 40 (1996).
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Moreover, three alternative R-μ-Τ expressions (Newark and Hall 1982, Krawinkler and Nassar 1992,
Vidic et al. 1994) were utilized for the determination of the performance point and similar results were
obtained.

2.4.3

Displacement Coefficient Method - DCM

The Displacement Coefficient Method (Chapter 3, Section 3.3.3.3, FEMA 273/274 1997) utilizes
pushover analysis for the construction of the Capacity Curve of the retrofitted building. The
performance point is determined by the multiplication of a series of parameters with the spectral
displacement of the Equivalent Single-Degree-Of-Freedom. The target displacement, δt, is given by:

δt  C o C 1C 2 C 3 S a

Te2
4π 2

g

(2.6)

where Co is the modification factor to relate spectral displacement and likely building roof
displacement, C1 is the modification factor to relate expected maximum inelastic displacements to
displacements calculated for linear elastic response, C2 is the modification factor to represent effect of
hysteresis shape on the maximum displacement response, C3 is the modification factor to represent
increased displacements due to dynamic P-Δ effects, Sa is the response spectrum acceleration, at the
effective fundamental period and damping ratio of the building in the direction under consideration, g
is the gravity acceleration.
2.4.4

Yield Point Spectrum Method

The Yield Spectrum Method (Aschheim and Black 2000, Black and Aschheim 2000, Aschheim 2002)
is differentiated considerably from all the methods presented in the previous sections, since it allows
the definition of demand at yielding, without arising any issue of deformation distribution in the postyield region. The Yield Point Spectrum is used for the determination of the characteristics of the
Equivalent Single-Degree-Of-Freedom given the demand in terms of deformation and ductility terms,
whereas the opposite is the case in the Capacity Spectrum Method, where the maximum inelastic
response is given as a function of the characteristics of the Equivalent Single-Degree-Of-Freedom
(Capacity Curve). The Yield Point Spectra are directly applied and incorporated in the performancebased design, because since performance target (targeted displacement and ductility level) has been
defined, demand in strength and stiffness is determined through a simple graphical procedure. The
Yield Point Spectra depict in an efficient way the effects that any change in the target ductility level
may have on stiffness and strength for a given displacement at yield.
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The Yield Point Spectrum Method maintains all the advantages of the Capacity Spectrum Method
(ATC-40 1996). The Yield Point Spectra are constant ductility Acceleration Displacement Response
Spectra (ADRS) with the abscissa corresponding to spectral displacement at yield. For the
construction of the spectra the use of R-μ-Τ expressions is necessary. For the group of the Yield Point
Spectra presented in Fig. 2.30 Eqs. (2.5) were used for the determination of the reduction factor of the
elastic spectral acceleration, Sa, whereas spectral displacement at yield is given by:

S dy 

T2
Sa g
4π 2

(2.7)

In the Yield Point Spectrum Method (Aschheim and Black 2000, Black and Aschheim 2000,
Aschheim 2002) only the determination of the yield point of the retrofitted building is required. In Fig.
2.30 two retrofit solutions, A and B, are presented which have the same displacement at yield, Sdy. If
the yield point of system A is found on the Yield Spectrum of ductility μ=2, then the highest inelastic
displacement expected for system A is given by the product of the yield displacement and the target
ductility, equal to 2Sdy. For system B, the maximum expected inelastic deformation is 3Sdy. The
intervention system should provide to the retrofitted building the required ductility, stiffness and
strength.
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Fig. 2.30 Yield Point Spectrum Method (Aschheim and Black 2000, Black and Aschheim 2000, Aschheim
2002).
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2.5

Conclusions Chapter 2

In the proposed retrofit design framework for the seismic rehabilitation of existing reinforced concrete
buildings innovative retrofit design methodologies are developed and retrofitting is placed on a new
basis. The performance-based design approach is adopted. The basic premise is the parameterization
of deformation demand and supply, in order to be feasible the transfer of information from the local to
the global level. Fundamental component of the proposed strategy is the formulation of a
methodology, which will allow direct qualitative and quantitative inspection of the changes effected at
global level through modifications of the characteristics of the intervention method at local level.
The first step for the formulation of the proposed design methodology for seismic upgrading of
existing RC buildings involves the evaluation of the existing knowledge and presentation of the up to
date developments in the field of seismic upgrading of existing buildings aiming at the exploitation
and incorporation of certain tools in the proposed design framework, but also the identification of any
gaps that may exist. Through this procedure the shortage of certain tools was ascertained, which play a
decisive role in the formulation of the proposed retrofit design methodology. The objective of the
research conducted within the framework of the present report was the development of analytical
methodologies which meets all the open issues brought up for discussion.
All the known intervention methods were presented and classified in local and global methods
depending on their effect in the response indices of the retrofitted building. The lack of design
expressions which relate the design parameters of the intervention method to the response indices of
the retrofitted member was identified. The parameterization of deformation demand and supply
constitutes fundamental objective of the proposed retrofit design framework so as to be possible the
transfer of information from the local to the global level. The RC and FRP jacketing techniques, both
representative methods at local and global scale, respectively, were selected in order to be feasible the
presentation of the proposed retrofit design methodology. In Chapter Three (Part A of the report),
analytical methodologies for estimating the design indices of RC members retrofitted by these two
methods were developed.
The presentation of cases of seismic rehabilitation of existing RC buildings from the international
literature indicated the lack of tools that would render possible the direct qualitative and quantitative
inspection of the changes that any modification of the characteristics of the intervention method causes
in the global response indices. The adoption of iterative procedures, which do not provide a qualitative
and quantitative inspection of the changes effected at global level by any modification of the
characteristics of the intervention method, constitutes the usual case in practice. The passage from the
local to the global level presupposes the parameterization of deformation demand and capacity. The
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formulation of the proposed retrofit design methodology presented extensively in Part B of report
(Chapter Four, Five and Six) exploits the results of the research conducted in Part A of the report.
The selection of the optimum retrofit scenario among a series of alternative retrofit solutions is a
vital step in the redesign procedure. A disadvantage which is common in all the known assessment
methodologies presented in Chapter Two is that there is no correlation between the response indices at
global level with the characteristics of the intervention method. The performance point is the outcome
of an iterative procedure. The need of a design tool that will provide direct estimation of the
performance point was diagnosed. The proposed methodology for the assessment of alternative retrofit
scenarios is presented in Part C of report (Chapter Seven).
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Selective
intervention
methods

Insufficient
shear strength
and ductility
due to old type
of detailing
(sparse
confinement
reinforcement,
insufficient lap
splicing).
The damage
pattern varies
depending on
the deficient
parameter.

FRP jackets –
Externally
bonded FRP
sheets or
laminates – Near
surface mounted
FRP

Deformation capacity is
enhanced. Strength
capacity may be increased
or remain the same
depending on the effect of
the retrofit scheme at local
level.

Repair method - No
modification of the
response of the original
structure.

Global effect

Increase of stiffness,
strength or ductility.

Structural response can be
tuned to meet the
performance objectives.

Columns: Deformation
Ductility and shear
capacity is enhanced.
strength at structural level
Beams: Shear and flexural are improved.
strengthening.
Beam-column joints: Shear
failure is eliminated in
connections.

Jacketing: Deformation
capacity is increased.
Plate adhesion: Shear
and flexural strength
enhancement.

Flexural strength and
stiffness restoration.
Shear strength is
regained in concrete-toconcrete joints.

Shear or shearflexural cracks.

Insufficient
shear strength
and ductility
due to old type
of detailing
(sparse
confinement
reinforcement,
insufficient lap
splicing).

Local effect

Deficiency type

Steel jacketing –
Steel plate
adhesion

Injection of
cracks

Method

Experienced personnel are required
in the execution phase.

Exposure to a variety of
environmental conditions can
dramatically change failure modes
of the composites, even in cases
where performance levels remain
unchanged. High quality control is
required. The bonding work is very
important.

The quality and the environmental
durability of the materials used play
an important role. The adhesive
material should penetrate into the
fine cracks of the damaged concrete
and infill all the voids.
The effectiveness of the method is
related to the type of grouts used
for infilling the gap between the
steel jacket and the existing
member. The bonding work is of
great importance to achieve a
composite action between the
adherents.

Technology considerations

Table A2.1 Summary of the effect of retrofit of local and global response (cont.)

APPENDIX 2.1

Refined modeling is required in
order to take into account the
increase of the specific
parameter. Specialized design
expressions necessary.

Reduction factors for concrete
strength may be used to take
into account any uncertainty
regarding the effectiveness of
the method and quality of
materials.
Before deciding for steel
jacketing premature failure due
to other mechanisms (e.g. pullout of the longitudinal
reinforcement of the existing
member) should be prevailed.
Steel jacket should be
considered as additional
confinement reinforcement,
while steel plates adhered at the
bottom flange of beams as
additional bottom
reinforcement.
The effectiveness depends on
the anchorage conditions of the
longitudinal reinforcement of
the existing member.
Limitations due to stress
concentrations should be
considered in the design phase.
FRP layers are equivalent to
additional confinement.

Design considerations
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Deficiency type

Insufficient
lateral strength,
insufficient
deformation
capacity and
stiffness
discontinuity
between
successive
floors.

Insufficient
lateral stiffness
and strength,
torsionally
unbalanced
structures.

Method

RC jacketing

Addition of
walls /
External
buttresses

If the jacket continues
between successive floors,
stiffness, strength and
ductility are enhanced.

Global effect

Deformation demand Global lateral drifts are
at member-level is
controlled. Considerable
decreased, while
strength and stiffness are
strength demand may added to the existing
be increased. High
structural system. Resulting
demand at connection system is totally different to
between existing
the original structure
structure and walls or requiring full reassessment.
buttresses is generated.

If the jacket is
applied at floor
level both axial and
shear strength of the
column are
improved, while
flexural strength
and strength of the
beam-column joints
remain the same.

Local effect

In the case of infill walls,
the interface between the
existing and the new
element should be
checked. A new
foundation system is
necessary if walls (usually
Γ-shaped in the perimeter
of the building) or
buttresses are added. In
any case, the existing
foundation system needs
to be strengthened to resist
the increased overturning
moment and the larger
weight of the structure.

Technology
considerations
The uncertainty with
regard to bond between
the jacket and the original
member is accommodated
by the use of monolithic
factors for the estimation
of the deformation and
strength capacity of the
composite member.
Design considerations

A critical aspect in the design phase is
to insure full interaction and load
sharing between the existing structural
system and the new one (infill, external
walls or buttresses). Connectors should
be placed at floor level and behave
elastically for the design earthquake.
Strengthening of existing horizontal
members may be required. Response
modification of the system from shearto cantilever-type is attained with a
shift in period. Strategic distribution of
walls may accommodate any systemlevel deficiencies.

The response is modified to strongcolumn weak-beam mechanism with
distinct plastic hinge regions. The
seismic demand is increased due to
shift of the period. Uniform
distribution of strength and
deformation capacity is attained.
Extension of jacketing to foundation
level may be necessary.

Table A2.1 Summary of the effect of retrofit of local and global response (cont.)
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Base
isolation

Steel
bracing

Method

Rehabilitatio
n of critical
or essential
facilities.

Deficiency
type
Insufficient
lateral
stiffness and
strength.

.Specialized
engineering expertise
is necessary.

Technology
considerations
Installation of postLateral stiffness and
strength of the existing tensioned bars can
structure are increased. significantly modify
the distribution of
Additional energy
internal forces of
dissipation is
existing reinforced
provided.
concrete members.
Bracing members
should be designed to
behave in a ductile
manner.
Global effect

The seismic impact The seismic energy is
on structural and absorbed by isolation
non-structural
devices inserted at the
components is
bottom or at the top of
reduced.
the first floor columns.

High levels of
force may be
introduced at
brace ends and
connections
between brace
members and
existing
structure.

Local effect

There is no need for retrofitting the
upper part of the structure. The
equipment should be provided with
capabilities to withstand the
expected large horizontal
displacement between the
foundation and the super-structure.

The lateral strength of the existing
members may be adversely affected
by the level of axial forces induced
by the steel braces. Strengthening
of columns, beams and beamcolumn joints of braced bays
needed for the adequate
performance of the bracing system.
Foundation system should
withstand the increased strength
and stiffness effects.

Design considerations

Table A2.1 Summary of the effect of retrofit of local and global response.
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Chapter 3
Design methodology for RC and FRP jacketed
members

3.1

Introduction

Within the framework of the proposed retrofit design methodology, parameterization of deformation
capacity and demand is one of the fundamental objectives in order to be possible the assessment of the
effects of retrofitting at local level on global scale. The derivation of simplified expressions as a
function of the design parameters constitutes an essential component of the proposed retrofit
displacement-based design methodology (objective of Part A of the report). In the present report RC
jacketing and wrapping with composite fabrics (FRP jackets) have been selected as the most
representative methods used in the field for retrofitting at global and local level, respectively, for
demonstration of the concepts of the proposed retrofit design methodology.
Reinforced Concrete (RC) jacketing is a widespread intervention method for seismic upgrading of
reinforced concrete (RC) members that have suffered damage or have insufficient detailing. The
application of this method aims at the suppression of the alternative premature failure modes which
otherwise would dominate if the member was submitted to cyclic shear reversals, and at the promotion
of yielding of the longitudinal reinforcement. The application of the RC jacket increases both stiffness
and strength of the element, whereas this is not always the case as far as deformation capacity is
concerned. The shear span length of the member and the characteristics of the existing cross section
influence considerably the deformation indices of the strengthened member.
In spite the fact that RC jacketing is used extensively in practice, the relatively limited
experimental database (compared to that of composite jackets) constitutes a serious impediment in the
development of expressions that would relate the design characteristics of RC jackets with the
response indices of the retrofitted member. The parametric study carried out in Chapter 3 aimed at the
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investigation of the influence of the characteristics of the jacket in the response of the rehabilitated
member. The strengthened cross section is considered as monolithic, assuming that there is full
connection at the interface between old and new concrete. The extraction of design diagrams, which
relate the mechanical characteristics of method with the design parameters, contributed in the
comprehension of the response of the composite system.
Two alternative methodologies for proportioning of RC jacketed members were proposed. The
first ones refers to the development of a simplified model for RC jackets for calculating the
deformation and strength capacity through parameterized expressions which relate the mechanical
characteristics of the member with the retrofit characteristics. In the second design approach, the
strengthened cross section is considered as monolithic, assuming full connection between old and new
concrete. Proportioning of RC jackets is based on the characteristics of the monolithic cross section
multiplied with adequate reduction factors or monolithic factors, as referred in literature.
The use of monolithic factors for proportioning of RC jacketed members constitutes common
practice, which is also adopted by intervention codes (EC8 1996, KANEPE 2004, EC8 2005) in order
to simplify the calculation procedure of the complicated mechanics entailed in the composite action in
cyclic reversals. The interest up to now focused in stiffness and strength terms, whereas no particular
reference was made to monolithic factors related to deformation indices, with the exception of the
reference made in Section 3 of the new Eurocode 8 (Part 3, EC8 2005). The empiricism inherent in the
calculation of monolithic factors requires the development of a detailed methodology for the
parametric investigation of the sensitivity of these multipliers to the design variables. From the up to
today experimental research it is concluded that slipping and shear transfer at the interface between the
exterior layer of the jacket and the existing cross section (core of the strengthened member) play a
decisive role in the response of the RC jacketed member (Eurocode 8 1996, KANEPE 2004). It is true
that failure due to slipping at the interface limits the resistance and influences the rotation capacity of
the whole member.
In the present Chapter, an analytic methodology for estimating the response of RC jacketed
members is presented. The composite action developed by the strengthened members depends
considerably on the forces transferred between the core (existing element) and the jacket. The estimate
of strength and deformation capacity of such members is a complicated problem of mechanics which
becomes even more intricate due to the limited comprehension of shear resistance mechanisms such as
friction, aggregate interlock and dowel action. For the determination of monolithic factors and the
determination of their relationship to the critical design parameters of the jacket an analytic model is
developed from scratch. The importance of jacket detailing in the response of the member is studied
and the values of the strength and deformation monolithic factors are quantified, through parametric
investigation and correlation of analytical estimates with experimental data.
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Although composite jacketing is a relatively new intervention method compared to RC jacketing,
it gained significant ground the last decade in the field of repair / strengthening of buildings. The
advent in material technologies and the parallel explosion in research for practical implementation of
the novel materials in practice contributed towards this direction. The rapid increase of applications,
without a commensurate training of the end-users led in certain cases to stark examples of
inappropriate applications of composite materials. One weakness begins from the need to obtain an
integrated assessment of failure modes and the modification of the associated strength terms effected
by the FRP jackets - this concern is particularly relevant in substandard construction where due to lack
of seismic detailing strength assessment is complex and thus information is rather critical in the design
of FRP jackets.
The effectiveness of FPR jacketing, as a local intervention method, has been substantiated by
plethora of experiments from the international literature (Saadatmanesh et al. 1994, 1997; Seible et al.
1997, Xiao and Ma 1997; Ma and Xiao 1999; Sheikh and Yau 2002; Elsanadedy and Haroun 2005;
Harries et al. 2006; Ghosh and Sheikh 2007; Youm et al. 2007; Bousias et al. 2007). In spite of the
intense research activity over the last years and the exceptional results of this effort, there are still open
issues related to the response of old-type members wrapped with FRP jacketing that require direct
investigation. The role of loading history in the response of FRP retrofitted members is rather critical.
Near-fault ground motions with forward directivity impose a highly non-uniform distribution of
ductility demands compared to ordinary ground motions. A recent experimental study carried out by
Thermou et al. (2006b), Thermou and Pantazopoulou (2007), deals with all these issues. The
experimental study focused on the effect of two alternative displacement histories, the one of which
was intended to model near field earthquake effects on the response of FRP jacketed pre-damaged
members. Another parameter studied, which is rather decisive in the design of FRP jacketed members,
was the influence of previous damage on the response of the retrofitted members. The effectiveness of
composite jackets in eliminating the weaknesses of specimens related to old type seismic detailing
(inadequately anchored traverse and longitudinal reinforcement, sparse and smooth stirrups, and lap
splices in the region of plastic hinge) as well as the influence of these characteristics to the response of
the repaired / strengthened specimens was investigated.
The methodology for calculating the characteristics of FRP jacketed members presented in the
current Chapter was developed at Demokritus University of Thrace from Tastani and Pantazopoulou
(2004b, 2006). The mechanical characteristics of specimens are related to the characteristics of the
composite fabrics via parameterized expressions, which are adapted depending on the objective of
seismic upgrading and the type of damage of the existing specimen. This methodology was proved
efficient in the design of the specimens by Thermou et al. (2006b), Thermou and Pantazopoulou
(2007).
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The research carried out for the derivation of simplified expressions for deformation capacity in
terms of design parameters, which is the main objective of Part A of the report, is completed with the
present Chapter.

3.2

Parametric investigation of the mechanical characteristics of RC members
retrofitted with RC jackets

In this Section, a parametric investigation was carried out in order to study the influence of the design
characteristics of the RC jacket to the response of the retrofitted member (Thermou et al. 2003). This
knowledge is important for the derivation of simplified expressions of deformation capacity of RC
members strengthened by RC jackets.
The addition of a RC jacket to an existing structural RC member increases the cross sectional
dimensions and decreases the shear span length. This has as a consequence the increase of strength,
stiffness and design shear capacity, and the decrease of the nominal flexural deformation. An
important design index is the plastic rotation of the member, θp,J, which is the product of the plastic
hinge length, lp, with the plastic curvature, φp,J, and is related directly to the geometrical characteristics
of the strengthened cross section. For the needs of the parametric investigation, it was considered, that
the composite cross section behaves monolithically and that no slip takes place in the interface
between the core (existing cross section) and the jacket.
The effectiveness of RC jacketing as an intervention method depends greatly on the anchorage
length of the additional longitudinal reinforcement. The reduced anchorage capacity is equivalent to
reduced stress capacity at yield, fsy,eff, which is given by the expression fsy,eff=4Lbfby/Dbfsy, where fby is
the mean bond stress developed at anchorage length, Lb [Fig. 3.1]. The slippage at the support imposes
additional compressive deformation in the member, which is expected to accelerate the loss of cover
and potentially decrease the flexural resistance of the member.
The parametric investigation was performed for various material properties under constant axial
load, which covered a wide range of design values. The additional shear reinforcement of the jacket
complied with the current seismic codes. The results of the parametric study are presented in diagrams
and provide information about the interrelation of the most important design indices to the main
design parameters.
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fs

F

fsy
fsy,eff

θslip
εsy,eff εsy

εs

Fig. 3.1 Deficient anchorage conditions – Bar pullout.

3.2.1

Definition of the mechanical characteristics of the composite cross section

The mechanical characteristics of the retrofitted RC member are estimated with reference to Fig. 3.2,
where Ls is the shear span length, Lb is the provided anchorage length of the additional longitudinal
reinforcement, h and b are the height and width of the cross section, respectively. ρJ*=AJ/(bJhJ-bchc) is
the percentage of the longitudinal reinforcement of the jacket divided by the area of the jacket and
ρc(=Ac/(bchc)) is the percentage of the longitudinal reinforcement of the core divided by the area of the
existing cross section (core). The subscripts J, c, refer to the jacket and core, respectively.

Ls
hc

hJ

bc

Lb

Lb

bJ

Fig. 3.2 Geometrical characteristics of the existing and retrofitted member.
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The characteristics of the composite cross section (strengthened cross section) are calculated at
yield and ultimate. Yielding is defined as the stage where one of the two materials either steel or
concrete yields first. In case of steel, yielding of the cross section occurs, when the tension
reinforcement reaches a strain value equal to εsy=fsy/Es, where fsy is the yield stress and Es is the elastic
modulus of steel. In case that the concrete compressive strain reaches a value of c=0.0015
(=1.8fc/(Eccy,J)) then yielding of the cross section occurs. This value was determined after examination
of big volume of experimental data where it was observed that at that level of strain, spalling of
concrete cover in the plastic hinge region occurred (Priestley et al. 1996).
The magnitudes calculated in the stage of yielding are the moment and curvature of the core (My,c,
φy,c) and the composite cross section (My,J, φy,J), respectively, the height of the compression zone of the
composite cross section (ξy,J) and the tangent stiffness of the composite cross section (EIy,J=My,J/φy,J).
The moment and curvature at ultimate of the core (Mu,c,φu,c) and the composite cross section (Mu,J, φu,J)
are estimated. Additionally, the plastic curvatures of the core φp,c(=φu,c-φy,c) and the composite cross
section, φp,J(=φu,J-φy,J) are estimated [Fig. 3.3(a)].
The plastic rotation θp,Jf developed in the plastic hinge region due to flexure is equal to θp,Jf=(φu,Jφy,J)∙lp=φpJ ∙lp, where lp is the plastic hinge length of the retrofitted member, whereas the plastic
rotation of the longitudinal reinforcement due to slip is equal to θp,Jslip=(θu,Jslip- θy,effslip). The total
plastic rotation θp,J is given by θp,J=θp,Jf+θp,Jslip. In case of insufficient anchorage length of the
longitudinal bar reinforcement, the strength capacity is reduced, fsy,eff, due to slippage at the support
(fib Bulletin 24 2003, Syntzirma and Pantazopoulou 2007). If no confinement is provided failure of
the anchorage is possible, fsu<fsy,eff .

θ y ,J

slip

θ u ,J

slip



1
1
ε y ,eff Lb
;
2
ξJ dJ

 θ y ,J

slip



ε

su
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 ε sy ,eff ( f su  f sy ,eff )
ξJ dJ

f su

 f sy

Lb ;

(3.1a)
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εu
M
MuJ
My,J

εy,eff

θslip

Composite cross section
Mu,c
My,c
(a)

ΕΙy,J
φy,c φy,J

φu,J

Core
(old cross section)
(b)
φu,c
φ

Lb

ξJdJ

Fig. 3.3 (a) Mechanical characteristics of the core and composite cross section, (b) Calculation of slip
rotation.

3.2.2

Parameters of study

The parameters of study refer to the mechanical material strengths, the area of the jacket
reinforcement, ρJ*, and the applied compressive axial load. In the analyses conducted the geometrical
characteristics of the core remained constant.
The existing cross section (core) was selected to have low flexural strength and insufficient shear
reinforcement being representative of old type detailing. The geometrical characteristics and the
reinforcement configuration are depicted in Fig. 3.4. The cross section was square bc=hc=350 mm and
the percentage of longitudinal reinforcement divided by the area of the core (old cross section), ρc, was
equal to 1%. In the analysis, the quality of concrete was considered the same for both the core and the
jacket. The quality of steel of the existing cross section was always lower compared to that of the new
steel placed in the exterior perimeter of the jacket.
The addition of the jacket increased the dimensions of the cross section to bJ=hJ=550 mm. The
percentage of the longitudinal reinforcement divided by the area of the jacket, ρJ*, varied between
1.5% ~4%.
The mechanical properties of the materials considered in the parametric investigation are
presented in Table 3.1 The symbols f and ε denote magnitudes of strength (ΜPa) and strain (mm/mm),
respectively, whereas subscripts sy, sh and su refer to yielding, initiation of hardening and failure of
steel in tension, respectively. Two qualities of concrete are utilized with nominal compressive strength
fc/=20 and fc/=30 ΜPa. The quality of steel for the longitudinal reinforcement satisfied the European
standards (EC2 1991) and the North America standards (ACI 318 2002). The differentiation of
materials, based on the country of origin, is attributed to the significant difference presented in the
characteristics of yielding plateau and hardening branch (Malvar 1998).
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c

8Ø14

dJ/

ξJdJ

dJ

550

350

s
350
550

Fig. 3.4 Reinforcement detailing of the core and RC jacket.

The steel used for the existing cross section (core) was of low quality S300 according to European
standards and of Grade 40 for North America standards. The longitudinal reinforcement of the jacket
was of quality S400 and S500 for European steel and of quality Grade 60 and Grade 75 for North
America steel.
Table 3.1 Properties of the materials utilized in the parametric investigation.
fc/=20 MPa

Concrete

fc/=30 MPa

Steel

S300

S400

S500

Grade 40*

Grade 60*

Grade 75*

fsy(MPa)

300

400

500

330

475

600

fsh(MPa)

300

400

500

330

475

600

fsu(MPa)

360

480

600

0.0015
0.005
0.020

0.002
0.005
0.020

0.0025
0.005
0.020

750
0.0024
0.008
0.120

820

εsy

560
0.0016
0.010
0.155

εsh
εsu

0.003
0.005
0.070

*

information from Malvar (1998)

The axial load, P, imposed on the retrofitted cross section was defined as a fraction of the nominal
load of fraction Po=Agfc/. The axial load ranged from 0%~40% of Po.
The analysis of the composite cross section was performed according to the monolithic approach,
i.e. that there is no slip at the interface between old and new concrete. In order to facilitate the
calculation procedure analytical expressions for the estimation of the height of the compression zone
and the moment at yield and ultimate were derived and are presented in Annex 3.1.

3.2.3

Discussion on the parametric investigation results

The results of the parametric investigation are presented in diagrams, which relate the mechanical
properties of the jacket to the longitudinal reinforcement, the materials quality and the externally
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applied load. The comparison of the core resistance to that of the retrofitted cross section leads to
diagrams that provide information for the change of the design magnitudes (moment at yield, moment
at ultimate and plastic curvature) for different quantities of additional longitudinal reinforcement. The
diagrams provide direct estimation of the increase of the aforementioned magnitudes for given
percentages of longitudinal reinforcement, ρJ*, and externally applied compressive load, P, and hence
they may be characterized as design diagrams.

3.2.3.1

Height of the compression zone and tangent stiffness at yield

The dimensionless height of the compression zone at yield, ξy,J, as a function of the percentage of the
longitudinal reinforcement, ρJ*, for different values of applied axial load, P/(Agfc/), is depicted in Fig.
3.5. The height of the compressive zone is increased almost linearly with the percentage of the
longitudinal reinforcement of the jacket, ρJ*. It is influenced by the concrete quality for low axial
loads, the effect however is annihilated for P>25%Po. The height of the compression zone at ultimate,
ξu,J, is totally independent from the percentage of the longitudinal reinforcement, ρJ*, and is influenced
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only be the magnitude of the dimensionless compressive axial load, P/(Agfc/).
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Fig. 3.5 (a) Dimensionless height of the compression zone at yield, ξy,J, as a function of ρJ*, (b)
Dimensionless height of the compression zone at failure, ξu,J as a function of P/(Agfc/).

The dimensionless tangent stiffness at yield is presented as a function of the dimensionless
externally applied load, P/(Agfc/), and the percentage of the longitudinal reinforcement of the jacket,
ρJ*, in Fig. 3.6. The abscissa corresponds to a dimensionless magnitude defined as ΕΙy,J/(bJdJ3fc/(fsy/fc/)),
where ΕΙy,J=My,J/φy,J. The tangent stiffness is related linearly to ρJ*. The curve inclination depends on

65

Chapter 3 Design methodology for RC and FRP jacketed members

the concrete quality (higher inclination for better quality of concrete) and is reversely proportional to
axial load.

3.2.3.2

Plastic curvature

In Fig. 3.7 the plastic curvature, φp,JhJ, is given as a function of the percentage of longitudinal
reinforcement, ρJ*, for various values of axial load, P/(Agfc/). Plastic curvature, φp,J, has been multiplied by
the height of the jacket, hJ, to be dimensionless. This quantity represents the value of the plastic
rotation at plastic hinge length equal to the height of the compressive zone. The dimensionless plastic
curvature is influenced greatly by the applied compressive load and by the concrete compressive
strength. For high percentages of longitudinal reinforcement the plastic curvature tends to a constant
value independent of ρJ*. In cases of lower axial load, the steel strength plays a significant role [Fig.
3.7].
3.2.3.3

Change of moment at yield

Information relative to the moment ratio at yield, Μy,J/My,c, as a function of the longitudinal
reinforcement of the jacket, ρJ*, for various values of axial load are presented in Fig. 3.8. The selection
of the concrete strength influences significantly the extracted curves. The moment ratio of the
retrofitted cross section to the existing cross section at yielding, Μy,J/My,c, for high axial loads remains
almost constant independently from the percentage of the longitudinal reinforcement, ρJ*, which is
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Fig. 3.7 Dimensionless plastic curvature, φp,JhJ as a function of ρJ*.

3.2.3.4

Change of moment at ultimate

The curves of Fig. 3.9 depict the ratio of the moments of the retrofitted cross section, Μu,J, to the
moment of the existing cross section (core), Mu,c, as a function of the added reinforcement in the
external perimeter of the composite cross section, ρJ*, for various axial loads. The moment ratio
increases linearly with the increase of the percentage of the longitudinal reinforcement. The increase is
less intense for high axial loads. In Fig. 3.9 the interaction diagram of the moment ratio Μu,J/Mu,c and
the axial load for various percentages of longitudinal reinforcement of the jacket ρJ* is presented.

67

fc2 0
S400

50%
50%

fc30
S400

40%
40%

α:α:ρJ*
j=1.5%
=1.5%
β:β:ρ
=3.0%
J* =3.0%
j
γ: ρJ*=4.0%

30%
30%

γ: j=4.0%

20%
20%
γ
10%
10%

α

β

0%
0%

22

44

66

8 10
10 12
12 14
14
Μ
/M
y,J
y,c
Λόγος ροπών διαρροής, Μ /M
y,tot

y,c

Ποσοστό ανηγμένου αξονικού θλιπτικού φορτίου

/

Pο/(Agfc )θλιπτικού φορτίου
Ποσοστό ανηγμένου αξονικού

Chapter 3 Design methodology for RC and FRP jacketed members

16
16

fc2 0
S500

50%

fc30
S500

40%

α:α:ρ
=1.5%
J*j=1.5%
β:β:ρJ*=3.0%
j=3.0%
γ: ρJ*=4.0%

30%

γ: j=4.0%

20%
γ
10%

α

β

0%

22

44

66

88

10
12 14
16
10
12
14
16
Μ
/M
y,J
y,c
Λόγος ροπών διαρροής, Μy,tot/My,c

Fig. 3.8 Axial load vs yield moment ratio of retrofitted and existing cross section interaction diagram.

3.2.3.5

Change of plastic curvature

The difference between the plastic curvatures of the jacket, φp,J, and the core, φp,c, as a function of the
longitudinal reinforcement of the jacket, ρJ*, for various axial loads is depicted in Fig. 3.11. The
difference in case of axial loads which vary between 0% to 40% of the fracture load Pο/fc/Ag is
independent of the longitudinal reinforcement of the jacket, ρJ*, except of cases that jackets have low
reinforcement ratio and which do not present any practical interest.
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Fig. 3.11 Change of plastic curvatures, (φp,c-φp,J)hJ, as a function of ρJ*.

3.3

Methodology for estimating the design indices of RC members retrofitted with RC
jackets

A simplified model of the jacketed cross section is developed in this section. To simplify calculations,
all reinforcement is considered to act at the location of the added (jacket) reinforcement; existing
longitudinal reinforcement (given by the ratio ρc) may either be neglected, or an equivalent amount
may be transferred to the centroid of the extreme layers of the jacket reinforcement using the parallelaxis theorem (Fig. 3.12). (Any web longitudinal reinforcement is neglected as it is considered to have
a small influence on post-jacketed flexural strength). The equivalent longitudinal reinforcement, ρe, is
given by the following equation:
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ρe  ρ J  ρc

0.5hc  d c 2
2
ΑΒ0.5 hJ  d J 

(3.2a)

where ρJ is the longitudinal reinforcement ratio of the jacket (a fraction of the total area of the final
member cross section), hJ, bJ are the height and the width of the jacketed cross section, hc, bc are the
height and the width of the existing cross section, A(=bJ/bc) and B(=dJ/dc) are factors to define the
increase in width and depth of the existing cross section (core), respectively, owing to the addition of
the jacket. In case that dJ/=0.1hJ, dc/=0.1hc, dJ=0.9hJ and dc=0.9hc, then ρe is further simplified to:
1
ΑΒ 3

ρe  ρ J  ρc

(3.2b)

dJ
ρJbJhJ
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Fig. 3.12 Simplified model for RC jackets.

The lumped inelasticity cantilever (stick) model is adopted for the definition of the member’s
deformation capacity (Fig. 3.13). Nominal yielding may be associated with either a level of strain
εsy(=fy/Es) in tension reinforcement, or a concrete compressive strain equal to 1.8fc//Ec (fib Bulleting 24

2003). Following these alternative definitions, the relative displacement at member yielding is
estimated as:

Δy ,J  min{

ε sy
hst
1
1 ε c hst
;
}
12 ( 1  ξ y ,J )B  c
12 ξ y ,J B  c

(3.3)

In Eq. (3.3), B is a factor that quantifies the increase in depth of the existing cross section, hst is the
storey height, ℓc (=hc /hst) is the ratio of the height of the existing cross section to the storey height and
ξy,J is the normalized depth of the compression zone at yielding (ξy,J=cy,J/dJ). Variable ξy,J is obtained

through interpolation for the estimated axial load ratio of the member (see Appendix 3.1). From Eq.
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(3.3) it is evident that Δy,J of any jacketed component depends on the height of the jacketed cross
section, hJ=Bhc , and on ξy,J, which is a function of both hJ and ρe.
The displacement capacity at ultimate, Δu,J, is determined as the sum of the plastic component,
Δpl,J, and the displacement at yield, Δy,J (Paulay and Priestley 1992). A simplified model proposed by

Moehle (1992), ignores the elastic curvatures outside the plastic hinge zone so that the total curvature
near the base is centered at the base of the member instead of just above the base (Fig. 3.13b):
Δu ,J  φu ,J l p Ls

(3.4)

where lp is the length of the region over which inelastic activity takes place (plastic hinge; this here is
taken equal to lp=hJ/2). Note that Ls is the shear span of the member (taken here equal to the distance
from the critical section at the face of the support to the midspan or half the storey height). In Equation
13, εcu is the compressive stain at ultimate (taken as 0.005), hst is the storey height, and u,J is the
normalized depth of the compressive zone. Thus, the displacement capacity is given by:

Δu ,J  0.25

ε cu
ξ u ,J

hst  0.00125

hst
ξ u ,J

(3.5)

(a)

(b)
Elastic
curvature

(c)
Ls

Inelastic
curvature
φy,J

φy,J

φu,J

Inelastic
curvature
lp
φu,J

Fig. 3.13 Simplified model for distributed curvature.

3.3.1

Simplified expressions for the estimation of the characteristics of RC members
retrofitted with RC jackets

Based on the simplified model, expressions for strength and deformation capacity at yielding and at
ultimate of RC jacketed members are derived. These expressions provide strength and deformation
capacity of the strengthened elements with a satisfactory level of precision. In the next Chapters, these
expressions are utilized for the construction of the response curves of the strengthened members.
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3.3.1.1

Deformation capacity and strength at yield

The strength and deformation capacity at yield of a RC jacketed member is estimated by linear
interpolation of the following equations:

If Py ,min  P  Py ,bal ,



Δy ,J  Δy ,min  Δy ,bal  Δy ,min

 PP  P P  
y ,min

y ,bal



Fy ,J  Fy ,min  Fy ,bal  Fy ,min

(3.6a)

y ,min

 PP  P P  
y ,min

y ,bal

(3.6b)

y ,min

where Δy,J is the deformation at yield, Fy,J is the strength at yield and P is the externally applied load.
The values Py,min, Py,bal, Δy,min, Δy,bal, Fy,min, Fy,bal correspond to characteristic values of the height of the
compressive zone for tensile strain of steel, εsy, as follows:

If c y,J  d J/  ξ y ,J  δ J/ :

Py ,min

 A B Ac f c/

Δ y ,min  0.09

If c y,J  0.38 d J  ξ y ,J  0.38δ J :

f c/

ρe ,

(3.7a)

F y ,min
ε sy hst
f c/

0
.
013
 0.80 ρ e
,
f y ,J
B c
A B 2 Ac  c f y ,J



Py ,bal

A B



 0.16 

Ac f c/

Δy ,bal  0.13

3.3.1.2

f y ,J

 0.015 

272
ρe ,
f c/

(3.7b)

F y ,bal
ε sy hst
f c/

0
.
13
 1.15 ρ e
,
f y ,J
B c
A B 2 Ac  c f y ,J





Deformation capacity and strength at ultimate

The deformation and strength capacity at ultimate of a RC jacketed member is estimated by linear
interpolation of the following equations:
If Pu ,min  P  Pu ,bal ,



Δu ,J  Δu ,min  Δu ,bal  Δu ,min

 PP  P P   , F
u ,min

u ,J

u ,bal

u ,min



 Fu ,min  Fu ,bal  Fu ,min

 PP  P P  
u ,min

u ,bal

(3.8a)

u ,min

If Pu ,bal  P  Pu ,max ,
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Δu ,J  Δu ,bal  Δu ,max  Δu ,bal

 P  P  , F
P  P 
u ,bal

u ,J

u ,max

  P  P  
P
P



 Fu ,bal  Fu ,max  Fu ,bal

u ,bal

u ,max

u ,bal

(3.8b)

u ,bal

The values of Pu,min, Pu,bal, Pu,max, Δu,min, Δu,bal, Δu,max, Fu,min, Fu,bal and Fu,max correspond to characteristics
values of the height of the compressive zone for compressive concrete strain εcu=0.005 as follows:

If c u,J  d J/  ξ u ,J  δ J/

:

Pu ,min

 A B Ac f c/

f y ,J

 0.08  1.37

Δu ,min  0.0125 hst ,

Fu ,min

A B A 
2

c

If c u,J  0.67 d J  ξ u ,J  0.67 δ J :

Pu ,bal

A B

ρe ,

f c/

c

f y ,J

Δu ,bal  0.0021hst ,

Fu ,bal

A B A 
2

c

If c u,J  d J  ξ u ,J  δ J

:

Pu ,max

 A B Ac f c/

 0.72  1.015

Δu ,bal  0.0014 hst ,

f y ,J
f c/

f y ,J

A B A 
2

c

f y ,J
f c/

ρe ,

 0.25

f y ,J

(3.9b)

f c/
 1.61 ρ e
f y ,J

ρe ,

Fu ,max
c

3.3.2

c

f c/
 1.1 ρ e
f y ,J

 0.074

 0.49  0.018

Ac f c/

(3.9a)

(3.9c)

 0.20

f c/
 0.80 ρ e
f y ,J

Stiffness at yield, Κy,J

The stiffness of the strengthened member at yield, Ky,J, is defined as a function of the design
characteristics of the jacket. Two different approaches are followed for the definition of stiffness at
yield, Ky,J, and alternative design diagrams for relating the design parameters are extracted (In
Appendix 3.2 equations for RC walls are presented, in case that the retrofit strategy requires the
addition of RC wall). Those equations are utilized in Part B of the report, within the framework of
Chapter Six.

3.3.2.1

Stiffness as a function of the percentage of jacket longitudinal reinforcement, ρJ

The stiffness of a prismatic member at yield is given by the following equation:
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K y ,J 

12 E c I y ,J
hst3





12 M y ,J  ΡΔy ,J
hst3



(3.10)

y ,J

where EcIy,J is the tangent stiffness at yield, hst is the storey height, P is the externally applied load,
My,J is the moment at yield and φy,J, y,J is the curvature and the corresponding displacement at yield.
The displacement at yield may be defined by the cantilever model of length Ls(=hst/2) [Fig. 3.14(a)]
(for seismic loading the cantilever corresponds to a shear span length in lateral deflection).

Δ y ,J 

1
φ y ,J L2s
3

(3.11)

The curvature at yield may be taken approximately equal to (Priestley 1998, Priestley and
Kowalsky 1998):

φy 

2.14 e sy
hJ

 10%

(3.12)

Assuming that the cross section has a percentage of compressive or tensile longitudinal
reinforcement, ρe, moment at yield is defined as:

M y ,J  0.8bJ hJ2 f sy ρe  0.5 hJ P  0.6

P2
bJ f c'

(3.13)

where ρe is the tensile or the compressive longitudinal reinforcement of the jacket, bJ and hJ is the
width and the height of the strengthened member after the addition of the jacket, respectively, fsy is the
yield stress of the longitudinal reinforcement, fc/ is the concrete compressive strength and P is the
externally applied load.
By substituting Eqs. (3.11), (3.12) and (3.13) in Eq. (3.10) and solving for the longitudinal
reinforcement of the jacket, the following expression is extracted:

ρe  0.22

 3J
E s bJ

P

 K y ,J 

hst


P
P

  0.63

0
.
75
2
2

bJ hJ f sy
bJ hJ f sy f c/


(3.14)
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where J(=hJ/hst) s the ratio of the section height, hJ, to the storey height, hst, and Es is the elastic
modulus of steel. Eq. (3.14) may be further modified to:

3.3 E
2.8  2J E s
K y ,J  4.5b J  3J E s ρ e   1  / J s 

f sy
f c f sy b J hst


 P

 hst


(3.15)

The use of Eq. (3.15) allows the construction of two alternative types of design diagrams for RC
jackets, as those presented in Fig. 3.14. Both diagrams relate the percentage of the longitudinal
reinforcement of the jacket, ρtot,J(=2ρe), to stiffness at yield, Ky,J. In the first diagram [Fig. 3.14(a)] the
relationship between ρtot ,J and Ky,J for various percentages of axial loads for given dimensions of the
jacket is depicted, whereas in the second diagram [Fig. 3.14(b)] the relationship between ρtot,J and Ky,J
for different jacket dimensions (Ai, Bi) for constant axial load, Ρ, is depicted.
The total stiffness of the floor, Ky,Jst, that comprises nc (number of) RC jacketed columns is equal
to:

nc
nc 
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(3.16)
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Fig. 3.14 Design diagram which related the required stiffness at yield, Ky,J, percentage of the longitudinal
jacket reinforcement, ρtot,J (a) for various values of applied axial load, P, for selected jacket dimensions (Ai,
Bi) (b) for various jacket dimensions, (Ai , Bi) under constant axial load, P (given as a percentage of the
nominal fracture load Po=Agfc/).

3.3.2.2

Stiffness as a function of the stiffness factor, ωJ

The stiffness at yield of a column is given by:
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K y ,J 

12 E c I y ,J

(3.17)

hst3

where Ec is the concrete elastic modulus, hst the storey height and Iy,J the moment of inertia at yield.
The latter is equal to:
I y ,J  i y ,J b J d J3

(3.18)

where bJ is the width of the jacketed cross section and dJ the effective depth of the jacketed section
(i.e., the distance from the extreme compression fiber to the centroid of longitudinal tension
reinforcement of the jacket). iy,J is a coefficient which defines the moment of inertia of the cross
section at first yield. This coefficient inherits all the characteristics of the cross section (e.g.
dimensions, axial load, and longitudinal reinforcement) and depends on the depth of compression zone
upon section yielding of the jacketed element (composite section). This is given in non-dimensional
form by the factor y,J:
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(3.19)

where ηc(=Es/Ec) is the modular ratio, Es is the elastic modulus of steel, P is the applied axial load
(compression positive), fsy is the yield strength of the longitudinal reinforcement, dJ/ is the distance
from the extreme compression fiber to the centroid of longitudinal compression reinforcement and ρe
is the equivalent percentage of the longitudinal reinforcement of the jacketed cross section.
Coefficient iJ may be calculated from cross sectional equilibrium of the jacketed cross section and
is given by:
i y ,J 

ξ 3y ,J
3

 η c ρ e ( 1  ξ y ,J

d/
)  ( ηc  1 ) ρ e  J  ξ y ,J
 dJ
2






2

(3.20)

After algebraic manipulation it follows that the stiffness at yield of a jacketed member is:
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E c A fl
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12 ρ
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 2c A B 3 i J 

E c A fl
hst

ωJ

(3.21)
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where ρc,fl corresponds to the area of the existing cross section (core) given as a fraction of the floor
area Afl, and c(=hc/hst) is the ratio of the effective depth of the core to the storey height. The
coefficient, ωJ, depends on the characteristics of both the core and jacketed cross section. It indirectly
accounts for the required stiffness of the jacketed member.
Two alternative types of design diagrams for RC jackets may be constructed based on Eq. (3.21).
Keeping constant the dimensions of the jacket the design diagram depicted in Fig. 3.15(a) may be
constructed, where iy,J is the coefficient which defines the moment of inertia of the cross section at first
yield and is related to ρtot,J for various levels of axial load, P. In case that the parameter of study are the
dimensions of the jacket (Ai, Bi) then ρtot,J is indirectly related to coefficient iy,J as presented in Fig.
3.15(b).

ρtot,J

10%Po 20%Po 30%Po

A1B1 A2B2 A3B3

ρtot,J 10%P
o

(A2, B2)
10%Po 20%Po 30%Po

iy,J

A1B1 A2B2 A3B3

iy,J

(A2, B2)

(a)

ξy,J

10%Po

(b)

ξy,J

Fig. 3.15 Design diagram which relates the required dimensionless moment of inertia at yield, iJ, with the
dimensionless height of the compressive zone, y,J, and the percentage of the longitudinal jacket
reinforcement, ρtot,J, (a) for various values of the applied axial load, P, for selected jacket dimensions (Ai,
Bi), (b) for various jacket dimensions, (Ai , Bi) under constant axial load, P (given as a percentage of the
nominal fracture load Po=Agfc/).

The total stiffness at floor level comprises nc (number of) RC jacketed columns is equal to:
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E c A fl
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3
 12 ρ c , fl ,i l c ,i Ai Bi i J ,i 

i 1

E c A fl
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ΩJ

(3.22)

where coefficient ΩJ controls the stiffness of a particular storey and is indirectly related to the
characteristics of the jackets.
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3.4

Analytical model for RC jacketed members

It is assumed that the existing member core is partially connected with the external jacket layer, so that
the mechanisms of force transfer at the interface are mobilized by relative slip of the two bodies
(Thermou et al. 2004a, 2007a). In analyzing the flexural behavior, the cross section of the upgraded
member is divided into three layers. The two external ones represent the contribution of the jacket
whereas the middle layer represents both the core (existing cross section) and the web of the jacket
shell [Fig. 3.16(a)]. For reference in the remainder of this derivation, the Cartesian coordinate system
is oriented so that the x-axis is parallel to the longitudinal member axis, the y-axis is along the cross
sectional depth, whereas the z-axis is oriented along the cross sectional breadth [Fig. 3.16(c)]. The
difference in normal strain at the interface between layers accounts for the corresponding slip in the
longitudinal direction; thus, only the implications of slip along horizontal planes are considered in the
model. The inaccuracy associated with neglecting shear transfer along the vertical contact faces (i.e.
on faces normal to the z-axis) is small if jacket longitudinal tension reinforcement is evenly distributed
in the perimeter [Fig. 3.16(a)]. Note that in that case, a vertical slice of the jacketed cross section is
self equilibrating (consider for example the rectangular portion of the cross section, to the left of line
A-A’ in Fig. 3.16(a)). This means that the total stress resultant is zero since compression and tension
forces over the height of the segment are in equilibrium; hence the shear stress xz [Fig. 3.16(c)] acting
in a plane normal to the z-axis and oriented in the longitudinal direction is also zero. As usually done
in flexural analysis of layered composite beams, it is assumed that the three layers deform by the same
curvature, φ [Fig. 3.16(a)]. From free body equilibrium of any of the two exterior layers the shear flow
at the interface is calculated as the difference in the stress resultant between two adjacent cross
sections. The procedure is implemented in an iterative algorithm that employs dual-section analysis. A
key element of the algorithm is the shear stress slip relationship used to describe the behavior of the
interface between layers.
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Fig. 3.16 (a) Strain profiles; (b) Normal stresses at the interface; (c) state of stress acting on an
infinitesimal element in the initial coordinate system.

3.4.1

Interface shear behavior

Slip at the interface between the existing member and the jacket is explicitly modeled. Mechanisms
that resist sliding are: (i) aggregate interlock between contact surfaces, including any initial adhesion
of the jacket concrete on the substrate, (ii) friction owing to clamping action normal to the interface,
and (iii) dowel action of any pertinently anchored reinforcement crossing the sliding plane. Thus, in
stress terms, the shear resistance, vn, against sliding at the contact surface, is:
vn  va  vc  v D  va  μ f σ N  v D

(3.23)

In Eq. (3.23), va represents the shear resistance of the aggregate interlock mechanism, μf is the
interface shear friction coefficient, σN is the normal clamping stress acting on the interface and vD is
the shear stress resisted by dowel action in cracked reinforced concrete. The first two terms
collectively represent the contribution of concrete as they depend on the frictional resistance of the
interface planes. The clamping stress represents any normal pressure, p, externally applied on the
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interface, but also the clamping action of reinforcement crossing the contact plane as illustrated in Fig.
3.16(b). From equilibrium requirements it is shown:
σ N  p  ρs f s

(3.24)

where p is the normal pressure externally applied on the contact plane, fs is the axial stress of the bars
crossing the interface and ρs is the corresponding reinforcement area ratio.
Shear transfer is affected by the roughness of the sliding plane, by the characteristics of the
reinforcement, by the compliance of concrete and by the state of stress in the interface zone. Dowel
action develops by three alternative mechanisms, namely, by direct shear and by kinking and flexure
of the bars crossing the contact plane. A variety of models are available for modeling the interface
phenomena. In this study, the model developed by Tassios and Vintzēleou (1987) and Vintzēleou and
Tassios (1986) as modified by Vassilopoulou and Tassios (2003) was used due to its simplicity and
robustness. The model estimates the combined dowel and shear friction resistances for a given slip
value at the interface, as follows:
(a) Frictional Resistance
The concrete contribution term in Eq. (3.23), vc(s), is described by the following set of equations:

 s
vc ( s )
 1.14
v c ,u
 s c ,u






1/ 3

for

 s
vc ( s )
 0.81  0.19
v c ,u
 s c ,u

s
s c ,u


 for



 0.5

s
s c ,u

(3.25a)

 0.5

(3.25b)

where sc,u is the ultimate slip value beyond which the frictional mechanisms break down (sc,u is taken
approximately equal to 2 mm, CEB-FIP Model Code 90 1993). The normalizing term, vc,u, is the
ultimate frictional resistance of the interface, given by:



v c ,u  μ f c/ 2 σ N



1/ 3

(3.26)

where  the ultimate interface shear friction coefficient taken equal to 0.4 and fc/ is the concrete
cylinder uniaxial compressive strength [Fig. 3.16(b)]. To calculate the axial stress of the bars crossing
the interface, fs, the separation w between contact surfaces as they slide overriding one another is
considered [Fig. 3.17]. According to Tassios and Vintzēleou (1987) the separation w and lateral slip, s,
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are related by: w=0.6s2/3. To account for w, it is assumed that the bars pullout by w/2 from each side
of the contact surface. Considering uniform bond stresses along the embedment length, the axial bar
stress, fs, at the contact plane is estimated from:

 0.3s 2 / 3 E s f c/
f s  
Db







1/ 2

(3.27)

In Eq. (3.27), Es is the elastic modulus of steel and Db is the diameter of the bars clamping the
interface (here, the stirrup legs of the jacket).
(b) Dowel Resistance
In the dowel model the bar behaves as a horizontally loaded free-headed pile embedded in cohesive
soil. Yielding of the dowel and crushing of concrete are assumed to occur simultaneously. Dowel
force (the resultant of term vD in Eq. (3.23)) is obtained from the relative interface slip s as follows
[Fig. 3.17]:
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(3.28b)

where sd,el is the elastic slip value, sd,u is the ultimate slip value, VD,u is the ultimate dowel force and Db
is the diameter of the bars offering dowel resistance (here, legs of the jacket transverse reinforcement).
In Eq. (3.28b) the dowel force, VD(s), is estimated iteratively given the slip magnitude, s. The
ultimate dowel strength and associated interface slip are given by:



V D ,u  1.3 Db2 f c/ f sy ( 1  α ) 2



1/ 2

;

s d ,u  0.05 Db

(3.29)

where  is the bar axial stress normalized with respect to its yield value and fsy is the yield strength of
steel.
The total shear resistance of an interface with contact area Aint crossed by k dowels is:
V ( s )  vc ( s ) Aint  kVD ( s )

(3.30)
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where vc(s) and VD(s) are calculated from Eqs. (3.25) and (3.28), respectively, for a given amount of
interface slip.

fs
fs

s
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p
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w

x

p
z
fs

fs

fs

c

Fig. 3.17 Slip of bars crossing the interface.

3.4.2

Estimation of crack spacing

Similar to conventional bond analysis, shear transfer at the interface between the existing member and
the jacket is carried out between half crack intervals along the length of the jacketed member [Fig.
3.18(a)]. To evaluate the crack spacing the stress state at the crack is compared with that at the midspan between adjacent cracks [Fig. 3.18(b)]. It is assumed that at the initial stages of loading cracks
form only at the external layers (jacket) increasing in number with increasing load, up to crack
stabilization. This occurs when the jacket steel stress at the crack, fs,cr exceeds the limit (CEB-FIP
Model Code 90 1993):

f s ,cr  f ctm

1  ηρ s ,eff
ρ s ,eff

(3.31)

where fctm is the tensile strength of concrete, η(=Es/Ecm) is the modular ratio and ρs,eff is the effective
reinforcement ratio defined as the total steel area divided by the area of mobilized concrete in tension,
usually taken as a circular domain with a radius of 2.5Db around the bar (CEB-FIP Model Code 90
1993). Using the same considerations in the combined section it may be shown that a number of the
external cracks penetrate the second layer (core) of the jacketed member [Fig. 3.18(a)]. From the free
body diagram shown in Fig. 3.18(b) the shear flow, qo, at the contact between the bottom layer and the
core is estimated as:
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qo  π

N J Db ,J
bJ

(3.32)

f b ,J

where NJ is the number of bars in the tension steel layer of the jacket, Db,J is the bar diameter of the
jacket longitudinal reinforcement, fb,J is the average bond stress of the jacket reinforcement layer and
bJ is the width of the jacketed cross section. The crack spacing is estimated from free body
equilibrium in the tension zone of the core of the composite section [Fig. 3.18(b)]. Assuming that the
neutral axis depth is about constant in adjacent cross sections after stabilization of cracking, the crack
spacing is defined as follows:

c

2 bJ l c f ctm ,c

(3.33)

π N c Db ,c f b ,c  q o bJ

where Nc is the number of bars in the tension steel layer of the core, Db,c is the bar diameter of the core
longitudinal reinforcement, fb,c is the average bond stress of the core reinforcement layer, lc is the
height of the tension zone in the core component of the composite cross section and fctm,c the tensile
strength of concrete core.
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Fig. 3.18 (a) Definition of crack spacing, (b) Free body equilibrium for the estimation of the crack spacing.

3.4.3

Shear stress distribution on the cross section of the jacketed member

To analyze jacketed members in flexure the composite cross section is assumed to deform in its plane
of symmetry with a curvature φ; relative slip occurs in the horizontal contact planes between the top
and bottom jacket layers and the core [Fig. 3.16(a)]. Section equilibrium is established and the normal
stress resultant of each layer, ΣFi, is estimated [Fig. 3.19(a)]. Using dual-section analysis (Vecchio and
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Collins 1988), and considering that the shear force at any section equals the moment gradient along
the member length, the layer stress resultant ΣFi, is used to calculate the vertical shear stress demand
of the member (i.e., stress xy, oriented in the y-axis in Fig. 3.16(c)), at layer ith, denoted here by term
vd,i, from:

v d ,i 

ΣFi
0 .5 c b J

(3.34)

where c is obtained from Eq. (3.33) [Fig. 3.19(a)]. From basic mechanics the vertical shear stress, vd,i,
is taken equal to the horizontal shear stress (xy=yx) mobilized along the interface for a given slip
magnitude, si.
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Fig. 3.19 (a) Dual section analysis, (b) Shear stress – strain diagram of the interface.

3.4.4

Deformation estimated at yield and ultimate

The cross section is considered to have attained a state of flexural yielding when the extreme layer of
tensile reinforcement reaches first its yield strain (εsy) or alternatively when the concrete strain at the
extreme compression fiber exceeds the limit value of εc=1.5‰ (fib Bulletin 24 2003, Chapter 4).
Definition of an ultimate state is also adopted so as to allow comparisons between the monolithic and
the detailed analytical approach. To this purpose an equivalent monolithic curvature, φu,Meq, is
estimated from the analysis corresponding to a specified target drift at ultimate. The total inelastic
displacement comprises the elastic displacement at yield Δy, the plastic displacement Δp,u, and the
displacement owing to interface slip, Δslip,u:
Δo  Δy  Δ p ,u  Δslip ,u

(3.35a)

where,
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Δy 

L
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φ y Ls ; Δ p ,u  ( φu  φ y )l p ( Ls  0.5l p ); Δslip ,u  θ slip ,u L s  ( s 1,u  s 2 ,u ) s
3
jd

(3.35b)

In Eq. (3.35b), φy is the curvature at yield of the composite section, lp is the length of the plastic hinge
region (taken here as 0.08Ls+0.022Dbfsy according to Paulay and Priestley 1992), and φu is the
curvature at ultimate. Terms in Eq. (3.35) are calculated using the proposed model and represent the
tip displacements of a cantilever having a length Ls equal to the shear span of the member (in seismic
loading the cantilever considered represents approximately half the member length under lateral
sway). Δslip,u is calculated at the ultimate from the slip values at the upper and bottom interfaces, s1u
and s2u, as shown in Fig. 3.20. Owing to interface slip the cross section rotates by θslip,u=(s1,u+s2,u)/jd,
where jd represents the distance between the upper and the bottom interfaces (i.e. jd equals the core
height which is usually the cross sectional height of the old member). Clearly, the end (slip) rotation
θslip,u is greater for smoother interfaces, and therefore deformation indices of jacketed members are
expected to be higher for lower interface friction properties.
The equivalent monolithic curvature, φu,Meq, is obtained by assuming equal displacements at
ultimate for both the monolithic and the composite members. Therefore,



φueq,M



1


2
 Δo  3 φ y ,M Ls  φ y ,M l p Ls  0.5l p 


l p ( Ls  0.5l p )

(3.36)

In Eq. (3.36), o is the total tip displacement [calculated from Eq. (3.35a)] and φy,M is the curvature
at yield of the monolithic cross section obtained from conventional sectional analysis.
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Fig. 3.20 Rotation of the jacketed cross section due to slip.
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3.4.5

Calculation algorithm

In the proposed model the interfaces between old concrete and the jacket are treated as the weak link
of the composite behavior; thus, the shear force demand introduced in the contact surfaces for any
level of flexural curvature cannot exceed the associated interface strength that corresponds to the level
of slip already attained. Calculations are performed for monotonically increasing curvature using
stepwise iteration. Initially, interface slip is taken to be zero at both contact surfaces. Hence, in the
first step of the solution (for very small strains) the longitudinal strain profile is identical to that of the
monolithic approach [Fig. 3.16(a)]. The shear flow is calculated from dual-section analysis, using the
estimated flexural stresses. Based on classical mechanics a longitudinal shear flow (i.e. shear stress τxy
in Fig. 3.16(c)) may be calculated at any distance yi [Fig. 3.16(a)] from the neutral axis of a monolithic
elastic cross section, as:
qo  V S i / I

(3.37)

where Si is the first moment of area from yi to the top of the cross section, I is the moment of inertia of
the composite cross section, and V is the shear force on the member calculated from the estimated
flexural moment of the monolithic section divided by the shear span, Ls. In the subsequent steps the
longitudinal strain gradient is modified (by allowing for sequentially increasing discontinuities of
strain at the interface levels) as required to satisfy equilibrium. The interface slip is related to the
magnitude of strain discontinuity at the upper and bottom interfaces, 1 and 2, as follows:
s 1  Δε 1 c  ( ε c 1  ε j 2 ) c , s 2  Δε 2 c  ( ε j 3  ε c 2 ) c

(3.38)

where variables c1, j2 and j3, and c2 are normal strains in the section layers above and below the
contact surfaces [Fig. 3.16(a)], and c the average crack spacing [Fig. 3.19(a)]. Interface shear
resistance is mobilized depending on the slip magnitude: interface shear resistances v1 and v2 [Eq.
(3.23)] are obtained from the respective slip values (s1 and s2) using the constitutive relationships for
interface behavior [Eqs. (3.25-3.30), illustrated in Fig. 3.18(b)]. Shear demand values (vd,1 and vd,2),
estimated from Eq. (3.34), are compared with the dependable resistance values [from Eq. (3.23)] for
equilibrium. If equilibrium is not attained then the slip estimate is subsequently revised and the above
calculation repeated until convergence. The final step in the algorithm involves establishing
equilibrium of forces over the composite member cross section. The strain profile of the cross section
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is revised if there is a nonzero residual section force resultant, i.e., if ΣFi-Next0; the algorithm
converges to a final solution when both equilibrium requirements are satisfied.
The algorithm is summarized in the flowchart presented in Fig. 3.21. It comprises the following steps:
Step 1: For a selected level of sectional curvature, φn, it is required to calculate the associated moment
resultant, Mn. (Note that problem unknowns are, the normal strain at the top fiber of the jacketed cross
section, J1n,m, the interface slip at the upper (s1n,r) and bottom interfaces (s2n,r) and the associated
moment resultant, Mn). Therefore, start by setting the sectional curvature equal to φn.
Step 2: Estimate normal strain at the top fiber of the cross section, J1n,m [Fig. 3.16(a)]
Step 3: Estimate the interface slip at the upper and bottom interfaces, s1n,r and s2n,r [Eq. (3.38)]. Crack
spacing is calculated from Eq. (3.33).
Step 4: Calculate the shear stress at the upper and bottom interfaces, v1n,r and v2n,r, from the respective
slip values, s1n,r and s2n,r [Eqs. (3.3-3.8)].
Step 5: Define shear stress demands, vd,1n,r and vd,2n,r [Eq. (3.34)]. If both v1n,r=vd,1n,r and v2n,r=vd,2n,r
proceed to Step 6, otherwise return to Step 3 and set s1n,r+1=s1n,r+ds1, s2n,r+1=s2n,r+ds2. dsi is the selected
increment in the slip value.
Step 6: Check cross section equilibrium. If ΣFi-Next  tolerance go to Step 7. In any other case return to
Step 2 and set J1n,m+1=J1n,m+dJ. dJ is the step increment in the top strain of the jacketed cross
section.
Step 7: Set J1n=J1n,m, s1n=s1n,r, s2n=s2n,r and store convergent values.
Step 8: Estimate the moment resultant Mn. Repeat Steps 1-7 for n=n+1. Calculations stop when the
capacity of the shear interface is exhausted.
3.4.6

Experimental validation

Although RC jacketing is one of the most commonly applied rehabilitation methods worldwide, a
limited number of experimental programs on RC jacketed subassemblages have been reported (Ersoy
et al. 1993, Rodriguez and Park 1994, Bett et al. 1998, Gomes and Appleton 1998, Bousias et al.
2004, Vandoros and Dritsos 2006a, 2006b). The rather limited experimental database (compared to
FRP jacketing, for example) is a serious impediment in the development of design expressions for this
upgrading methodology.
In order to investigate the validity of the proposed analytical model for RC jacketed members
published experimental data are used. From among the available tests those conducted by Rodriguez
and Park (1994), Gomes and Appleton (1998), Bousias et al. (2004) and Vandoros and Dritsos (2006a,
2006b) summarized in Table 1 are used for model verification as they are considered representative
examples of columns under combined flexure and shear. It is noted that reinforcement slip owing to
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bond was included. Other relevant studies that were not included either concerned short column
specimens (Bett et al. 1998), or tests that had been conducted under constant moment (no shear, Ersoy
et al.1993).

Set curvature, φn
Estimate j1n,m

*Revise initial estimate

Estimate slip at top and bottom interfaces, s1n,r & s2n,r
Calculate shear stress at top and bottom interfaces, v1n,r
& v2n,r by using the constitutive model for interface
behavior
Define shear stress demand at top and bottom interfaces,
vd,1n,r & vd2n,r, by performing dual section analysis
Compare, v1n,r & v2n,r with the corresponding vd,1n,r
& vd,2n,r. Is equilibrium established?

NO*

YES
Check cross section equilibrium. Is cross section
equilibrium satisfied (ΣFi-Next  tolerance)?

NO*

YES
Set j1 =j1 , s1 = s1 , s2 =s2 . Calculate moment
resultant Mn. Set n=n+1 and repeat the procedure.
n

n,m

n

n,r

n

n,r

Fig. 3.21 Flowchart of the proposed algorithm.

Details of the experimental program are outlined in Table 3.2 for all specimens considered
such as geometric properties and reinforcement details of the original as well as the jacketed elements.
In the identification code adopted for the present comparative study the first character is either S or M
corresponding to strengthened members with jacketing after cyclic loading or specimens built
monolithically with a composite section to be used as controls, respectively. The second character
represents the treatment at the interface: r corresponds to roughened interface achieved by chipping or
sandblasting or other such methods, whereas s represents a smooth interface. The third character (D or
N) identifies specimens with dowels (marked by D) or without dowels (marked by N) crossing the
interface between the interior core and the jacket. The fourth character pd corresponds to pre-damaged
units. The numerals 15, 25, 30 and 45 stand for the lap splice length of the existing unit corresponding
to 15Db, 25Db, 30Db and 45Db, respectively. The character l corresponds to U-shaped steel links
utilized to connect the longitudinal reinforcement of the jacket to the existing member (core) and the
character w corresponds to welding of stirrup ends of the first four stirrups (from the base of the
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jacketed member). The numeral in the end is the specimen number considered (in successive order) in
Table 3.2. For easy reference, the original code names used for the specimens by the original
investigators are also listed in Table 3.2 (column “Specimens”).

3.4.6.1

Results

The calculated lateral load versus lateral displacement curves along with the curves obtained from
standard sectional analysis of the monolithic cross sections for the total number of tested units are
plotted in Figs. 3.22-3.26. The experimental curves plotted on the same Figure represent the envelope
of the recorded lateral load versus lateral displacement hysteretic loops.
In general, the monolithic approach grossly overestimates the actual response of the jacketed
member; however it is successful in reproducing the trends of member behavior even if interface slip
is neglected. The analytical model provides a lower bound of the response of the jacketed members
and it may generally be considered conservative, while matching well the experimental values. At low
deformation levels response curves obtained by the analytical approach and by the monolithic
approach almost coincide. This is expected as long as crack formation is at an early stage.
In addition to these general observations, the following points are noted: for the first group of
specimens (Rodriguez and Park 1994, Fig. 3.22) the previous damage of units SrNpd-1 and SrNpd-4
had no significant influence on the response as compared to units SrN-2 and SrN-3, which had not
suffered any damage prior to jacketing. Clearly, the analytical result is very close to its experimental
counterpart in the case of specimens MsN-7 and SsNpd-5 (Gomes and Appleton 1998, Fig. 3.23). The
experimental curve representing specimen SsNpd-5 lies below that of specimen MsN-7 and this is
attributed to the initial damage of unit SsNpd-5. In the third group (Bousias et al. 2004, Fig. 3.24) the
experimental response of the units seems insensitive to the lap splice length of existing reinforcement
and to the degree of previous damage imparted to units SsNpd15-12 and SsNpd25-13. This is also
observed in the case of the fourth group of units (Bousias et al. 2004, Fig. 3.25). In the last group of
units (Vandoros and Dritsos 2006a, 2006b, Fig. 3.26) the estimated strength of the monolithic unit
(MsN-17) matches the experimental evidence but the actual secant to yield stiffness is lower. The
response of unit SsNw-22 is very close to the response of the monolithic approach, although slip at the
interface modifies the response somewhat, as shown by the analytical curve.
The response of the jacketed members is influenced greatly by the interface model utilized. A
more sensitive model that could describe in more detail the interface shear behavior would provide
better results. In general, a softer response than the experimental envelope implies too compliant an
interface, whereas the opposite trend implies the interface stiffness has been overestimated. This is
demonstrated in the following sections, where a parametric investigation of the model’s sensitivity is
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explored. Interface behavior requires further calibration, and this would have been done if a critical
mass of experiments were available. However, even as things stand, by explicitly accounting for this
aspect in calculating the flexural response of composite members, the model introduces a degree of
freedom that enables consideration of an important response mechanism that was previously
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3.4.7

Parametric investigation

A parametric investigation is conducted in the present section so as to establish the sensitivity of the
monolithic factors to the important design and model variables. Note that these factors are used to
estimate the response indices of jacketed, composite reinforced concrete members, from the
corresponding response variables of monolithic members with identical cross section, on the premise
that the latter quantities are easily established from conventional flexural analysis. The magnitude of
monolithic factors depends on the property considered (strength, stiffness or deformation), on the
jacket characteristics and on the interface properties.

3.4.7.1

Parameters of study

A sensitivity analysis of monolithic factors is conducted in this section through a detailed evaluation
of two reference cases. The core of the composite member is the existing member, representative of
former construction practices. In Case 1 the core used had a 350 mm square cross section, reinforced
longitudinally with a steel area ratio, ρlc, equal to 1% and transverse confining reinforcement ratio
ρwc=0.13% (perimeter stirrups Ø6 mm/200 mm). Concrete cylinder uniaxial compressive strength fc/
was 16 MPa and steel yield strength fsy was 300 MPa. In Case 2 the core had a rectangular cross
section of 250 by 500 mm, with a longitudinal reinforcement ratio, ρlc=0.8%, transverse confining
reinforcement ratio ρwc=0.24% (perimeter stirrups Ø8 mm/200 mm), concrete uniaxial compressive
strength fc/=16 MPa and steel yield strength fsy=300 MPa. In both cases the jacket considered was 75
mm thick. After application of the jacket the shear span ratio was reduced from 4.3 to 3 (flexure
dominated) and from 3 to 2.3 (shear dominated) for the two case studies, respectively.
Parameters of the investigation were the percentage of the longitudinal reinforcement of the
jacketed cross section (ρJ*=AJ/(bJhJ-bchc)) which varied between 1% and 3%, the transverse confining
reinforcement ratio of the jacket (ρwJ) which varied for the square cross section (Case 1) between 0.3%
and 1.25% and for the rectangular cross section (Case 2) between 0.4% and 1.75% and the axial load
(P) applied on the jacketed cross section expressed as a fraction of the theoretical crushing capacity
(Agfc/) of the jacketed cross section which varied between 0 and 0.3. The cylinder compressive strength
of the jacket concrete was taken as fc/=20 MPa. Yield strength of both longitudinal and transverse
jacket reinforcements was taken as fsy=500 MPa.
The results of the parametric study are presented in terms of the monolithic factor values both for
flexural strength and for deformation capacities. In this regard, the following three definitions are
adopted for the objectives of the study:
K yM 

My
M y ,M

; K uM 

Mu
M u ,M

(3.39a)
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K yφ 

K φ ,μ 

φy
φ y ,M

μφ
μ φ ,M

; K uφ 

φu
φu ,M

(3.39b)

; K Δ ,μ 

μΔ
μ Δ ,M

(3.39c)

where KM, Kφ and Kμ refer to the monolithic factors for flexural strength, curvature and ductility.
Subscripts y and u refer to yield and ultimate, respectively, whereas φ and  refer to curvature and
displacement ductilities. The moments at yield, My, and ultimate, Mu, of the RC jacketed member are
estimated by multiplying the corresponding moments, My,M, and Mu,M , of the monolithic member with
factors KyM and KuM [Eq. (3.39a)]. Pertinent monolithic factors Kyφ and Kuφ may be used in the same
way in order to obtain the curvature at yield, φy, and ultimate, φu, of the RC jacketed members [Eq.
(3.17b)]. Similarly, by multiplying the curvature ductility μφ,M and the displacement ductility μΔ,M, of
the monolithic cross section with appropriate monolithic factors K φ,μ and KΔ,μ, the curvature ductility
μφ and the displacement ductility μΔ of the jacketed member may be estimated [Eq. (3.39c)].
3.4.7.2

Role of the characteristics of the jacket

The direct effect induced by any change in the design characteristics of the jacket is depicted for both
the yield and the ultimate stage in Fig. 3.9. The circular mark in Fig. 3.27 corresponds to the reference
case of the parametric study with ρlJ= 1% ρwJ= 0.3% and N/=0 for the square section example and ρlJ=
1% ρwJ= 0.4% and N/=0 for the rectangular one. The arrows indicate the influence on the monolithic
factors plotted in the x and y axes, effected by a corresponding change in the parameter studied.
With reference to the square cross section (Case 1), increasing both the percentage of longitudinal
reinforcement of the jacket (ρlJ) and the applied axial load ratio (P/=P/Agfc/) results in a reduction of
KyM and an increase of Ky [Fig. 3.27(a)]. This is also observed in the shear dominated member (Case
2), however, the influence is less pronounced especially on KyM. This indicates that flexure-dominated
members are more sensitive to changes of axial load and longitudinal reinforcement compared to the
shear-dominated ones. As discussed earlier, the jacketed member reaches yield at lower strength but at
increased curvature as compared to its monolithic counterpart, owing to the increased deformation due
to interface slip. The opposite is observed when confinement reinforcement of the jacket (ρwJ) is
increased since interface slip is suppressed with confinement (i.e. the cross section approaches more
the monolithic condition).
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Fig. 3.27 Monolithic factors of strength and deformation at (a) yield and (b) ultimate.

Results of the parametric investigation at a nominal ultimate limit state for both reference Cases 1
and 2 are presented in Fig. 3.27(b). The nominal ultimate is taken here to correspond to a lateral drift
of 2% for both the analytical and monolithic model. This level was selected as a performance limit
state and a point of reference as it corresponds to a displacement ductility in excess of 3 for regular
frame members, which is considered an upper bound for the acceptable level of ductility demand in a
redesigned structure. Increasing the longitudinal jacket reinforcement ratio (ρlJ) and applied axial load
ratio (P/) produce a simultaneous reduction in the monolithic factors for strength and deformation at
ultimate, whereas the reverse effect is obtained by increasing the amount of jacket confinement
reinforcement (ρwJ) [Fig. 3.27(b) for Case 1]. In the case of the shear-dominated member (Case 2)
response is differentiated with regards to the axial load influence: as the axial load ratio increases the
monolithic factor for strength at ultimate also increases, whereas the monolithic factor for deformation
at ultimate decreases.
The influence that each of the parameters under investigation has on the various monolithic factors
is depicted in Figs. 3.28, 3.29, 3.30 and is discussed in detail in the following paragraphs for both the
square (Case 1) and rectangular (Case 2) cross sections, respectively.
Longitudinal jacket reinforcement ratio, (ρlJ): KyM, KuM, Kuφ, K

φ,μ

, KΔ,μ are all reduced with

increasing value of this variable [Fig. 3.28]. The reverse trend is observed for Kyφ.
Axial load, (P/): Increasing the applied axial load ratio (P/) leads to a simultaneous reduction of KyM,
KuM and Kuφ [Fig. 3.29], but also of K φ,μ and KΔ,μ. The monolithic factor of curvature at yield (Kyφ)
increases for an axial load ratio up to 0.2, but the trend is not uniform for both cases (Case 1 and 2) at
higher axial loads.
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Confining reinforcement, (ρwJ): As illustrated in Fig. 3.30, KyM and KuM increase mildly as the
percentage of jacket confining reinforcement (ρwJ) increases. Because the dowel function of transverse
reinforcement is mobilized passively, Kyφ is almost insensitive to ρwJ, whereas there is a strong increase
of Kuφ with confinement. Similarly, K φ,μ and KΔ,μ both increase with ρwJ.
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Fig. 3.30 Influence of jacket confinement reinforcement on monolithic factors (Case 1, Case2).

3.4.7.3

Discussion of the results of the parametric study

The results of the current parametric study provide an insight into the mechanical effect that jacket
characteristics play on the lateral load response of jacketed members. Monolithic factors are sensitive
to the design variables of the jacket and do not generally assume an obvious fixed value. From the
results of the parametric study for both the square (Case 1) and the rectangular (Case 2) cross section
the values of the monolithic factors range as follows (1) KyM=(0.630.95), (2) KuM=(0.490.97), (3)
Kyφ=(0.952.57), (4) Kuφ=(0.340.90), (5) K φ,μ=(0.150.93) and (6) KΔ,μ=(0.390.94).
The above results are consistent with the values suggested by EC8 (1996) for the monolithic factor
of strength KR=0.8 (no distinction is made by the code between yield and ultimate), although the range
of estimated values is larger for the ultimate (KuM). The estimated values for Kyφ show that jacketed
cross sections reach yield at greater curvatures, owing to slip at the interface between the existing
member and the core. The Kuφ is less than 1.0, thus, in general the curvature at ultimate ( u) estimated
from the analytical approach is smaller than the monolithic estimate ( u,M). Considering that slip at the
upper and bottom interfaces contributes to lateral drift, the reduced value of curvature at ultimate (2%
drift) defined by the analytical approach is justified. The monolithic factors of curvature and
displacement ductilities (K φ,μ, KΔ,μ) are less than 1.0, which underlines that analytical curvature and
displacement ductilities are both lower than the corresponding monolithic values.
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3.4.8

Sensitivity of the analytical model

The proposed analytical model is primarily sensitive to parameters that affect the estimation of crack
spacing and the shear strength of the contact interfaces. Each of these variables has a distinct influence
on the computational procedure; however, selection of the shear interface model is fundamental.
Variables of the shear transfer model used herein (Tassios and Vintzēleou 1987; Vintzēleou and
Tassios 1986, 1987; Vassilopoulou and Tassios 2003) are the interface strength (vc,u) and the slope of
the postpeak branch (λ) [Fig. 3.31(a)].
A brief parametric investigation was conducted in order to explore the sensitivity of the model to
the primary variables. The square cross section used in the preceding as Case 1 is used as a point of
reference. Geometric characteristics and material properties of the existing member core were already
given in earlier sections. Longitudinal jacket reinforcement ratio was selected as ρlJ=1%, with
transverse confining reinforcement ρwJ=0.3% (fsy=500 MPa). No axial load was applied on the jacketed
cross section, whereas fc/=20 MPa for the jacket concrete.
First, the influence of the interface shear friction on the response of the jacketed member was
studied. To model unfavorable conditions at the interface, the shear friction coefficient f is increased
stepwise up to 0.65 (values used are, 0.4, 0.55, 0.65 while keeping λ=1; this coefficient indirectly
accounts for the roughness of the interface). The steepness of the descending branch was examined for
λ=1, 1/2, and 1/3 whereas vc,u was given by Eq. (3.26). The values selected for λ are based on
published experimental data (Bass et al. 1989; Papanicolaou and Triantafillou 2002). The results of the
parametric investigation are summarized in Fig. 3.31 in a moment versus curvature diagram. For lower
values of λ, i.e., more gradual decay of the descending branch of the shear stress strain curve
[Fig.3.31(a)], higher levels of curvature capacity are estimated [Fig. 3.31(b)]. Increasing f leads to
higher shear capacity at the contact surface allowing for the development of higher strength and
curvature values [Fig. 3.31(c)].
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Fig. 3.31 Role of the shear friction model.
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3.4.9

Summary and conclusions for the analytical model for RC jacketed members

An algorithm for calculating the monotonic response of reinforced concrete jacketed members is
presented. The model introduces a kinematic degree of freedom (interface slip) that enables
consideration of an important mechanism of behavior that was previously overlooked, namely the
shear transfer mechanisms mobilized due to sliding at the interface between existing and new material.
The weak link controlling deformations in this problem is the interface. The capacity of the weakest
link is evaluated and checked in every step, to make sure it is not exceeded by the demand. The shear
demand at the interface is controlled by the flexural stresses on the cross section and by the spacing of
cracks in the longitudinal direction, whereas the shear capacity is a function of slip. The shear stress
slip relationship for the contact surfaces and the definition of crack spacing play a key role in the
algorithm. Analytical results show that the model can reproduce successfully the observed response of
jacketed members and correlates well with experimental data. This analysis tool was used to explore
the difference between the ideal response of monolithic members and the actual response of the RC
jacketed members of identical geometry with reference to the design variables. A parametric study
was conducted and the dependence of various monolithic factors on the characteristics of the jacket
was investigated. It was found that strength factors at yield (KyM) range between 0.63 and 0.95,
whereas strength factors at ultimate (KuM) range between 0.49 and 0.97. Monolithic factors for
deformation indices were found in case of curvature at yield to range between 0.95 and 2.57, whereas
in case of curvature at ultimate between 0.34 and 0.90. The monolithic factors of curvature and
displacement ductilities (K φ,μ, KΔ,μ) are both lower than the corresponding monolithic values with the
former to range between 0.15 and 0.93 and the latter between 0.39 and 0.94.

3.5

Methodology for estimating the design parameters of RC members retrofitted with
FRP jacketing

Repair / strengthening of RC prismatic elements with composite fabrics aims at the elimination of
deficiencies related to insufficient shear reinforcement and level of confinement of the member. The
latter has as a consequence the decreased deformation capacity of the member, buckling of
compressed bars in critical regions and failure of the lap splices. Redesign should allow prioritizing of
failures modes aiming at flexural failure of the member, so that the member be protected from
premature failure modes. The principle that rules the retrofit strategy of old technology RC prismatic
members repaired / strengthened with composite fabrics is expressed by the following equation (fib
Bulletin 24 2003):
Vu ,lim  min( V flex ,V shear ,V anchor ,Vbuckl )

(3.40)
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where Vflex is the shear force required to develop the flexural capacity at the support, Vshear is the web
shear strength, Vanchor is the shear force that may be sustained when the anchorage of reinforcement or
lap splice reaches its capacity, and Vbuckl is the shear force sustained when compression reinforcement
buckles at the critical section.
The design methodology adopted for calculating the required number of layers of composite
fabrics to ensure the selected performance objectives expressed in terms of ductility is presented
herein. The methodology is based on previous research of Tastani and Pantazopoulou (2004b, 2006).
The interrelation of the mechanical characteristics of the retrofitted element to the design
characteristics of the composite jackets for the various failure modes through parameterized
expressions constitutes the fundamental objective of Part A of the report.

3.5.1

Increase of shear strength

The shear strength of an existing member, Vshear, comprises the strength of the web reinforcement
(stirrups), Vwst, and the shear strength of the concrete web, Vc. Based on recent research, shear
resistance of reinforced concrete members subjected to cyclic shear reversals degrades with the
number of cycles and the magnitude of the imposed displacement ductility, μΔ. This strength reduction
is attributed to the breakdown of concrete’s tensile and compressive resistance with increasing crack
widths (mechanisms like dowel action, bond, diagonal tension, aggregate interlock disintegrate with
increasing crack width and accumulation of damage). This phenomenon is taken into account in the
assessment of the resistance of the existing cross section through the reduction factor, k, which is
given as a function of displacement ductility, μΔ (Moehle et al. 2002), [Fig. 3.32].
Vshear  k ( Vwst  Vc ) , k ( μ Δ )  1.15  0.075 μ Δ & 0.7  k ( μ Δ )  1.0

V wst  Ast f y ,st

Vc  αV Rd 1

d
s

(3.41a)

(3.41b)

(3.41c)

where Ast is the total area of the stirrup legs, fy,st is the yield strength of the confining reinforcement, d
is the static height of the cross section, sst is the distance between successive stirrups and VRd1 is the
shear strength of the concrete web. Parameter k, which depends on the magnitude of imposed ductility
demand, may be taken equal to 0.7 for conservative design, whereas parameter α for seismic design
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and mainly in case of beams subjected to flexure and columns with low axial load is taken equal to

Reduction coefficient, k

0.3.

1.0

Lb,a

d
0.7

s

0.4

(a)

2

6

Displacement ductility, μΔ

Crack plane

Critical section of tie

(b)

Fig. 3.32 (a) Reduction coefficient k, (b) Calculation of the tie capacity based on tie anchorage conditions.

The seismic shear force required to develop the ideal flexural resistance of the member is equal to:
u
V flex
 M uflex / Ls

(3.42)

where Μflexu is the ideal flexural resistance of the member and Ls is the shear span length.
The effective transverse pressure provided by the FRP jacket, σlatf , equals:

σ latf





u
V flex
 Vshear
2 K vf nshear t f E f ε eff
Vwf
f



bh
bh
b

(3.43)

where b, h is the width and the height of the cross section, respectively, ρwf is the volumetric ratio of
the FRP jacket, tf is the FRP ply thickness and Ef is the elastic modulus of the FRP wrap. The effective
tensile strain that develops in the jacket near failure (failure due to either debonding or rupture), εfeff, is
equal to 0.5εfu,d for closed jackets, where εfu,d is the nominal deformation capacity of the jacket
material. The effectiveness coefficient for shear, Kfv, for closed jackets is equal to 1, whereas in any
other case the anchorage length of the fabric beyond the crack, Lf, is critical. For open jackets, Ushaped, the effectiveness coefficient for shear, Kfv, may be taken equal to 0.5 (fib Bulletin 24 2003,
Chapter 4 2003). The required number of layers, nshear, is calculated as follows:

n shear 

V wf
2 K vf t f E f  eff
f h

(3.44)
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3.5.2

Confinement – Increase of ductility level

Retrofit design aims at increasing the deformation capacity of the existing member via increasing the
confinement level. The target displacement ductility, μΔ, is related to the characteristics of the jacket
by the lower bound expression of Tastani and Pantazopoulou (2004):
 σ conf

μ Δ  1.3  12.4  lat/  0.1   1.3
 f

 c


(3.45a)

 μ  1.3

conf
σ lat
 f c/  Δ
 0.1
 12.4


(3.45b)

The selection of a target displacement ductility level, μΔ=2, is considered satisfying and feasible
for repaired / strengthened members. In case of rectangular cross sections the distribution of lateral
transverse confining pressure along the width of the cross section is not uniform and it is increased in
the corners of the cross section. The effectiveness confining coefficient for the FRP jacketing system,
Kfconf, is a function of the volume confined in respect to the total volume encased by the FRP jacket
(fib Bulletin 14, Chapter 6 2001) [Fig. 3.33]:

k conf
 1
f

b



 d '2
3 Ag ( 1  ρ s )
'2

(3.46)

where Ag is the cross sectional area and ρs is the percentage of the longitudinal reinforcement. The
confinement effectiveness coefficient of the jacket becomes Κfconf=1, for circular cross sections.
The confining pressure, σlatconf, is the average value obtained from the mean value of the
corresponding stresses in the two principal directions of the cross section:

σ latf 



 



1 f
1
1
σ lat ,x  σ latf , y  ρ fv ,x  ρ fv , y K conf
E f ε eff
ρ fv K conf
E f ε eff
f
f 
f
f
2
2
2

(3.47)

where σlat,xf, σlat,yf are the transverse confining stresses in the two principal directions of the cross
section x, y, and ρfv,x, ρfv,y are the corresponding volumetric ratios of FRP jackets. The required
volumetric ratio of the jacket, ρfv, is obtained from Eq. (3.47) for increasing the target ductility level,
μΔ, as follows:
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ρfv 

conf
σlat
eff
0.5kconf
f Ef εf

(3.48)

In case of confinement, the effective strain of the jacketing system, εfeff, is taken equal to the
nominal deformation capacity, εfud, of the jacket material. If εfeff=0.5εfu,d, then Eq. (3.45a) is overly
conservative and is not considered in detailing jacket layers. The required number of layers, nconf, is
related to the volumetric percentage of the jacket by the following expression:

ρfv  ρfv,x ρfv,y 

2nconftf (bh)
bh

nconf

0.5ρfvbh

(3.49)

tf (bh)

In case of a square cross secion (b=h), Eq. (3.49) is simplified to nconf=0.25ρfvb/tf. The failure
compressives strain, εccu, is estimated from (fib Bulletin 24 2003):
conf
 kconf

ρfv Ef εeff
 σlat

f
f




εcc,u  0.0040.075 , 0.1  0.0040.075

0
.
1
'


f
f
c
c





(3.50)

The strain ductility, μεc, is calculated from:

μ εc 

ε cc ,u

(3.51)

ε sy

where εsy is the yield strain of steel.
Unconfined concrete

rc =radius
d

Ag

b/=b-2rc
b

d/=d-2rc

Confined concrete

Fig. 3.33 FRP jacketed cross section – Confined and unconfined regions.
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3.5.3

Confinement – Delay of bar buckling

It is important in the design of composite jackets to be considered whether the element will reach the
target displacement ductility, μΔ, before the beginning of buckling of the longitudinal reinforcement.
For retrofitted members a target displacement ductility is selected, μΔ=2 (usually ductility level μΔ=2
is considered feasible). The curvature strain ductility, μΦ, is estimated from the following expression:



 Ll

μ Δ  1  3 μφ  1

p
s

l

 1  0.5 p

Ls



( μ Δ  1 )L s
  μφ 
1

lp

3l p ( 1  0.5
)
Ls

(3.52)

where lp the plastic hinge length taken equal to lp=0.08Ls+0.022fsyDb according to Priestley et al.
(1996), Ls is the shear span length and Db is the bar diameter.
Compression strain demand, μεc, is related to dependable curvature ductility, μΦ, as follows (fib
Bulletin 24 2003):
μεc  1.1μφ  1

(3.53)

By making use of Eq. (3.51), the failure compressive strain, εcc,u(=μεcεsy), is estimated. The transverse
confining pressure, σlatconf, is calculated from Εξ. (3.50), as follows:
 ε cc ,u  0.004 

conf
σ lat

 0.1 f c/
0.075



(3.54)

The required FRP layers, nconf , results after substituting Eq. (3.48) in Eq. (3.49):

nconf

conf
bh
σlat
eff
tf (bh) Kconf
f Ef εf

nconf

conf
b σlat
, for square cross section (b=h)
eff
2tf Kconf
f Ef εf

(3.55a)

(3.55b)
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3.5.4

Confinement – Lap-splice strengthening

Increasing the resistance of the member by FRP jacketing has as a consequence the increase of the
load undertaken by the lap – splices / anchorages. Given an anchorage length Lb, bond stress demand,
fbdem, is calculated as follows:

f bdem 

Db f sy

(3.56)

4 Lb

The average frictional bond stress developing along the lateral surface of the bar equals:

f bdem

2 μc

πDb

 c
σ anch
 σ  lat
 lat
Nb







(3.57)

where μc is the coefficient of friction at the steel-concrete interface taken equal to 0.9, Nb is the number
of bars (or pairs of spliced bars) laterally restrained by the transverse pressure, σlatc, σlatf ε the radial
pressure exerted upon the lateral surface of the bar by the concrete cover and jacketing reinforcement,
respectively. The radial stress applied on the lateral surface of the bar, σlatf/Nb, is calculated from Eq.
(3.57) as follows:

σ anch
lat



Nb

f bdem πDb
 cf t /
μ

(3.58)

where cc is the concrete cover and ft/ is the tensile strength of concrete. The required number of layers
of composite fabric is given by:

anch
σlat
f
2tf Kanch
Ef εhc

(3.59a)

u r ,o
ε ho
, ε ho 
, ur ,o  0.05mm
( Db / 2 )
( 1  2( c / Db ))

(3.59b)

nanch

ε hc 

where Κfanch is the effectiveness coefficient of the jacket taken for anchorage confinement equal to 1,
εhc is the surface strain value associated with attainment of peak bond stress along the bar, εhο is the
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strain of transverse reinforcement which is in direct contact with the primary reinforcement and ur,o is
the radial displacement.
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APPENDIX 3.1
Ι. Analytical expressions for the definition of the height of the compressive zone and the moment
at yielding
The analytical expression presented in Appendix 3.1, were utilized in the parametric study (Section
3.2) for calculating the mechanical characteristics of the RC jacketed members. The composite cross
section is considered as monolithic, assuming that there is full connection in the interface between the
old and the new concrete [Fig. A3.1].
The height of the compression zone of the jacketed cross section, cy,J, is estimated from:
AI c 2y ,J  AII c y ,J  AIII  0; c y,J  ξ y ,J h J

(A3.1)

Parameters AΙ, AΙΙ and AΙΙΙ are defined as follows:

AI  

0.5
ηc h J

AII   ρsc/  ρsc  ρswc ( δc  δc/ )  ρJ/  ρJ  ρwJ ( δJ  δJ/ )

AIII  ρsc/ d c/  ρsc d c  0.5 ρswc ( d c/  d c )( δc  δc/ )  ρJ/ d J/  ρJ d J 
0.5 ρwJ ( d J/  d J )( δJ  δJ/ )

(A3.2a)

(A3.2b)

(A3.2c)

where according to Fig. A3.1, bJ and hJ are the width and the height of the jacketed cross section,
respectively, and ηc(=Es/Ec) is the modular ratio of steel and concrete (Es/Ec). In order to simplify
further the calculations, the percentages of the reinforcement of the core (existing member) and the
jacket are defined as: ρsc/=Ac//(bJhJ), ρsc=Ac/(bJhJ), ρJ/=AJ//(bJhJ), ρJ=AJ/(bJhJ), ρswc=Awc/[bJ(dc-dc/)],
ρwJ=AwJ/[bJ(dJ-dJ/)]. Additionally, δc/=dc//hJ, δc=dc/hJ, δJ/=dJ//hJ, δJ=dJ/hJ.
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Fig. A3.1 RC jacketed cross section.

Eqs. (A3.2b) and (A3.2c) are applicable in case that no axial load is applied on the jacketed cross
section. Depending on the magnitude of axial load, yielding may occur when either bottom steel
reinforcement reaches yield or the compressive concrete strain reaches a certain level (c=1.8·fc/Ec). In
this case, parameters AΙΙ and AΙΙΙ are modified as:

Yielding of tension steel: AII/  AII 

P / f c/ d J
P / f c/
/
 AIII 
, AIII
ηc ε sy E c
ηc ε sy E c

Yielding due to compressive strain: AII/  AII 

0.55 P /
/
, AIII
 AIII
ηc

(A3.3a)

(A3.3b)

where P/(=P/( fcbJhJ)) the dimensionless compressive axial load.
Based on the above expressions the moment at yield is extracted as a function of the dimensionless
height of the compression zone, ξy,J:

M y ,J
Ec

3
y ,J b J h J

 M y/ ,C  M y/ ,c  M y/ ,J

(A3.4a)

M y/ ,C  0.25ξ y2,J ( 1  0.8ξ y ,J )





(A3.4b)







M y/ ,c  ηc ρsc/ δc/  ξ y ,J δc/  0.5  ηc ρsc δc  ξ y ,J δc  0.5







 0.5 ηc ρswc δc  δc/  2ξ y ,J δc  δc/ ξ y ,J  0.5( 1  δc/  δc


)

(A3.4c)
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M y/ ,J  ηc ρ J/ δ J/  ξ y ,J δ J/  0.5  ηc ρ J δ J  ξ y ,J δ J  0.5











(A3.4d)

 0.5 ηc ρ wJ δ J  δ J/  2ξ y ,J δ J  δ J/ ξ y ,J  0.5( 1  δ J/  δ J )

ΙΙ. Determination of the height of the compression zone and moment at ultimate

Height of the compression zone at ultimate
The dimensionless height of the compression zone at ultimate, ξu,J, may be estimated using
interpolation for a specified axial load, P, from the following set of equations:



If Pu ,min  P  Pu ,bal , ξ u ,J  δ J/  ξ u ,bal  ξ u ,min

 PP  P P  
u ,min

u ,bal



If Pu ,bal  P  Pu ,max , ξ u ,J  ξ u ,bal  ξ u ,max  ξ u ,bal

(A3.5a)

u ,min

 P  P 
P  P 
u ,bal

u ,max

(A3.5b)

u ,bal

The values Pu,min, Pu,bal, Pu,max correspond to characteristic values of the compression zone, cu,J, for
εcu=0.005 and are given by the following equations:

(i) cu,J  d J/ ,  ξ u ,J  δ J/ ,

Pcu/ ,min 
f y ,c
f c/

Pcu ,min
b J h J f c/



ρ swc δ c 

PJu/ ,min 

δ c/

N Ju ,min
b J h J f c/



f y ,c
f c/

Pu ,min

ρ 1  3.3E
/
sc

1  1.67 E δ
1c



f y ,J
f c/

 0.8 δ J/  Pcu/ ,min  PJu/ ,min  P /

b J h J f c/

cc



ρ 1  2 E
J

(ii) c u,J  0.67 d J ,  ξ u ,J  0.67 δ J ,

/
1c ( δ cc

δ cc/

1J



(A3.6a)





 1.3  ρ sc 1  3.3 E 1c ( δ cc  1.3 

 2.6

(A3.6b)





( δ JJ  1.5 

f y ,J
f c/





ρ wJ δ J  δ J/ 1  E1 J δ JJ  2 

Pu ,bal
 0.54 J  Pcu/ ,bal  PJu/ ,ba  P /
/
bJ hJ f c

(A3.6c)

(A3.7a)
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 0.8 δ J  Pcu/ ,max  PJu/ ,max  P /







ρ J/ 1  E1 J 1  2δ J/ 
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c

(A3.8b)


f y ,J
f c/





ρ wJ δ J  δ J/ 1  E1 J δ J/



(A3.8c)

where δcc=dc/dJ/, δcc/=dc//dJ/, δJJ/=dJ/dJ/ and P/(=P/( fcbJhJ)). Ε1c, E1J are the elastic modules of the
longitudinal reinforcement of the core and the jacket, respectively, of the post-yield branch (Ε1c=(fsu,cfsy,c)/(εsu,c- εsy,c), Ε1J=(fsu, J-fsy,J)/(εsu,J- εsy,J)).
Moment at ultimate
The same procedure is followed for the estimation of the moment at ultimate, Mu,J, for a specified
value of axial load, P.



If Pu ,min  P  Pu ,bal , M u ,J  M u ,min  M u ,bal  M u ,min

 PP  P P  

(A3.9a)

 P  P 
P  P 

(A3.9b)

u ,min

u ,bal



If Pu ,bal  P  Pu ,max , M u ,J  M u ,bal  M u ,max  M u ,bal

u ,min

u ,bal

u ,max

u ,bal
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The values of Μu,min, Μu,bal, Μu,max correspond to characteristic values of the compression zone at
ultimate, cu,J, for εcu=0.005 and are given by the following set of equations:
M u ,min

(i) cu,J  d J/ ,  ξ u ,J  δ J/ ,

/
M Cu
,min

/
/
/
 M Cu
,min  M cu ,min  M Ju ,min

b J h J2 f y ,c

f c/ /
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APPENDIX 3.2
Ι. Stiffness expressions for RC Walls

The stiffness expressions for RC walls are applied in Part B of the report and specifically in Chapter
Six.
Stiffness as a function of the reinforcement ratio of the wall
Stiffness of the wall is given by the following expression:

1

K y ,w 

hst3
12 E w ,c I y ,w

h
 st
GAw

(A3.13)

where Ew,c is the average concrete elastic modulus and Iy,w is the moment of inertia at first yield. The
first term in the denominator corresponds to the flexural stiffness of the RC wall, Ky,wfl. G(=0.4Ew,c) is
the wall shear modulus and Aw(=twhw) is the wall cross sectional area. After algebraic manipulation it
follows that the stiffness at yield of a jacketed member is:

K y ,w 

1
1
K yfl,w

2.5

E w ,c t w  w

(A3.14)
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The flexural stiffness of the RC wall, Ky,wfl, equals:

K yfl,w  4.8t w  3w E s ρ f  2.7 t w  3w E s ρ w  5.4t w  3w E s
2
2

 1  3.6  w E s P  3 w E s  1.8 w E s ρ w

f sy
f c' f sy t w hst
f c'


f sy
f c'

ρ w2 

(A3.15)

 P

 hst


where tw is the width of the jacketed cross section, ℓw(=hw/hst) is the ratio of the section height to the
storey height, ρf is the end wall reinforcement and ρw is the web reinforcement. The total stiffness of a
floor that comprises nw (number of) walls is equal to:
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The moment at yield, Μy,w, is defined as:
M y ,w  0.8t w hw2 f sy ρ f  0.5 hw P  0.45t w hw2 f sy ρ w  0.3hw P
0.9t w hw2

f sy2
f c'

ρ w2

f sy
f c'

ρw 

(A3.17)
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Fig. A3.2 Cross sectional equilibrium at first yield for RC walls.
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Stiffness as a function of the stiffness coefficient, ωw
The moment of inertia of a RC wall at first yield, Ιy,w,(see Eq. (A3.13a)), is defined as:

I y ,w  i y ,w t w d w3

(A3.18)

where tw is the width of the jacketed cross section, dw is the distance from the extreme compression
fiber to the centroid of longitudinal tension reinforcement and iy,w is a coefficient that depends on the
design parameters of the wall, used to quantify the moment of inertia of the wall cross section at first
yield. As in the case of RC jackets iy,w depends on the depth of compression zone upon section
yielding of the jacketed element (composite section). This is given in non-dimensional form by the
factor w (depth of compression zone = w dw), as follows:
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(A3.19b)

where ηE is the modular ratio Es/Ew,c, Es is the elastic modulus of steel, P is the applied axial load
(compression positive), fy yield strength of the longitudinal reinforcement, dw/ the distance from the
extreme compression fiber to the centroid of longitudinal compression reinforcement, ρ is the
percentage of the end (boundary) longitudinal reinforcement, whereas ρw the percentage of web
longitudinal reinforcement.
Coefficient iy,w is established from sectional equilibrium and is given by:

i y ,w 
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 d'
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The wall stiffness at yield is defined from:
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where ρw,fl corresponds to the area ratio of walls over the floor area Afl, lw(=dw/hst) is the ratio of the
effective depth of the wall to the storey height. The coefficient ωw depends on the characteristics of the
wall and defines the required stiffness. The total stiffness of a floor with nw-(number of) walls is given
from:
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(A3.22)
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Chapter 4
Equivalent Single-Degree-of-Freedom of the
retrofitted building
4.1

Introduction

The determination of the adequate retrofit strategy for the seismic upgrading of existing RC buildings
with or without previous damage, according to the new concepts for the assessment of existing
buildings is based on the comparison of capacity and demand expressed in terms of deformation for
the various performance levels (ΔSd<ΔRd) ( Tastani and Pantazopoulou 2004). The adoption of such an
approach dictates the rational selection of the performance objectives at which the retrofit strategy and
design methodology aim, combined with methodologies for estimating the seismic demand and the
capacity (in terms of strength and deformation) of the retrofitted structure. Specifically, with regards to
the design earthquake, the criterion for the satisfaction of the pre-selected performance objectives may
lead the retrofit strategy to either ensure an adequate level of stiffness via the application of
interventions that will prevent the loss of the inherent ductility of the system or to ensure a satisfying
ductility level without loss of strength when the system will experience large deformations (Tastani
and Pantazopoulou 2004). Interventions at local level result in response modification of the structure
as a whole, which is reflected in the design indices (i.e. the seismic demand and the deformation
capacity). The major difficulty in selecting the optimal retrofit scenario is the lack of tools that would
render possible the direct inspection of the effects that the alternative local interventions would have
on the building response.
Objective of Part B of the report (Chapters Three, Four and Five) is the formulation of analytical
methodologies for the design of the retrofit strategy in structures with identified deficiencies, so that
the direct qualitative and quantitative inspection of the effects of any local intervention at member or
part of the structure on the global response indices may be feasible. This methodology constitutes the
basic component for the development of a retrofit strategy for the seismic upgrading of existing
structures and for the attainment of coordinated performance objectives in various marginal design
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cases. Mutually complementary components of the proposed methodology is the derivation of the
characteristics of the Equivalent Single-Degree-of-Freedom (ESDOF) system of the retrofitted
building (Chapter Four) and the formulation of a design strategy for the seismic upgrading of existing
RC buildings (Chapter Five). The derivation of the Drift Dependent Spectra (Chapter Six) facilitates
further the redesign procedure, providing direct inspection of the effects that the selection of any
retrofit scenario may bring about to the characteristics of the seismic upgrading at both local and
global level.
A crucial step in the development of the proposed retrofit design methodology is the derivation of
the characteristics of the Equivalent Single-Degree-of-Freedom of the retrofitted building. The
retrofitted building is considered to deform according to a unique lateral response shape. This
assumption allows the derivation of parameterized expressions, which describe the fundamental
properties (mass, stiffness, strength, deformation capacity and consumption of energy) of the
Equivalent Single-Degree-of-Freedom (ESDOF) as a function of the characteristics of the original
system and the weighted contribution of the design parameters of the retrofit solution through energy
principles.
The morphology of the inelastic response shape along the height of the retrofitted system, which is
differentiated for the various performance objectives and in most cases does not coincide with the
fundamental mode shape, is essential for the mathematical formulation of problem. The selection of
target response shape of the retrofitted building should aim at the optimal distribution of the
interstorey drift at each floor, as long as damage in the proposed retrofit design framework is
expressed in terms of deformation. This objective is attained through the selective increase of stiffness
of each floor utilizing weighting factors. The methodology for the estimation of the weighting factors
is presented in the last section of Chapter Four.

4.2

The Equivalent Single-Degree-of-Freedom technique (ESDOF)

Performance based design requires the use of simplified methods for the determination of inelastic
demand in terms of deformation. The methods that have been proposed lately for the assessment and
seismic upgrading of existing structures (ATC-40 1996, FEMA 273/274 1997) use simplified methods
for the determination of seismic demand, that are based on the modeling technique of the Equivalent
Single-Degree-of-Freedom system. The method was originally developed by Biggs (1964) and further
improved by Saiidi and Sozen (1981) and relatively recently by Qi and Moehle (1991).
The technique assumes that the response of the Multi-Degree-of-Freedom (MDOF) system is
described by a single response shape, which remains constant during the response. Although it is
known that both assumptions are not completely correct, the technique has provided reasonable
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predictions of maximum displacement response of a MDOF building, for structures when response is
predominantly in the fundamental mode.
4.2.1

Estimation of displacement

The displacement response of the MDOF system at a representative point is modeled according to the
Equivalent Single-Degree-of-Freedom technique. This representative point is taken at the top of the
MDOF system. For multistorey buildings responding elastically to a base excitation üg(t), the equation
of motion can be expressed as:
M u( t )  Cu( t )  K u( t )   M 1ug ( t )

(4.1)

where Μ is the mass matrix of the MDOF system (Μ is diagonal when there is no inertial coupling of
masses of the oscillator as in shear framed structures), C is the damping matrix of the system, Κ is the
stiffness matrix of the system, u(t) is the relative displacement vector of the MDOF system and üg(t) is
the ground acceleration history.
In order to approximate the motion of a MDOF system with a Single-Degree-of-Freedom (SDOF)
system, it is necessary to assume that it will deform only in a single shape (Clough and Penzien
1993).The amplitude of the motion relative to the moving base will be represented by the product of
the shape function {Φ} and the generalized coordinate, Y(t):

u( t )     Y ( t )

(4.2)

The generalized coordinate represents the tip displacement of the building, whereas the response
shape may be of any shape or the fundamental mode shape (adequately factored as to receive a value
of 1 in the top storey). By substituting Eq. (4.2) in Eq. (4.1) and by multiplying Eq. (4.1) from the left
by the quantity ΦΤ, the following equation results:

 T MY( t )   T CY( t )   T KY ( t )   T M 1ug ( t )

(4.3a)

Eq. (4.3a) is further modified to:
M * Y( t )  C * Y( t )  K * Y ( t )   L* ug ( t )

(4.3b)

or
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C*
K*
L*
Y( t )  * Y( t )  * Y ( t )   * ug ( t )
M
M
M

(4.3c)

where Μ*(=ΦΤΜΦ), C*(=ΦΤCΦ), K*(=ΦΤKΦ) is the generalized mass, damping and stiffness of the
ESDOF, respectively, L* is the earthquake excitation factor and L*/M* is the participation factor. Eq.
(4.3b) represents the oscillation of a Single Degree-of-Freedom with mass Μ*, damping C*, stiffness
K*, which is subjected to seismic excitation üg(t) and presents displacement Y(t). The term Κ*/M* in
Eq. (4.3c) is the circular frequency squared, ω2, of the equivalent SDOF.
Eq. (4.3c) is multiplied by the quantity Μ*/L* and is modified to:

u IMT ( t ) 

C * IMT
M*
2 IMT
IMT



u ( t )   u ( t )  u g ( t ) , u( t )  * Y ( t )
M*
L

(4.4)

where u(t)IMT(=M*/L*Y(t)) is the displacement of the ESDOF system and ω2uIMT(t) is the force per unit
of mass acting on the equivalent system. Hence, displacement at any other point along the height of
the building, Δi, may be defined for a given value of spectral displacement, Sd, from:

i   i max   i

L*
Sd
M*

(4.5)

Based on the principle of virtual work, the external virtual work, δWE, is equal to the internal
virtual work, δWΙ. Structural systems are divided into two categories those of distributed mass and
elasticity and the rigid-body assemblages. In the case that part of the total mass of the system is
distributed in accordance with m(x) and the remainder is lumped at discrete locations i (i=1,2,…), as
denoted by mi, the application of the procedure of virtual work leads to the following expressions for
the contributions to the generalized properties:
L

M *   m( x ) ( x )2 dx   mi i2   ji i 2

(4.6a)

0
L

L

0

0

C *   c( x ) ( x )2 dx   EI ( x ) ( x )2 dx   ci i2

(4.6b)

L

L

L

0

0

0

K *   k ( x ) ( x )2 dx   EI ( x ) ( x )2 dx   k i i2   N ( x ) ( x )2 dx

(4.6c)
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4.2.2

Estimation of the yield strength

For the instant where the displacement of the ESDOF system is equal to its yield displacement, then
the yield strength is defined as follows:

V ySDOF   2u ySDOF

(4.7)

where ω2 is the circular frequency squared for the ESDOF system and uySDOF is the yield displacement
of the ESDOF system. The strength at yield may also be expressed as:
V ySDOF  C y g

(4.8)

where Cy is the yield strength coefficient and g is the acceleration of gravity.

4.3

Role of the target response shape in the redesign of existing buildings

4.3.1

Distribution of damage along the height of the building

One of the most representative indices in quantifying damage, which is related directly to the
performance objectives of the rehabilitation procedure, is lateral drift. The response shape of a
building is defined from the relative stiffness of beams and columns of each floor and in the general
case it is bounded between the shear and the flexural profile [Fig. 4.1(a), (b)]. The flexural response
shape is representative of cantilever structures, that is to say systems with distributed mass and
elasticity. In this category of buildings, the interstorey drift is bigger in the upper stories. The shear
profile is representative of rigid-body assemblages, where mass and stiffness are assembled in
distinguishable places. The interstorey drift is higher in the ground floor and decreases along the
height of the building. This type of response is typical of existing frame building where the strong
beam – weak column mechanism prevails.
The storey displacement comprises two components; the interstorey drift (ID) and the tangential
interstorey drift (TID) [Fig. 4.1(d)]. As the vibration shape changes and shifts from the shear to the
flexural profile, the influence of the tangential component (TID) of drift increases. In shear buildings
the tangential drift is negligible and all the storey displacement is attributable to interstorey drift. On
the other hand in flexural type buildings, the tangential interstorey drift is responsible mainly for
structural and non-structural damage. Naturally, this information need be reflected in the retrofit
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process – thus, the target shape used in upgrading aims at a better distribution of tangential interstorey
drift, so as to achieve a uniform distribution of damage.

ID

TID

hst
(a)

(b)

(c)

(d)

Fig. 4.1 Lateral displacement profiles (a) flexural-type, (b) shear-type, (c) soft-storey, (d) drift
components.

Damage concentration is presented in cases of discontinuity in the distribution of stiffness along
the height of the building [Fig. 4.2(a), (b)]. A special category of this type of buildings that is found in
Southern Europe are the pilotis frames, in which the ground floor is open without masonry walls or the
presence of RC walls and is used as a parking space, for commercial shops and for other communal
operations. In these buildings beyond yielding deformation tends to localize in the “weak link” of the
structure, i.e. the ground floor, where a soft-storey is created [Fig. 4.2(c)]. The lateral translation
vector at failure is given by:

u( t )  u y ( t ) u p ( t )  Φ y  Y y ( t )  1,1,..,1,0..0 ,0T Yu ( t )  Y y ( t )

(4.9)

where {1,1,..,1,0..0,0}T corresponds to ith level, the floor or level where deformations have localized
thereby effectively behaving as a soft-storey. Hence, the response shape at failure is:

Φu ( t )  1  Φ y ( t ) ( μ  1 ) 1,1,..,1,0..0 ,0T
μ

μ

(4.10)

In Eq. (4.10), {Φy} is the fundamental mode shape (calculated from elastic response assumptions)
and  is the apparent ductility of the system (i.e. ratio of ultimate and yield displacements at the top
storey, Δu/Δy). Eq. (4.11) indicates that the inelastic component of the interstorey displacement at the
critical floor level, cr,p equals (-1)/, i.e. 0.50, 0.67, 0.75 for =2, 3 and 4, respectively. This
means that 50%, 67% and 75%, respectively, of the total inelastic displacement experienced by the
system is developed in the critical floor where localization takes place. Evidently to obtain a
successful retrofit solution, storey stiffness should be reconsidered to alter the localization pattern.
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(a) Hyogo-ken Nanbu, 1995, Earthquake

(b) Kobe, 1995, Earthquake

(c) Kocaeli, 1999, Earthquake

(d) Lefkas island, 2003, Earthquake

Fig. 4.2 Cases of buildings with localization of damage.

In the international literature, performance objectives and damage level are related directly to the
lateral top displacement of the building. This information is particularly important in the design phase,
but also for the assessment of existing buildings. In Table 4.1, the classification of the structural
performance level and damage according to Vision 2000 of the Structural Engineers Association of
California (SEAOC, 1995) is presented, whereas in Table 4.2 the various structural performance levels
as reported in FEMA 273 (1997) are presented.

Table 4.1 Structural performance level and damage classified according to the ID ratio Vision 2000
(SEAOC 1995).

Performance level
Fully operational
Operational
Life safe
Near collapse
Collapse

Overall building
damage
Negligible
Light
Moderate
Severe
Complete

Transient drift

Permanent Drift

< 0.2%
< 0.5%
< 1.5%
< 2.5%
> 2.5%

Negligible
Negligible
<0.5%
<2.5%
>2.5%
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Table 4.2 Structural performance level and damage FEMA 273 (1997).

Transient drift
Performance level

Concrete frames

Steel* frames

Concrete frames

1.0%
2.0%
4.0%

0.7%
2.5%
4.0%

Negligible
1.0%
4.0%

Immediate occupancy
Life safety
Collapse prevention
*
Steel moment frames

4.3.2

Permanent drift
Steel* frames
Negligible
1.0%
4.0%

Selection of the target response shape

The selection of the target response shape is crucial for the design of new buildings and the assessment
of existing buildings. The fundamental mode shape is a common selection for the application of the
technique of the Equivalent Single-Degree-of-Freedom system. Parabolic shapes are selected for
framed structures and flexural shapes for mixed type systems. The basic response shapes are described
by the following group of equations [Fig. 4.2]:

 hst ,i 
 , triangular shape
 H tot 

   


   1 


H tot  hst ,i 2 
2
H tot

 , parabolic shape


 hst2 ,i 
    2  , flexural shape
 H tot 

(4.11a)

(4.11b)

(4.11c)

In case the stories have the same height, hst, and the total height of the storey is Ηtot(=nhst), where
n the number of floors, then the Eqs. (4.12) are modified as following:

    i  , triangular shape

(4.12a)

 n  i 2 
   1  2  , parabolic shape
n



(4.12b)

n
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2



    i 2  , flexural shape

(4.12c)

n 

where i is the reference storey (e.g. i=1, 1st storey) and n is the total number of stories.
In the majority of buildings there is a uniform distribution of mass along the height of the building.
This means that both the participation factor, (L*/M*), and the effective modal mass coefficient,
α=(L*2/M*)/W, depend only on the response shape.

4th

Triangular
Parabolic - Flexural
Parabolic - Shape

Storey

3rd

2nd

1th

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 4.3 Alternative response shapes for a four-storey frame.

4.4

Weighting factors

4.4.1

Seismic upgrading of existing buildings with control of lateral response

A decisive step of the proposed methodology presented in the next Chapter (Chapter Five) for the
seismic upgrading of existing buildings is the selection of the target response shape of the retrofitted
building. The selection of the retrofit strategy is related directly to the modification of the lateral
response of the building. In any case, the target response shape should aim at the optimal distribution
of interstorey drift heightwise and particularly at the distribution of the tangential interstorey drift.
This objective is accomplished through the selective increase of stiffness in each floor.
The influence of the response shape in the characteristics of the Equivalent Single-Degree-of
Freedom system becomes apparent through the technique presented in Section 4.2. The stiffness
distribution has a direct effect on the lateral response shape. Response modification is effected through
a weighted distribution of added stiffness along the height of the building. Consequently, damage
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control is achieved by the correction of the distribution of interstorey drift in all the floors, which is
directly related to the distribution of quantity .
With the seismic demands expressed in spectral coordinates, design force and displacement
correspond to the associated Single Degree-of-Freedom-system that represents the major contribution
to the structural response. To perform the transformation from a Single- to a Multi-Degree-of-Freedom
(SDOF, MDOF) system and vice versa, a vibration shape is required; if the fundamental shape is used
to conduct the transformation, then calculations are reliable provided the response stays within the
elastic range. Demand at yield (initiation of the elastic response range) is referred to as a benchmark
point in the present analysis. For the latter reason the Yield Point Spectrum (YPS) representation was
used to quantify the intensity of seismic demands (Aschheim and Black 2000, Black and Aschheim
2000). Yield Point Spectra are inelastic constant ductility Acceleration Displacement Response
Spectra (ADRS) spectra with the abscissa corresponding to the yield displacement, Sdy,, the ordinate
corresponding to the yield strength coefficient, Say, and the radial lines to the period, T [Fig. 4.3]. Yield
Point Spectra can be generated from either a code-based format or a site-specific record.
With the aid of the YPS the required stiffness of the Equivalent SDOF (ESDOF), K*, is selected to
match a target drift at the point of yielding, SdyR [Fig. 4.3]. The next step refers to the modification of
the building response so as to match the pre-selected target deflection shape by pertinent distribution
of the added stiffness to the individual floors. To meet this objective the added stiffness is distributed
along the height of the building according to a vector of weighting factors, {w}, which is unique for
the given structure and the selected target shape (Thermou et al. 2004b) [Fig. 4.4]. The stiffness
distribution is meant to correct localization of damage by targeting a pre-selected distribution of
interstorey drift heightwise in the structure.
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Fig. 4.4 Constant ductility Yield Point Spectra (use of the USEE pogram, Inel et al. 2001).

4.4.2

Methodology for estimating weighting factors, w

To derive the weighting factors, w, Rayleigh’s approximate method of free vibration analysis (Clough
and Penzien 1993) is used for simplicity and immediate results. The underlying concept is
conservation of energy during a period of free vibration through the cyclic conversion of strain energy
to kinetic energy and vice-versa. Results of this type of analysis are directly related to the selection of
the vibration shape; the true vibration shape converges upon iteration to simultaneously satisfy force
equilibrium and the requirement for conservation of energy. The work-equivalent stiffness is obtained
from the total strain energy statement, and comprises contributions of the deformable elements in all
floor levels; strain energy is associated with translational inter-storey drift for shear framed structures,
but it depends on tangential inter-storey drift in flexural framed structures.
The determination of vector of weighting factors, {w}, adopts the Rayleigh method and is based
on the concept that the distribution of stiffness should be such that after applying Rayleigh’s method
the target response shape is extracted, {Φtarget}. The proposed methodology for the estimation of
weighting factors may be applied for any distribution of lateral displacement. The steps οf the
methodology are presented as follows:
Step 1: Calculation of stiffness floor and generalized stiffness of the ESDOF – The stiffness of each
floor, i, is associated to the weighting factor, wi, as following:
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K i  wi K

(4.13)

where Κ is the stiffness quantity which when multiplied by the weighting factor wi of floor i results the
stiffness of floor i, Ki. The generalized stiffness of the ESDOF, K*, is given as a function of the
weighting factors, wi, as follows:

n

n

n

i 1

i 1

K *   K i  i   i 1    K i  i2  K  wi  i2
2

i 1

(4.14)

Step 2: Calculation of the generalized mass of the ESDOF – The generalized mass, Μ*, in case that all
the floors have the same mass, m, is defined as:

n

M *  m  i2
i 1

(4.15)

Step 3: Calculation of circular frequency of the ESDOF – The circular frequency is given as a
function of the generalized mass, Μ*, and stiffness, Κ*, of the ESDOF:

2 

K*
M*

(4.16)

Step 4: Calculation of the shear force of each floor – The inertial force of each floor (mω2Φi) is
estimated and then the shear force. The base shear, V1, is given by:

n

V1  m 2   i
i 1

(4.17a)

whereas for any other floor j from:

n

V j  m 2   i
i j

(4.17b)

Step 5: Derivation of closed-form expressions for the estimation of the weighting factors – The
interstorey drift of storey j corresponds to the ratio of the shear force and the stiffness of that floor, i.e.
to the modification of the shape, ΔΦj, for unit top displacement:
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n

Vj
Kj

 ΔΦ j 

mω 2  Φi
i j

 ΔΦ j

wjK

(4.18)

The weighting factor, wj, of the jth storey may be estimated after substitution of the terms Κ, m and ω
given by Eqs. (4.15), (4.16) and (4.17), respectively, in Eq. (4.19)

n

1 n
wj 
 Φi
ΔΦ j i  j

 wi ΔΦi

2

i 1

(4.19)

n

2
 Φi
i 1

Based on Eq. (4.20), n-number of expressions equal to the number of stories are extracted for the
estimation of the weighting factors. The stiffness term, Κ, which is used to define the stiffness of each
storey [Eq. (4.12)], is still unknown. The equation missing in the system of equations is:

n

 wi  1

(4.20)

i 1

i.e. the sum of the weighing factors is equal to unity. Hence, the weighting factors are derived from the
solution of the system of Eqs. (4.20) and (4.21) for any target response shape, {Φtarget}.
M*, K*

{Φtarget}

{w}

m, K4
m, K3
m, K2
m, K1

Fig. 4.5 Transformation of the MDOF to the ESDOF system.

4.4.2.1

Characteristics of the ESDOF of the retrofitted building for triangular distribution

The proposed methodology is implemented for the case that the target response shape, {Φtarget}, is the
triangular one [Eq. (4.13a)].
Step 1: Calculation of stiffness floor and generalized stiffness of the ESDOF:
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n
1
1
K  wi  2 K
2
i 1
n
n

K* 

(4.21)

Step 2: Calculation of the generalized mass of the ESDOF:

M* 

1 n 2
m i
n 2 i 1

(4.22)

Step 3: Calculation of circular frequency of the ESDOF:

2 

K 1
m n i 2

(4.23)

i 1

Step 4: Calculation of the shear force of each floor:
Vj 

n
1
m 2  i
i j
n

(4.24)

Step 5: Derivation of closed-form expressions for the estimation of the weighting factors:

n

wj 

i

i j
n

i

(4.25)
2

i 1

4.4.2.2

Weighting factors for shear frame structures

Following the same procedure as in Section 4.4.2.1, equations are extracted for the case of the
parabolic target response shape [Eq. (4.13b)]. In Table 4.4, equations that apply to shear framed
structures and correspond to the triangular and parabolic response shape are presented. The term j
refers to the reference storey, i, is the storey number, n the total number of stories and K* the stiffness
of the ESDOF.
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Table 4.3 Equations for the triangular and parabolic response shape.
Triangular shape

Parabolic shape
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1 / n 2 j (2n - j)
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2 / n 2 ( n  j  0.5 )
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 i( 2 n  i )

i j
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 ( i( 2 n  i )) ( n  i  0.5 )i  j
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2
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4.5

Conclusions Chapter 4

In Chapter Four, the basic tools of the proposed retrofit design methodology for the seismic upgrading
of existing RC buildings were presented. Within the proposed retrofit design framework, damage is
quantified in terms of lateral drift. The retrofitted building is considered to respond in a single lateral
response shape, because it is considered that in systems that do not present any localization of damage
the bigger part of the kinetic energy imported by the seismic excitation in the system is consumed in
deformation energy of the fundamental response shape (i.e. the excitation of higher modes is more
demanding). The basic properties of the Equivalent Single-Degree-of-Freedom (ESDOF) of the
retrofitted building were expressed as a function of the characteristics of the existing building and the
weighted contribution of the retrofit design parameters. Weighting factors, which represent the
weighted contribution of the design parameters, were derived aiming at the selective increase of the
stiffness of each floor for a target response shape.
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Chapter 5
Design methodology for seismic upgrading of
substandard reinforced concrete structures

5.1

Introduction

Seismic evaluation of the existing building stock has become a recognized priority after damage and
collapse of many reinforced concrete structures during recent earthquakes. Today there is a concerted
international focus on reduction of seismic risk through assessment and rehabilitation programs to
upgrade buildings that are deemed inadequate with regards the level of seismic protection they provide
to the public. With the experience gained through application of various intervention methods and
advancements in material technology, practical guidelines are already under development in code
format.
Establishing an optimum retrofit strategy is a complex procedure that depends on several technical
and socio-economical parameters. Here rehabilitation objectives are set considering the requirements
for acceptable structural performance and the structural characteristics of the existing building
(reinforcement detailing, material strengths). Alternative retrofit scenarios that comply with various
performance targets may be established depending on selective or overall modification of stiffness,
strength and ductility (Thermou and Elnashai 2002, Thermou et al. 2004b). Retrofitting should take
into account the capacity of the existing foundation system and the limited deformation capacity of
non-structural components. A combination of global and / or local intervention methods may be
employed depending on the deficiencies of the existing building and the rigor of the post-intervention
performance objective.
The main objectives of rehabilitation are to modify the structural response by prioritizing of failure
modes and correct any deficiencies related to localization of damage. Damage at structural level may
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be quantified in terms of lateral drift. Performance objectives that define the various structural limit
states ranging from “continued operation”, to “collapse”, may also be related directly to lateral
deformation. Therefore the conceptual framework of displacement-based design approach is
compatible with the stated objectives of retrofitting.
The objective of the current Chapter is to present the milestone steps and verification applications
of a design strategy for seismic upgrading of existing RC buildings. A key step in the proposed
methodology and a distinguishing feature from other displacement-based proposals (such as SEAOC
1995, Freeman 1998, Priestley and Kowalsky 2000, Fajfar 2000) is to mitigate damage localization
through controlled modification of the lateral response shape of the building. Depending on the
structural system type and the diagnosed deficiencies of the initial condition of the structure, target
vibration response shapes may be selected ranging from the shear-type to the flexural profile. To effect
a pre-selected target response shape that optimizes interstorey drifts in all floors a weighted
distribution of added stiffness along the building height is required [Fig. 5.1]. The procedure followed
in order to modify stiffness distribution along the height of the building is presented in Chapter Four
(Section 4.4.2) (Thermou et al. 2004b, 2005, 2007b). Because the response is considered in the elastic
range, stiffness is proportional to the flexural strength of reinforced concrete members. Thus,
modification of stiffness is also accompanied by a commensurate change in the strength at yielding of
the structural system.
The Yield Point Spectrum (YPS) format is utilized for definition of demand at yield (Aschheim
and Black 2000, Black and Aschheim 2000, relative information is given in Chapter Two). Members
to be retrofitted are designed in order to supply the required stiffness and interstorey drift as dictated
by the selected target response shape and the target drift at yield. The approach adopted for the design
at member level is based on the direct displacement-based design principles as presented by Moehle
(1992). The ICONS (Innovative seismic design CONcepts for new and existing Structures Project)
frame which was tested at full-scale in ELSA Laboratory (Pinto et al. 2002) is used as a case study for
practical implementation of the proposed retrofit design methodology. Alternative retrofit options are
investigated and the response to various ground motions is studied. The impact of near-fault ground
motions on the response of the retrofitted structure is studied.
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Fig. 5.1 Yield Point Spectra and fundamentals of the proposed retrofit design methodology.

5.2

Description of the proposed methodology

The steps of the proposed design methodology are presented as follows [Fig. 5.2]:
Step 1: Assessment of the existing building – Evaluating the deficiencies of the structural system is
required both at local and global level. Key characteristics that identify global deficiencies are:
i.

the fundamental period estimated from gross stiffness properties multiplied by 2, as compared
with benchmark values for frame buildings (0.1n) and wall-type buildings respectively (0.05n),
where n the number of stories,

ii.

degree of coupling between torsional and translational mode shapes,

iii.

magnitude of coefficient  used by the codes to identify sway frames,

iv.

estimated drift at yield (if excessively higher than 0.5%),

v.

geometric ratios of the structure such as the floor area ratio of reinforced concrete elements
being below 1%,

vi.

vertical irregularities that may be readily identified from the response shape through the
iterative Rayleigh method (for cracked stiffness, EIy). Concentration of inelastic deformation
(localization) at a particular floor level may occur due to either irregular distribution of mass or
stiffness along the height of the building. Gravity load designed buildings follow the strongbeam weak - column design philosophy and for this reason the relative strengths of beams,
columns and joints need be checked. Detailing in old construction practice is negligible and
hence sparse confining reinforcement and short anchorage lengths represent an additional weak
link, the significance of which, however, may be controlled through local interventions.

139

Chapter 5 Design methodology for seismic upgrading of substandard reinforced concrete structures

Step 2: Determination of target drift at yield – The target drift at yield (y,target) is determined for the
ESDOF system. In case of frame-type structural systems a value of 0.50% is satisfactory. For RC wall
- type structures a value of 0.25% is stipulated. For mixed type systems a value between 0.25% 0.50% may be taken. An alternative economic solution would be to correct the response shape without
any significant modification to the structural characteristics of the original frame. In that case,
members identified in need of retrofit, would be those most affected by localization of failure in the
original frame. Interventions are very limited since the objective of this Lower bound solution is to
correct and not to modify. The deflected response shape is the outcome of the retrofit design
procedure.
Step 3: Selection of a target response shape and ductility level – The structure is considered to
respond nearly in a single mode. If the retrofit objective is to achieve a uniform distribution of damage
along the height of the building, then a triangular response shape may be selected. A more relaxed
shape may be used as well depending on the tolerance of damage localization in a single floor as well
as the structural type of the building (note that the other extreme is a soft storey mechanism whereby
all damage occurs in a single floor). The selection of the ductility level of the retrofitted structure
depends on experience from structural systems of the type considered, as to how much reliable
ductility and deformation capacity may be relied upon after retrofit. A ductility value ( ) between 2
and 3 may be considered achievable for retrofitted buildings. At the end of the redesign procedure the
retrofitted building should have at least the selected level of ductility. The ductility level may be
selected in order to correspond to a particular performance level.
Step 4: Definition of stiffness demand through YPS – The target stiffness of the ESDOF system
(K*target) is defined by employing the Yield Point Spectrum representation. After the transformation of
the ESDOF to the MDOF, the stiffness of the MDOF is determined and distributed along the height of
the building according to adequate weighting factors (Section 4.4, Chapter Four), wi, related to the
response shape selected in Step 3 (Thermou et al., 2004b, 2005, 2007b).
Step 5: Decision on the vertical members to be retrofitted – The criterion utilized for determining
which vertical members are going to be retrofitted in the j th floor is satisfaction of the target
interstorey drift at yield (IDyJ). This depends on the target global drift at yield (Δy,target), the target
response shape (Φtarget), and the storey height (hst). Elements within a single floor that yield at
interstorey drift levels significantly greater than the target value ought to be strengthened. New
elements may be added as well, as for example RC walls. The main objective is to reduce the
dispersion of the various levels of relative drift at which vertical members of the lateral load resisting
system in a single floor would yield.
Step 6: Rehabilitation of vertical members - Each member of the jth floor need be designed in order to
satisfy the target interstorey drift at yield (IDy,J). First, the cross sectional dimensions of the retrofitted
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members (e.g. RC jackets) or of the new added members (e.g. RC walls) are defined. It is established
that yield displacement depends on the materials and the geometry of the elements. Simplified rules
that relate curvature at yield with the height of the cross section may be utilized in order to provide a
quick estimate of the required cross section height to achieve the target drift at yield. For example
curvature at yield may be expressed as (Priestley and Kowalsky 1998, Priestley 1998):

φy 

2.14 ε sy

φy 

2.25 ε sy

φy 

2.00 ε sy

hJ

lw

lw

 10% , for rectangular columns

(5.1a)

 15% , for walls with distributed reinforcement

(5.lb)

 5% , for walls with 0.5% distributed plus end reinforcement

(5.1c)

where εsy is the steel strain at yield, hJ is the height of the jacketed cross section and hw is the height of
the wall cross section.
In case of RC jacketed cross sections the longitudinal reinforcement, ρtot,J=2ρe, may be defined by
the following expression (Eq. (3.14) – Section 3.3.2.1, Chapter Three):

ρe  0.22
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E s bJ
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P
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  0.63
 0.75 2 2
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bJ hJ f sy
bJ hJ f sy f c'


(5.2)

where Ky,J is the target member stiffness, P is the axial load applied, (=hst/hJ) is the ratio of the storey
height hst to the height of the jacketed cross section hJ, Es is the elastic modulus of steel and bJ is the
width of the jacketed cross section.
Eq. (5.2) provides a direct relationship between the longitudinal reinforcement of the jacketed
cross section, ρJ, and the required member stiffness at yield, Ky,J. The entire floor must satisfy the
results of step 4 regarding target floor stiffness (Ky,Jst=ΣKy,J, Ky,wst=ΣKy,w).
Note that deviations from the target shape, {Φtarget}, may be imperative due to code or construction
limitations. The design of the retrofitted cross sections should comply with code provisions (e.g.
minimum bar diameter, percentage of longitudinal reinforcement and jacket thickness in case of RC
jackets). Therefore the member retrofit design is not guided by code limitations only when the target
member stiffness exceeds the threshold stiffness that corresponds to the code minimum values. For
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redundancy, the added floor stiffness that results from the weighted distribution should not be
attributed to a single member, but to the majority of the elements of the same floor. If this is not
feasible then the retrofit schemes should continue to the level above at the expense of the target shape,
however, in no case should the redundancy rule be violated so as to avoid creation of a new scenario
of potential failure localization.
Step 7: Check drift at ultimate limit state – After dimensioning and detailing, the drift capacity is
evaluated for each retrofitted member, m, at each floor, j. Assuming that all premature failure modes
but flexural are suppressed through local interventions at the member level, the demand in curvature is
expressed in terms of the displacement demand at ultimate, Δu, as follows:
2

φ y Ls

φu  Δu 

3


L

p



1

  φy

 L p ( Ls  L p / 2 ) 



 0.08 L  0.022 Db f sy
s

(5.3a)
(5.3b)

where, Δu is the displacement demand at ultimate given as the product of the ductility level selected in
Step 3 and the member drift at yield (Δy) as defined after the design of the retrofit scheme, Lp is the
estimated length of the plastic hinge region (Paulay and Priestley, 1992), Ls is the distance from the
critical section of the plastic hinge to the point of contraflexure (usually taken for simplicity as onehalf the free span), fsy is the steel stress at yield and Db is the diameter of the longitudinal
reinforcement. The solution scheme is acceptable when the ultimate curvature provided by the
member exceeds the demand estimated by Eq. (5.3a).
Step 8: Check overall structural response – The overall structural response is checked at the
displacement at ultimate, Δu, taking into account the final response shape of the retrofitted structure as
defined after the design of the retrofit schemes. Second order effects are checked in all stories by
evaluating the interstorey drift sensitivity coefficient, sway, which is given as (Eurocode 8, 2004):

θ sway 

Ptot IDu
Vtot hst

(5.4)

where Ptot is the total gravity load carried by the vertical elements of the storey considered, IDu is the
interstorey drift at ultimate, Vtot is the total seismic storey shear and hst is the storey height. In case that

sway

 0.10,

then second order effects should not be taken into account, otherwise the ductility level

should be decreased leading to higher seismic action effects.
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1. Assessment of the existing building
2. Determination of target drift at yield
3. Selection of a target response shape and ductility level
4. Definition of stiffness demand through YPS
5. Decision on vertical members to be retrofitted
6. Rehabilitation of vertical members
7. Check drift at ultimate limit state
8. Check overall structural response

Fig. 5.2 Steps of the proposed retrofit design methodology.

5.2.1

Assumptions and limitations

The methodology presented deals with system-level deficiencies that are associated with irregular
distribution along the height of the building of either mass or stiffness. The method assumes that the
building responds in a single mode and the main objective is to apply those intervention schemes that
will modify the response and mitigate damage localization (e.g. soft-storey mechanisms). Global
intervention methods, such as RC jacketing or addition of RC walls are the most effective intervention
methods for modifying stiffness distribution and controlling lateral drift. Intervention methods at
member level are applied as well, dealing with poor reinforcement detailing issues, such as insufficient
anchorage lengths, poorly confined lap-splices and lack of stirrups in plastic hinge regions.
The demand in stiffness is determined by using constant ductility Yield Point Spectra (Aschheim
and Black 2000, Black and Aschheim 2000, Chapter Two). The Yield Point Spectrum allows
definition of demand at yield and therefore there is no need for deformation distribution in the postyield as in the Capacity Spectrum method (ATC-40 1996). Pertinent R--T relationships to specifically
address the behavior of retrofitted structures may be selected to improve the accuracy of the
computation of the constant ductility spectra. In this study, the equal displacement rule is adopted for
the construction of equal ductility (q=μ) Yield Point Spectra. The authors identify that further
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investigation is necessary for the validity of this rule in case of retrofitted structures. If the Yield Point
Spectra are determined from a site - specific record, then the defined demand (Step 4) is sensitive to
the characteristics of the ground motion. Therefore in order to avoid variability in response, it is
recommended to use smoothened design spectra in upgrading.
In general, the total interstorey drift comprises both beam and column deformations. In the
proposed methodology, the work - equivalent effects of the increase in storey - stiffness are estimated
considering only the contribution of the columns; this is applicable to shear - type buildings that
feature stiff diaphragms. The result is conservative and is acceptable provided that beam - column
connections will nevertheless be capacity - designed in the upgraded system. Beam contributions to
the work - equivalent stiffness of the structure may also be included if the strain energy stored owing
to the tangential component of drift is considered. This increases as the vibration shape changes and
shifts from the shear to the flexural profile.
The proposed design methodology does not consider interaction between the superstructure and
the foundation system. The flexibility of the foundation influences the overall structural response with
a shift of the global yield displacement and an increase in the effective elastic period of the building.

5.3

Evaluation of the proposed retrofit design methodology

To demonstrate practical implementation of the proposed retrofit design framework, the methodology
is applied to a full-scale four-storey RC building model, referred to as ICONS frame which was tested
at ELSA (European Laboratory for Structural Assessment) laboratory of the Joint Research Center
(JRC) in Ispra, Italy (Pihno and Elnashai, 2001, Pinto et al., 2002) [Fig. 5.3]. The existing frame is
assessed and three alternative retrofit strategies are presented.

Fig. 5.3 ICONS frame (Pinto et al. 2002).
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5.3.1

Assessment of the existing frame

The frame is representative of old construction and specifically of the construction practice of
Southern Europe in the 50s [Fig. 5.3]. It is a four-storey, three-bay frame. The storey height is equal to
2.7 m and 2 of the 3 bays are 5m wide, whereas the third span is 2.5 m [Fig. 5.4]. Cross sectional
dimensions and detailing of the vertical members are given in Fig. 5.4. All beams in the direction of
loading are 250 mm wide by 500 mm deep, whereas transverse beams are 200 mm wide by 500 mm
deep. The solid concrete slab thickness is 150 mm. Materials considered in the design phase were a
low strength concrete of nominal strength of fck=16 MPa and smooth longitudinal reinforcing steel of
class Fe B22k, with nominal yield strength of fsyk=215 MPa. Test series were carried out for the
determination of concrete compressive strength and steel mechanical characteristics. More information
relative to reinforcement detailing and material properties is provided in Pinto et al. (2002). More
information relative to construction drawings are given in Appendix 5.1.
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Fig. 5.4 Configuration and cross sectional detailing of existing frame.

The frame features a number of local and global structural deficiencies. It is a gravity - only
designed frame and no specific provisions were considered for seismic detailing and inelastic
dissipation mechanisms. Deficiencies at the local level refer to poorly confined lap splices at the base
of the first and third floor (700 mm lap splice length) in all four columns, smooth bars that resulted in
significant drift due to pullout slip, open stirrups, sparse confining reinforcement and potential column
shear failure of the stocky columns of the first (CB1) and second floor (CB2).
The existing frame was subjected to two earthquake input signals, which correspond to 475 and
975 years return period (yrp) for a medium-high seismicity zone in Europe. The demand imposed to
the stocky (strong) column of the third floor during the 975 yrp input motion caused severe
deformations (ID=2.41%) and as a consequence the test was terminated after the first 7.5 sec. This
decision was also consistent with the intention of retrofitting the existing frame.
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Full - scale tests that were carried out confirmed a strong – beam, weak – column, strength
hierarchy in the beam - column connections of the ICONS frame. The relative rotation (difference of
two adjacent inclinometers) of the slender columns was equal to the absolute rotation (obtained
directly from inclinometers) indicating that beams did not deform and the storey drift was only owing
to column deformation (Pinto et al. 2002). The change of the cross sectional characteristics of the
stocky column between the second and the third floor presented a potential source of localization. In
particular, the stiffness at yield of the second storey was 212% greater than the stiffness of the third
storey. The contribution of the stocky column to the total floor stiffness was 88% for the second floor
and 79% for the third floor (due to staggering of the column cross sectional dimension). The latter
difference underlines the significant role of the stocky column to the overall response. The poor
performance of lap splices at the bottom of the third storey column enforced the localization between
the second and the third column [Fig. 5.5]. In Table A5.1 (Appendix 5.1) drift, IDy, curvature, φy,
stiffness, Κy, and moment, My, at yield of all the existing vertical members have been calculated.
Before applying the proposed methodology, it was assumed that all premature failure modes but
flexural would be suppressed through independent local interventions at the member level (e.g.
through jacketing with composite wraps). Therefore, the proposed methodology deals with
deficiencies at global level that refer to irregular distribution along the height of either stiffness or
mass.

(a)

(b)

Fig. 5.5 Damage at the (a) top and (b) bar termination zone of the third floor stocky column (Pinto et al.
2002).
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5.3.2

Implementation of the proposed methodology

The designer may follow different retrofit strategies depending among other parameters on the
mandated level of the intervention and the financial objectives of the retrofit effort. The general
criteria that need be satisfied are correction of any prevailing vertical irregularities and elimination of
mechanisms likely to lead to damage localization. Reduction of vulnerability is another important
issue that may be dealt with through modification of the structural system so as to increase the
redundancy of the lateral load resisting system. Distribution rather than localization of damage is
crucial; otherwise the weakest link will jeopardize the stability of the whole structure.
If the retrofit solution requires a radical modification of behavior of the existing structure, then a
new structural system need be defined for the upgraded system. Motivation for such an option would
be an improved distribution of damage amongst members of the same floor, through increased
participation of most floor members in the lateral load resisting system. An effort should be made to
reduce the dispersion of the various levels of relative drift at which vertical members in a single floor
would yield. In the case study considered a possible retrofit scenario is the following: the target drift
at yield is taken equal to IDy,target=0.5% and the target response shape may vary depending on the
distribution of drift along the height. Because this is an old structure with little inherent ductility which
is to be increased through the retrofit, a target ductility demand equal to 2 is considered conservative.
If an equal distribution of damage is selected along the height of the building, then the triangular
response shape is adequate, otherwise for a more relaxed shape (leading to a more economical
solution) the parabolic one may be chosen. The retrofit scenario discussed will be referred in the
remainder of this work as the Extensive retrofit solution.
An alternative scenario may be adopted which is even more economical and with much less
disruption to the function of the building and its occupants. This scenario may be characterized as the
Lower bound solution, where the main objective is to correct the response shape, i.e. it comprises
limited measures needed to mitigate the irregularity in stiffness between the second and the third floor.
A similar approach was adopted for ICONS frame after the first pseudo-dynamic (PSD) test. Strength
- only intervention methods were implemented in the third floor stocky column to reduce flexural
capacity differential verified at the third level. More information relative to this application is given in
Pihno (2000), Pihno and Elnashai (2001) and Pinto et al. (2002). Two structural systems may be
identified in the retrofitted building; (i) the stocky columns and (ii) the other vertical members. The
stocky columns being stiffer are expected to yield first upon lateral sway. To avoid storey strength
degradation, it is required that these columns also possess the necessary ductility so as to follow the
deformation of the more flexible members. The average drift at yield for the flexible columns is IDy,target=1%

whereas the average drift at yield for the stocky column is IDy,target=0.5% which means that

the dependable ductility capacity of the stocky column should be at least equal to 2.
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Another viable retrofit strategy consists in casting an infill wall to the full width of bay C-D. The
existing members, beams and columns CC1-4 and CD1-4, are incorporated with the latter acting as
boundary elements. This retrofit solution modifies substantially the behavior of the existing frame,
altering it from a shear - framed structure to a flexure - framed one. Although this retrofit solution is
efficient in controlling global lateral drift and thus reducing damage in frame members, presents a
drawback related to the adequacy of the existing foundation system to resist the increased overturning
moment. Therefore, the existing foundation system needs to be checked thoroughly before proceeding
to this type of intervention. Moreover, this retrofit solution should consider the intended function of
the building. The addition of a wall (i.e. loss of a bay) may be prohibitive in case that the building is
located in a commercial street. The economic losses related to its diminished commercial value may
render the Extensive retrofit solution (RC jacketing) more appealing.

5.3.2.1

Extensive retrofit solution

The Extensive retrofit aims at a target drift at yield of IDy,target=0.5% and a ductility displacement
ductility level of μΔ,target=2. The demand in all cases is established from the Yield Point Spectra
constructed from the elastic spectrum of Eurocode 8 (2004) for soil class B (pga=0.36g) after applying
the equal displacement rule. Table 5.1 presents the demand in terms of interstorey drift at yielding,
IDy, and the stiffness at yielding, Ky, for the triangular and parabolic target response shapes and also
for the case of uniform distribution of stiffness heightwise. If a parabolic target shape is used, stiffness
demand is increased in the upper floors. Structures susceptible to a soft storey formation may be
retrofitted in this manner, so that interstorey drift localization may be mitigated. The retrofit options
selected for the first retrofit scenario are the triangular response shape and the uniform stiffness
distribution. In Fig.5.6, the three retrofit options correspond to the three radial lines, where “T” and
“P” stand for triangular and parabolic target response shapes, respectively, whereas “U” corresponds
to uniform stiffness distribution. The radial line “E” corresponds to the existing frame.
The Extensive retrofit solution is applied to ICONS frame using the triangular response shape. The
target stiffness of each floor is determined according to the weighting factors, wi, defined in Chapter 4
(Section 4.4). Deviation of the interstorey drift capacity at yielding, IDy, from the target value, IDy,target,
is used as a criterion in order to identify those vertical members in need of retrofitting.
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Table 5.1 Alternative retrofit options for the Extensive retrofit solution.
Triangular

Uniform

Parabolic

Floor

Shape

IDy,j

Ky,j*

Shape

IDy,j

Ky,j*

Shape

IDy,j

Ky,,j*

1st

0.25

0.50%

4.52

0.36

0.50%

4.99

0.44

0.50%

5.12

2nd

0.50

0.50%

4.07

0.67

0.44%

4.99

0.75

0.35%

6.17

3rd

0.75

0.50%

3.17

0.89

0.32%

4.99

0.94

0.21%

7.41

1.00

0.50%

1.81

1.00

0.15%

4.99

1.00

0.07%

11.48

B

C

4th
*

3

x10 (kN/m)

A
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D
4
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Fig. 5.6 Demand as defined for the Extensive retrofit scenario.

Each member is designed for a target stiffness and target interstorey drift at yield. Jacketing with
reinforced concrete is applied to all columns but columns CB1and CB2 (following the nomenclature of
Fig. 5.4), since these columns are already disproportionately stiff compared to the other vertical
members. The drift level that may be attained is controlled by the final height of the jacketed cross
section, whereas the stiffness is more sensitive to the percentage of the longitudinal reinforcement.
The concrete selected for the jacket has a compressive strength of fc/=20 MPa, whereas longitudinal
reinforcing steel with nominal yield strength of fsy=500 MPa. Eurocode 2 (EC2 2003) is used for the
design of the jacketed members. The code minima imposed limitations in the design of the jacketed
members and those limitations guided the retrofit solution. The dimensions of the jacketed members
along with the reinforcing detailing are shown in Table 5.2. The stocky columns in the first and second
floor, CB1 and CB2, will be retrofitted by applying FRP jackets to avoid failure in shear. In Fig. 5.6, the
radial line “R” corresponds to the retrofitted structure. It is observed that the satisfaction of the code
minima leads to a stiffer retrofit solution compared to those obtained by the use of the triangular target
shape, “T”, and the uniform stiffness distribution, “U”. The shape and stiffness profile of the
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retrofitted structure are compared to the ones corresponding to the triangular response shape and to the
response of the existing frame in Fig. 5.7. It is observed that the localization of damage between the
second and third floor has been eliminated.

Table 5.2 Characteristics of the retrofitted members – Extensive retrofit solution.

Retrofitted frame – Extensive retrofit solution
Columns

bJ

hJ

ρJ (=AJ/(bJhJ-bchc))

ρsw,J

CA1-4, CC3-4

500

450

1.04% (6Ø16 & 2 Ø14)

Ø10/100 & Ø10/160

CB3-4

250

600

2.46% (4 Ø14 – Side jacket)

FRP wraping

CC1-2

500

450

1.00% (4Ø16 & 4 Ø14)

Ø10/100 & Ø10/160

CD1-4

500

400

1.06% (8 Ø14)

Ø10/100 & Ø10/160

Storey

3

Storey

4

4

Extensive retrofit solution
3
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Retrofitted

2

2
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1

1
0

0
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Fig. 5.7 Shape and stiffness distribution heightwise of the retrofitted structure – Extensive retrofit
solution.

5.3.2.2

Lower bound solution

The Lower bound solution is intended to effect modification of the shape of the existing structure only
[Fig. 5.8]. The triangular response shape may easily be attained by applying reinforced concrete side
jacketing to the stocky column of the third and fourth floor (CB3, CB4). The dimension in the strong
axis is increased by 100 mm on each side of the section. Longitudinal reinforcement that is added is
2Ø14 per side of the column jacketed cross section. Confinement is provided by FRP wrapping. As
illustrated in Fig. 5.9(b), adopting a triangular target response shape is used results in an abrupt change
in the distribution of stiffness between the third and the fourth floor. If this stiffness demand is
satisfied by jacketing the stocky column only without any other interventions in the third floor, then
the Lower bound scenario carries the risk of leading to a new source of localization due to the stiffness
discontinuity that would prevail in the upper floor. To eliminate this possibility jacketing of the stocky
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column is extended to the fourth floor as well. The retrofitted frame “R” is shown in the ADRS
(Acceleration Displacement Response Spectrum) plot and this solution is slightly differentiated from
the target one “T”.
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Fig. 5.8 Demand defined for the Lower bound solution.
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Fig. 5.9 Shape and stiffness distribution heightwise of the retrofitted structure – Lower bound solution.

5.3.2.3

Wall retrofit solution

The infill wall is added into bay C-D by incorporating the existing columns CC1-4 and CD1-4. Two
structural systems may be identified in the building; the wall (infilled bay C-D) and the other vertical
members (CA1-4 and CB1-4). The behavior of the retrofitted structure is influenced greatly by the
presence of the wall. This implies that the target response shape will be of flexural type. The target
shape is selected to be Φ(x)=1-cos(πx/(2L)). The demand as in the other cases is established from the
Yield Point Spectra constructed from the elastic spectrum of Eurocode 8 (EC8 2004) for soil class B
(pga=0.36g) after applying the equal displacement rule. The infill wall will have the same geometry
along the height of the building. In this case, it can be modeled as a cantilever with constant mass
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distribution along its height and constant flexural stiffness at yield, EIyw. The stiffness of the MDOF is
determined with the only unknown the stiffness of the wall at yield.
With the height of the cross section of the wall determined a priori (length of bay C-D, lw=2.7m),
the target drift at yield is taken equal to 0.5% (Δy=11/40φyLs2), φy given by Eq. (5.1c)) and the target
displacement ductility equal to the level of 2. The concrete selected for the infill has a compressive
strength of fck=20 MPa, and longitudinal reinforcing steel with nominal yield strength of fsyk=500 MPa.
Eurocode 2 (EC2 2003) is used for the design of the wall. According to the code guidelines the
existing columns are not adequate to serve as boundary elements and therefore additional boundary
elements are necessary (Fig. 5.10). Attention should be paid in the connection between the existing
members and the infill walls. Dowels should be placed between the old and the new components
(columns and beams) in order to secure a monolithic connection. The reinforcement detailing of the
wall is shown in Fig. 5.10. The height of the critical region is equal to the height of the first storey
hcr=2.7 m. The stirrups spacing is modified from 100 mm within the critical region to 160 mm outside
the critical region.
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1800
2700
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Fig. 5.10 Configuration of the retrofitted frame and cross sectional detailing of the infill wall.

5.4

Analytical modelling

Finite models of the retrofitted frames were constructed with the help of ZeusNL, a nonlinear finite
element analysis program (Elnashai et al. 2002). The program was developed initially at Imperial
College (London, U.K.) (Izzuddin and Elnashai 1989, Izzuddin et al. 1994, Karayannis et al. 1994)
and its reliability was assessed through numerous analyses of buildings. The program is capable of
representing the spread of inelasticity within the member cross section and along the member length
utilizing the fiber analysis approach. It may be utilized for conducting inelastic static and dynamic
analyses taking into account the non-linear behavior of materials and geometry. The program’s rich
library contains numerous accurate material models. In the following sections, the procedure followed
for modeling is presented.
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5.4.1

Material models

The concrete model used in the analysis (“con2”) is a non-linear model with active confinement which
is based on the model of Mander et al. (1988). Information regarding the modification of Mander et al.
(1988) model and its implementation in ZeusNL (Elnashai et al.2002) is given in Martinez-Rueda and
Elnashai (1997). The model is defined by the peak compressive strength of unconfined concrete, fc/,
tensile strength, ft, crushing strain, εcp, and a confinement factor, Κ [Fig. 5.11(a)]. In the case of
modeling of the existing frame the material properties were defined by experimental data. The values
taken for the analysis were: fc/=14 MPa, ft= 0.1 MPa and εcp=0.002. The confinement factor received
the value, Κ=1, because of the presence of open stirrups. In the case of RC jacketing two types of
concrete were utilized in order to describe the properties of the confined and unconfined concrete
region of the jacket. The concrete compressive strength was taken fc/=20 MPa, whereas the
confinement factor Κ=1 for unconfined region and Κ=1.1 for the confined region.
A bilinear elasto-plastic model with hardening was employed for steel modeling. Loading in the
elastic range and unloading phase follows a linear function defined by Young’s modulus of steel. In
the post - elastic range, a kinematic hardening rule for the yield surface defined by a linear relationship
is assumed (Elnashai and Elghazouli 1993, Elnashai and Izzuddin 1993).The model is defined by steel
strength at yield, fsy, the Young’s modulus, E, and the hardening ratio λ1(=Ε//Ε). The values given to
the existing frame were fsy=343 MPa, Εs=204500 MPa and λ1=0.00233. In the case of the
reinforcement of the jackets and the wall the values given were fsy=500 MPa, Εs=200000 MPa and

stress

stress

λ1=0.01.

fc/

E/

fsy

(a)

(b)
ft

cp

strain

Es
strain

Fig. 5.11 (a) Concrete under cyclic loading, (b) Bilinear steel model with kinematic strain hardening.
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5.4.2

Cross section types

The cross section types utilized from the program’s library are presented in Fig. 5.12. The rcrs
(reinforced concrete rectangular section) type was utilized for modeling vertical members which were
not jacketed [Fig. 5.12(a)]. The rcts (reinforced concrete Τ section) was utilized for beam modeling
[Fig. 5.12(b)]. In the analytical model, slab contribution to the strength and stiffness of beams is taken
into account by the estimation of the effective width, beff, of the T-section. The effective width was
estimated according to EC2 (2003) to 1.0 m and 0.65 m for beams with long and short span,
respectively [Fig. 5.12(b)]. The section types which are presented in Figures 5.12(c) and (d) refer to
modeling of RC jacketed members (rcjs, reinforced concrete jacket section) and RC walls (rcfws,
reinforced concrete flexural wall section), respectively.

3

3

rcrs

2

beff

rcts

1
2

1

(a)
(b)

3

rcjrs

1

rcfws
2

1
3

2

(d)

(c)

Fig. 5.12 Types of cross sections used in modeling.

5.4.3

Element formulation

Inelastic elements capable of representing progressive cracking and spread of inelasticity were used to
model the behavior of both column and beams of the retrofitted frame. The elasto - plastic cubic
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element is selected to model the behavior of beams and columns. The calculation of member’s stresses
and strains takes place at the Gauss points, through integration of the total number of fibers to which
the cross section is divided [Fig. 5.13]. The accuracy of calculations increases as the numbers of fibers
to which the cross section is divided and the number of elasto - plastic elements utilized to model the
member increases.

Causs
section j

Joint i

Joint j

Gauss
section i

L/2√3

=

RC section

+

L/2

+

Fibers of non-confined Fibers of confined
concrete
concrete

Steel fibers

Fig. 5.13 Cubic elasto-plastic element.
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Fig. 5.14 (a) The joint element, (b) Description of shear response.

The joint element was utilized in the case of RC wall modeling. This element is defined by joints, i
and j, which initially are coincident [Fig. 5.14], whereas joint k is utilized to define the x axis of the
element. Force - displacement curves are employed for modeling the response of each degree of
freedom. In case of wall modeling, the response in shear is modeled according to the symmetric
diagram of Fig. 5.14(b) (details regarding the analytical model are presented in the following section).
Rigid links were utilized for modeling beam – column joints, as well as for connecting the wall to
the beams.

5.4.4

Frame modeling with ZeusNL

The analytical model utilized for the existing frame as well as for the Extensive and Lower bound
solution (Sections 5.3.2.1 and 5.3.2.2) is depicted in Fig. 5.15(a). A finer discritization of the plastic
hinge regions was used in order to improve the analysis detail. Columns were modeled using five
cubic elements (length of end-elements 0.4 m), whereas six cubic elements were utilized to model
beams (length of long span end elements 0.5 m and length of short span end elements 0.3 m) [Fig.
5.15(a)]. The length of the end elements was kept the same in the three models (existing frame,
Extensive and Lower bound retrofit solution), whereas the length of the internal parts was modified
depending on the clear span of the beam, which resulted after subtracting half width of the
strengthened columns of each side of the beam. Beam-column joints were assumed rigid [Fig. 5.15(b)]
and fully - fixed boundary conditions were adopted at the base of the building. Bond slip was not
explicitly modeled in the analyses of the various retrofitted options of the frame. This was done so as
to isolate and quantify the effects of each alternative retrofitting option on the frame response. Should
it be considered, bond slip would modify the response of the existing frame (in the pre-retrofit state)

156

Chapter 5 Design methodology for seismic upgrading of substandard reinforced concrete structures

and lead to a softer behavior. Due to improved confinement provided by jacketing, a large component
of drift owing to reinforcement slip is mitigated in strengthened members.
In the wall retrofit solution (Section 5.3.2.3) the analytical model utilized is depicted in Fig.
5.16(a). The column and beam discritization was kept the same with the model utilized for the existing
frame as well as for the Extensive and Lower bound retrofit solution. The existing columns CC1-4 and
CD1-4 were incorporated for the construction of the wall and new columns were constructed as well
[Fig. 5.10]. The wall at each floor was modeled as depicted in Fig. 5.16(b). The wall at storey height
was divided in four elements of length 0.675 m, which were modeled using the cubic element, taking
into account the flexural response of the wall. The internal parts of the wall model were connected
through the joint element, which connects joints i and j [Fig. 5.16(b)]. This element functions as spring
in x direction at the mid-height of the wall modeling the shear response (infinite stiffness was given to
the other two degrees of freedom). The spring is deformed according to the shear force – shear strain
diagram of Fig. 5.16(b)). For the description of the curve of Fig. 5.16(b) (Ko=714.5 GPa, K1=41.0 GPa,
K2=40 GPa, Δcr=0.2 mm, Δy=7.9 mm) the section analysis program Response - 2000 (Bentz 2000) was
utilized. The model assumes uncoupled shear and flexure deformation of the wall. The wall is
connected to the frame through rigid links.
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Fig. 5.15 (a) Frame modeling for the existing frame as well as for the Extensive and Lower bound retrofit
solution, (b) Construction of rigid joints with the use of rigid links.

Gravity loads were applied as point loads at the beam – column joints. The values considered both
in tests and analyses (inelastic static and dynamic) are presented in Fig. A5.4 of Appendix 5.1.
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Fig. 5.16 (a) Frame modeling for the case of wall retrofit solution, (b) Wall modeling in each floor.

5.5

Assessment of the retrofit options

The three alternative retrofit solutions (Extensive and Lower bound solution, Wall retrofit solution) for
the ICONS frame were assessed by performing nonlinear static pushover analyses and a series of
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inelastic dynamic time-history analyses by the use of the inelastic program ZeusNL (Elnashai et al.
2002)

5.5.1

Response by pushover analysis

Inelastic static pushover analyses are performed to a target drift at ultimate equal to 2% of the building
height. The lateral load had a triangular distribution and was applied with displacement control. The
calculated response of the ICONS frame for the three alternative retrofit solutions is plotted against the
analytical of the existing frame in Fig. 5.17. A fundamental modification of the response is effected by
the Extensive retrofit solution, highlighted by the significant increase in stiffness and strength. The
steepness of the post-peak softening branch is reduced as compared to the response curves of the
existing frame and that of the Lower bound solution. This is owing to the reduced influence of second
order effects in the behavior of the retrofitted structure. The response curve of the Lower bound retrofit
solution is almost identical to that of the existing frame; practically, the only difference between the
calculated responses, which however is rather decisive, is identified in the lateral response shapes of
the two structural systems.
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Fig. 5.17 Calculated base shear vs top displacement for all the retrofit solutions.

The calculated response of the ICONS frame for the case of adding an infill wall in bay C-D is
plotted against the response of the Extensive retrofit, the Lower bound option and the original frame in
Fig. 5.17. The addition of the infill wall increases substantially the stiffness and strength of the
original frame. The base shear of the wall retrofit solution is two times greater than the base shear of
the Extensive retrofit solution (all the vertical members were jacketed) and 4.4 times greater than the
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base shear of the Lower bound solution. The overturning moment of the wall retrofit solution is 2.2
times greater than the overturning moment of the Extensive retrofit solution and 4.3 times greater than
the overturning moment of the Lower bound solution.
5.5.2

Response to earthquake excitation

Inelastic time history analyses were performed for various ground motions in order to assess the level
of improvement in the behavior secured through retrofitting. The response of the retrofitted structures
was examined by performing dynamic time history analysis for the records that were used in the test
and also for near-fault ground motions.

5.5.2.1

Artificial records

The artificial records that were used in the full-scale test of the ICONS frame are representative of a
moderate - high European seismic hazard scenario (Campos-Costa and Pinto 1999). The acceleration
time histories for seismic events with 475, 975 and 2000 year return periods (referred to hereafter as
475, 975 and 2000) along with their elastic spectra (5% damped) are depicted in Fig. 5.18. The elastic
response spectrum of EC8 (2004) used to define the demand in the Extensive retrofit solution is also
plotted for comparison. The duration of significant excitation in the records is 15 sec and the peak
ground acceleration is 0.22g, 0.29g and 0.38g, for the 475, 975 and 2000 year return events,
respectively. In the following, the return period is used as an identification code for the record
considered.
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Fig. 5.18 Elastic response spectra (5% damped) for the group of artificial records.

Response of ICONS frame for the Extensive retrofit solution
Calculated displacement histories at the top of the retrofitted frame (Extensive retrofit) are plotted in
Fig. 5.19(a) for the group of the artificial records. The red line, marked as 2000-All, represents the
response of the frame to a sequence of events using records 475, 975 and 2000 in series. This record
was selected to be applied in order to be taken into consideration the residual deformation effected
through possible changes in stiffness and damage level due to the excitation for the next seismic
excitation. Demand increased as the level of ground motion increased. The interstorey drift values,
which correspond to the maximum top displacement are shown in Table 5.3 and presented graphically
in Fig. 5.19(b). The brown colored line, corresponding to symbol “R” [Fig. 5.19(b)], represents the
distribution of interstorey drift of the strengthened frame heightwise, as defined based on the
deformation capacity. The vertical elements of each floor were designed in order to yield at interstorey
drift 0.5% and have a ductility level at least μΔ=2. The deformation capacity of each vertical element
results from the product of the deformation at yield and the ductility level (which is differentiated
depending on the characteristics of intervention). The interstorey drift profile of the retrofitted frame is
defined from the critical member of each floor, i.e. the member with the lower level of ductility. In
case of the 475 and 975 records, demand is kept well bellow the capacity of the retrofitted frame (“R”
line, Table 5.3, Fig. 5.19(b)). The interstorey drift demand imposed by the 2000 record reaches the
capacity of the retrofitted frame in the first and second storey, whereas in the other two floors the
capacity is higher than the demand [Table 5.3, Fig. 5.19(b)]. The demand exceeds the capacity of the
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first and second storey in the 2000-All case, whereas the capacity is greater in the upper two floors
[Fig. 5.19(b)]. The Extensive retrofit solution is deemed adequate.

Table 5.3 Interstorey drift values along the height of the building – Extensive retrofit solution.
Interstorey Drift, ID (%)
Storey

475

975

2000

2000-All

R

st

0.40

0.68

1.15

1.31

1.13

2nd

0.49

0.81

1.24

1.58

1.26

rd

0.43

0.3

0.85

1.19

1.60

0.39

0.43

0.45

0.59

2.38

1

Top displacement (mm)

3
4th

100
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Fig. 5.19 (a) Top displacement time histories and (b) interstorey drift profiles for the Extensive retrofit
solution.

Response of ICONS frame for the Lower bound solution
The group of artificial records is also applied to the analytical model of the frame retrofitted with the
Lower bound solution. Calculated displacement time histories at the top of the frame are presented in
Fig 5.20(a). The interstorey drift profiles that correspond to the maximum top displacement are
presented in Fig 5.20(b) and are compared to the interstorey drift profile of the retrofitted frame “R”.
The demand imposed by the 475 record is below the capacity of the retrofitted frame [Table 5.4]. In
case of the 975 record the capacity of the first floor is exceeded [Table 5.4]. In case of the 2000 and
2000-All records, the demand exceeds the capacity in the first two floors whereas the opposite is the
case in the upper two floors [Fig. 5.20(b), Table 5.4]. The 975 year return period record corresponds to
a 10% probability of exceedance in 100 years, which according to SEAOC (1995) is classified as a
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“Very rare” event. The response of the frame in the Lower bound retrofit solution is considered
satisfying taking into account the cost and the simplicity of the solution.

Table 5.4 Interstorey drift values along the height of the building – Lower bound retrofit solution.
Interstorey Drift, ID (%)
Storey

475

975

2000

2000-All

R

st

0.52

1.05

1.55

1.42

0.87

nd

0.68

1.01

1.67

1.56

1.31

3rd

0.53

0.84

1.06

1.24

1.61

th

0.44

0.43

0.41

0.65

2.58

1
2

Top displacement (mm)
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100
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Fig. 5.20 (a) Top displacement time histories and (b) interstorey drift profiles for the Lower bound
solution.

The response of the frame retrofitted with the Lower bound solution is compared to the response
of the existing frame as recorded during the test (Pinto et al. 2002). The maximum top displacement
and the corresponding interstorey drift profiles are compared in Fig. 5.21(a) and Fig. 5.21(b),
respectively. The blue line, marked as 975-All, represents the response of the frame to a sequence of
events using records 475 and 975 in series. The red line, which corresponds to the existing frame,
stops at 22.5 sec because the test was stopped at that time due to the high interstorey drift recorded in
the 3rd floor. It is observed that the response of the existing and of the lower bound solution frame is
identical for the 475 year return period record (first 15 sec). The response continues to be similar up to
the peak displacement observed at 22 sec. At that point the response of the lower bound solution frame
is differentiated from that of the existing frame. The response of the retrofitted frame appears stiffer.
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This becomes even clearer if the interstorey drift profiles are compared at the maximum top
displacement response. The high interstorey drift observed in the third level of the existing frame (Fig.
5.21(b)-red line) is accommodated by the addition of the jackets to the stocky columns of the third and
the fourth floor resulting in the blue line profile as depicted in Fig. 5.21(b).
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Fig. 5.21 Comparison of (a) Top displacement time histories and (b) interstorey drift profiles between the
existing frame and the Lower bound solution.

Response of ICONS frame for the Wall retrofit solution
The wall retrofit solution is subjected to the artificial records presented above (475, 975, 2000 and
2000-All). Calculated displacement histories at the top of the retrofitted frame (infill wall) are plotted
in Fig. 5.22(a) for the group of artificial records. The interstorey drift profiles that correspond to the
maximum top displacement are presented in Fig. 5.22(b) and are compared with the interstorey drift
profile of the retrofitted frame (R). The interstorey drift profile of the retrofitted frame is defined from
the critical member of each floor, i.e. the member with the lower level of ductility. In case of the 475
record, demand is kept well bellow the capacity of the retrofitted frame in the three upper floors,
whereas the capacity of the first floor is reached [Table 5.5]. The interstorey drift demand imposed by
the 975 record exceeds the capacity of the retrofitted frame in the first storey, whereas in the other
floors the capacity is higher than the demand [Fig. 5.22(b), Table 5.5]. The demand exceeds the
capacity of the first and marginally of the second storey in the 2000 and 2000-All case, whereas the
capacity is greater in the upper two floors [Fig. 5.22(b), Table 5.5].
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Table 5.5 Interstorey drift values along the height of the building – Wall retrofit solution.
Interstorey Drift, ID (%)
Storey

475

975

2000

2000-All

R

st

0.18

0.33

0.40

0.38

0.20

nd

0.20

0.33

0.61

0.57

0.57

rd

0.24

0.38

0.63

0.60

0.85

0.14

0.31

0.38

0.37

1.00
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Fig. 5.22 (a) Top displacement time histories and (b) interstorey drift profiles for the case of the wall
retrofit.

5.5.2.2

Near-fault ground motions

Near-fault ground motions with forward directivity impose a highly non-uniform distribution of
ductility demands compared to ordinary ground motions. According to Alavi and Krawinkler (2004),
the response of a structure depends on the period of the structure compared to the period of the pulse.
Their study demonstrates that when the period of the structure is longer than the period of the pulse
then large elastic shear forces are generated in the upper part of the structure. For structures with
shorter periods compared to that of the pulse the maximum ductility demands occur in the lower
stories regardless of strength.
The response of the retrofitted frames is studied for near - fault ground motions with forward
directivity. Two representative recorded ground motions are selected, the Loma Prieta 17/10/89
(LP89SARA.360, pga=0.504g) and Northridge 17/1/94 (NR94SYLH.090, pga=0.604g). The ground
motions and their elastic response spectra (5% damped) are shown in Fig.5.23.
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Fig. 5.23 Elastic response spectra (5% damped) for the group of near-fault records.

Response of ICONS frame for the Extensive retrofit solution
Calculated displacement time histories at the top of the frame for the first retrofit scenario are plotted
in Fig. 5.24(a). Based on the interstorey drift profile [Fig. 5.24(b)], the response to the Loma Prieta
earthquake is satisfactory since the demand is lower to supply, apart from the second floor where the
difference is marginal. Demand is less than capacity in terms of interstorey drift in all storeys, but the
second storey, where the difference is marginal [Table 5.6]. The response is differentiated in the case
of Northridge earthquake where the displacement demand in the first and second storey increases
significantly [Table 5.6]. It is observed that after the first 8 sec of response the frame has residual
deformations [Fig. 5.24]. This indicates that stiffness level should be increased and also member
ductility should be controlled in the first three storeys.
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Table 5.6 Interstorey drift values along the height of the building – Extensive retrofit solution.

Interstorey Drift, ID (%)
Storey

Loma Prieta

Northridge

R

st

0.81

3.35

1.13

nd

1.41

3.34

1.26

3rd
4th

1.35

2.14

1.60

0.86

0.82

2.38

1
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Fig. 5.24 (a) Top displacement time histories and (b) interstorey drift profiles for the first retrofit scenario.

Response of ICONS frame for the Lower retrofit solution
The Lower bound solution is not a viable retrofit option for the near-fault ground motions selected
herein. The demand imposed by both near-fault ground motions is very high with the highest
interstorey drift demand to be observed in the first and second storey [Table 5.7]. The interstorey drift
profiles of Fig. 5.25(b) correspond to time step tLP=7.92 sec for the Loma Prieta earthquake, tN=7.00
sec for the Northridge earthquake. The top displacement time histories in Fig. 5.25(a) indicate the low
level of lateral strength. The analysis in case of the Northridge earthquake cannot converge and
terminates at 8.98 sec.
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Fig. 5.25 (a) Top displacement time histories and (b) interstorey drift profiles for the Lower bound
solution.

Response of ICONS frame for the Wall retrofit solution
The response of the retrofitted frames is studied for Loma Prieta and Northridge near – fault ground
motions. Calculated displacement time histories at the top of the frame for the wall retrofit solution are
plotted in Fig. 5.26(a). Based on the interstorey drift profile [Fig. 5.26(b)], the response to the Loma
Prieta earthquake is satisfactory since the demand is lower than the supply, apart from the first floor.
The response is differentiated in the case of Northridge earthquake where the displacement demand in
all storeys increases significantly. It is observed that after the first 4 sec of response the frame has
residual deformations. This indicates that stiffness level should be increased and also member ductility

Top displacement (mm)

should be controlled in the storeys.
80

4

Wall retrofit solution

R

40

3
0
0

2

4

6

8

10

12

14

16

18

-40

2

-80

1

-120
-160
-200

Loma

Northridge

(a)

Time
Time(secs)
(sec)

0
0.0%

1.0%

2.0%

3.0%

(b)

Fig. 5.26 (a) Top displacement time histories and (b) interstor y drift profiles for the wall retrofit.
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5.6

Conclusions Chapter 5

In the present Chapter, a displacement-based design methodology for rehabilitation of existing
reinforced concrete buildings was presented. The central concept of the proposed methodology is
modification of the structural properties as required by a weighted distribution of stiffness along the
height of the building designed to yield a pre-selected target response shape. In the proposed design
methodology, the structure is considered to respond nearly in a single mode, which is selected in order
to eliminate damage concentration. The Yield Point Spectrum representation is utilized for definition
of demand. Members are designed to undergo the deformation demand as required by the target
distribution of interstorey drift and to reach the required level of secant - to - yield stiffness. The
proposed methodology is applied to a full - scale tested structure and alternative retrofit solutions were
studied. The proposed methodology was applied to ICONS frame, which was constructed at full scale
and tested in laboratory conditions. Three alternative retrofit scenarios were studied in order to verify
the validity of the proposed retrofit design methodology. The Extensive retrofit solution dictated the
application of RC jackets to all the columns apart from the stocky columns of the first and second
storey aiming to an improved damage distribution in the members of the same floor, through the
increased participation of the majority of the members of the same storey to the lateral resisting
system. Casting an infill wall to the full width of bay C-D aimed to a radical modification of the
existing frame, altering it from a shear-framed structure to a flexure-framed one. The Lower bound
solution, which is more economical than the previous two, comprised limited measures needed to
mitigate the irregularity in stiffness between the second and the third floor (application of side
jacketing to the stocky columns). Pushover analyses and a series of dynamic time-history analyses for
a variety of strong ground motions including near field records were conducted in order to confirm the
effectiveness of the proposed retrofit design methodology implemented for the three alternative retrofit
solutions.
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APPENDIX 5.1
Ι. Reinforcement details for ICONS frame

(a)

(b)

Fig. A5.1(a) Elevation, (b) plan of ICONS frame (Pinto et al. 2002).

(a)

(b)

Fig. A5.2 (a) Slab, (b) footing reinforcement details (Pinto et al. 2002).
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Fig. A5.3 Beam reinforcement details (Pinto et al. 2002).
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Fig. A5.4 Gravity loads (Pinto et al. 2002).

Table A5.1 Response indices at yield for the vertical members of the existing ICONS frame.

Storey
1st

2nd

3rd

4th

Column

IDy (%)

φy (1/m)

Ky (kN/m)

My (kNm)

CA1
CB1
CC1
CD1
CA2
CB2
CC2
CD2
CA3
CB3
CC3
CD3
CA4
CB4
CC4
CD4

0.82
0.36
0.58
1.01
1.11
0.45
0.82
1.26
1.26
0.51
1.22
1.24
1.12
0.45
1.17
1.13

0.0138
0.0049
0.0112
0.0156
0.0165
0.0055
0.0138
0.0178
0.0174
0.0063
0.0175
0.0172
0.0155
0.0055
0.0162
0.0156

1367.7
29149.0
1790.8
1038.8
1158.2
25946.1
1521.5
931.1
1013.3
10949.0
1102.3
869.8
902.3
9499.2
951.4
796.6

31.0
233.2
32.8
26.6
31.4
233.5
34.4
27.2
29.0
112.5
31.6
24.5
22.9
85.9
25.2
20.4
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Chapter 6
Drift Dependent Spectra (DDS) for retrofitting of
existing RC buildings

6.1

Introduction

The development of alternative retrofit solutions for the seismic upgrading of existing buildings most
times requires iterative procedures that render the whole effort exceptionally laborious and timeconsuming. The proposed methodology for the seismic upgrading of existing reinforced concrete
buildings, as presented in Chapter Five, places the issue of rehabilitation of the existing building stock
on a new base. Response modification is effected through a weighted distribution of added stiffness
along the height of the building.
The main objective of Chapter Six is to investigate whether the proposed retrofit design
methodology for the seismic upgrading of existing RC buildings may further be simplified. In this
context, a new design tool, the Drift Dependent Spectra (DDS), which are incorporated in the
proposed methodology (Section 5.2, Chapter Five) is developed. The DDS provide direct inspection
on the effects caused by any retrofit solution in the characteristics of the retrofit scenario to both local
and global level. The DDS provide rapid inspection of the practical implications (in terms of member
proportioning) of any given decision for modification of generalized stiffness on the resulting drift.
With the aid of DDS, the interrelation of the stiffness demand with the target response shape is
possible. Similar methods have been also used in the past for the estimation of seismic vulnerability of
existing buildings (Gülkan and Sozen 1999).
In the general framework of the proposed design approach for the seismic upgrading of existing
buildings the Alternative Retrofit Spectra (ARS) are derived. The spectra of this type are not
incorporated in the proposed retrofit design methodology, but they may be used independently for the
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determination of the optimal retrofit scenario. The Alternative Retrofit Spectra are inelastic spectra on
which curves that describe alternative retrofit scenarios have been superimposed. For each retrofit
scenario there is direct interrelation between demand in terms of spectral ordinates and design
parameters.

6.2

Methodology for deriving Drift Dependent Spectra (DDS)

The methodology for deriving Drift Dependent Spectra (DDS) is presented in the following steps
(Thermou and Pantazopoulou 2005, Thermou et al. 2006a):
Step 1: Definition of the interrelation between spectral acceleration and period – The first step of the
proposed methodology entails the definition of the interrelation between the spectral acceleration and
period, i.e. the definition of the acceleration spectrum. The elastic spectrum of Eurocode 8 (EC8 2004)
is utilized for presenting the proposed methodology without in any case loosing the generality of
application. The first type of the elastic spectrum of Eurocode 8 (EC8 2004) is selected, where demand
is expressed in spectral acceleration terms in the design region (till T=2 sec) and is defined by the
following set of equations:
TB  T  TC : S α ( T )  α g S

βo
q

(6.1a)

TC  T  TD : S α ( T )  α g S

β o  TC 
q  T 

(6.1b)

where αg is the peak ground acceleration, S is the soil parameter, βo is the spectral acceleration
amplification factor for 5% viscous damper, q is the behavior factor, TB, TC are the period values that
define the limits of the constant acceleration branch and TD is the value defining the constant
displacement range in the spectrum.
Step 2: Demand expressed in spectral displacements – Demand is expressed in spectral displacements
for a specific scenario. In case that that soil type B is selected in a high seismicity region pga=0.36g,
then the following values are given: S=1.2, βo=2.5, q=1 and TB=0.15, Tc=0.50 and TD=2.00 sec.
Demand in spectral displacement is given by:
Sd ( T ) 

Sa
ω2

 0.025 T 2 S α

(6.2)

By substituting Eqs. (6.1a) and (6.1b) in Eq. (6.2) results:
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0.15  T  0.50 :

Sd ( T )  0.027 gT 2

(6.3a)

0.50  T  2.00 :

S d ( T )  0.013 g T

(6.3b)

Step 3: Selection of the target response shape of the retrofitted building – At this point the response
shape at which the retrofit solution aims is selected. For the case study presented herein the uniform
distribution of interstorey drift is selected, i.e. the triangular response shape (this assumption
corresponds to uniform distribution of damage).
Step 4: Definition of the characteristics of the Equivalent Single-Degree-of-Freedom – This step
facilitates the calculations which follow in the next steps of the methodology. If it is assumed that the
building has uniform distribution of mass, m, at each floor for a triangular response shape, then the
generalized mass and stiffness are:

M* 

m n 2
i
n 2 i 1

(6.4a)

K *  ( w1 K  w2 K  ...  wn K )

K 1  w1 K  w1 n 2 K *

1
1
 2 K ,  wi  1, K 1  w1 K  w1 n 2 K *
2
n
n

(6.4b)

(6.4c)

where m is the storey mass, n is the number of storeys and ni is the storey number and w1 is the
weighting factor of the first floor. The generalized stiffness, K*, is related to the stiffness of the first
floor, K1, assuming that the stiffness of any other storey may be defined by using the weighting factors
from the relationship Ki=wiK.
Step 5: Definition of the period of the retrofitted building as a function of the stiffness of the first floor
– Period is defined from:
n

M*
T  2π
 2π
K*

mw1  i 2
i 1

K1

(6.5)
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Step 6: Definition of interstorey drift in the first floor as a function of the stiffness of the first floor –
The top displacement at yield is equal to Δy,target=(L*/M*)Sd, whereas the displacement at yield of any
other floor is given by Δy,target,i=iΔy,target=i(L*/M*)Sd. The lateral displacement at yield of the first
floor is equal to:
n

ID 1yst

i
i 1 S d
 Δy ,t arg et Φ1 / hst  n
2 h
 i st

(6.6)

i 1

where hst is the storey height and 1 is the shape value in the first floor.
The interstorey drift at yield of the first floor, IDy1st, is related to the stiffness of the first floor, Κ1,
after substituting Eqs. (6.4), (6.5) in Eq. (6.6):
 n  m w1 1
0.15  T  0.50 : ID 1st
y  1.06 g   i 
i 1  hst K 1

0.50  T  2.00 : ID 1st
y  0.08 g

 n i
i

1 
 n i2 
i

1 

m w1 0.5

0.5

hst

(6.7a)

1
K 10.5

(6.7b)

In the case where the retrofit scenario dictates the use of two different global intervention
methods, as RC jacketing the existing vertical elements and addition of RC walls, then the total
stiffness of first floor, Κ1, is given by:
K 1  K 1y ,J  K 1y ,w

(6.8)

where Ky,J1 and Ky,w1 are the total stiffness provided by the RC jackets (Eq. (3.16), Section 3.3.2.1,
Chapter Three) and walls (Eq. (A3.16), Appendix 3.2, Chapter Three), respectively. The stiffness of a
particular member which is strengthened by applying RC jacket or RC wall is given as a function of
the design (amount of longitudinal reinforcement, cross-section height). Substituting Eqs. (6.7) in Eq.
(6.8) the following equations provide a direct relationship between drift and member stifnesses:

1
 n  m w1
0.15  T  0.50 : ID 1st
y  1.06 g   i 
1
h
i 1  st K y ,J  K 1y ,w





(6.9a)
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0.50  T  2.00 : ID 1st
y  0.08 g

 n i
i

1 
 i2 
i

1 
n

m w1 0.5

0.5

hst

1



K 1y ,J



(6.9b)



0.5
K 1y ,w

In case that the definition of stiffness for RC jacketed members as defined in Section 3.3.2.2 (Ky,J
as a function of stiffness factor ωJ) and the corresponding design expressions given in Appendix 3.2
for RC walls (Ky,w as a function of stiffness factor ωw), are adopted, then the DDS type II [Fig. 6.2]
results. Substituting Eq. (3.2) and Eq. (3.22) in Eqs. (6.9), then:
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where ΩJ1, Ωw1 are coefficients which control the stiffness of the first floor and are directly related to
the characteristics of the global intervention considered (be it RC jacket or wall.) Given a specific
stiffness level, this may be reached by various combinations of RC jackets and walls (i.e. of ΩJ and Ωw
values) depending on the basic stiffness supplied by the existing frame.
The fact that RC jacketing and addition of RC walls were the global intervention methods used for
the presentation of the proposed methodology for the derivation of Drift Dependent Spectra does not
limit the applicability of the methodology.
Step 7: Construction of Drift Dependent Spectra (DDS) – Eqs. (6.9) and (6.10) allow the construction
of two alternative types of Drift Dependent Spectra (DDS). The DDS - Type I is constructed by
making use of Eqs. (6.9) [Fig. 6.1] and relates the total stiffness of the first floor in terms of the
stiffness of the RC walls and RC jackets. The DDS - Type II is constructed by making use of Eqs.
(6.10) [Fig. 6.2] and by adopting coefficients ΩJ1 and Ωw1, which indirectly account for the total
stiffness of the first floor. For each type of DDS the design diagrams of Chapter Three (Sections
3.3.2.1 and 3.3.2.2) are utilized. The combination of the DDS and the retrofit design diagrams
facilitates considerably the seismic upgrading procedure, providing alternative retrofit solutions with
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direct inspection on the effects that have particular choices of the stiffness level of each floor to the
global response of the retrofitted structure.

Definition of demand at
global level
1%

Design at member level
Μανδύες Ο.Σ.
40% Po
30% Po
20% Po
10% Po

Ky,J

Ky,w1

Drift Dependent Spectra - Type Ι
Ky,J1=f(ρe)
Ky,w1=f(ρf, ρw)

2%

(a)
_

(b)
_ 1%

Ky,J1

2%

3%

4% ρtot (%)

Fig. 6.1 (a) Drift Dependent Spectra – Type Ι, (b) Design diagram which related the demand in stiffness at
yield, Ky,J, with the percentage of the longitudinal reinforcement of the retrofitted member, ρtot, for various
/
levels of applied axial load, P (given as a percentage of the fraction load Po=Agfc ).

Ωw1

Drift Dependent Spectra – Type ΙΙ
Definition of demand at
ΩJ1=f(ΣiJ,y,i)
global level

ρtot

Design at member level
10%Po 20%Po30%Po

Ωw1=f(Σiw,y,i)

1%
2%

iy,J

10%Po 20%Po30%Po

(a)
_

ΩJ1

(b)
_

ξy,J

Fig. 6.2 a) Drift Dependent Spectra – Type IΙ, (b) Design diagram which related the coefficient of moment
of inertia of the cross-section at yield, iy,J, with the non-dimensional depth of compression zone, y,J, and
the percentage of the longitudinal reinforcement of the retrofitted member, ρtot, for various levels of
/
applied axial load, P (given as a percentage of the fraction load Po=Agfc ).

6.2.1

Incorporation of the Drift Dependent Spectra (DDS) in the proposed retrofit strategy for
seismic upgrading of existing reinforced concrete buildings

The adoption of Drift Dependent Spectra (DDS) in the proposed retrofit design methodology of
Chapter Five simplifies considerably the procedure. Steps 2, 3, 4 (Section 6.2) are substituted by the
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derivation of the Drift Dependent Spectra (DDS). Given the target interstorey drift of the ESDOF of
the retrofitted structure, the target response shape {Φtarget) and the target ductility level, μΔ,target, the use
of the DDS allows the determination of the stiffness demand at first floor, K1. The stiffness demand in
the other floors is determined utilizing the weighting factors, wi (e.g. Eq. (6.4c) for triangular
distribution). Given the target interstorey drift of the first floor, IDy1st, the stiffness demand is satisfied
by the combination of the two global intervention methods selected.
In the next step and provided that the vertical members of the floor that are to be retrofitted have
been determined (Step 5, Section 5.2) dimensioning of the retrofit solution takes place. This procedure
which refers to Step 6 (Section 5.2) of the proposed methodology of Chapter Five, is simplified further
by using the design diagrams, which were presented in Chapter Three and depicted in Figs. 6.1(b) and
6.2(b) as integral components of the DDS methodology.

6.2.2

Application using the Drift Dependent Spectra (DDS)

The use of the Drift Dependent Spectra becomes comprehensible via the application of the Extensive
retrofit solution for ICONS frame (Pihno and Elnashai 2001, Pinto et al. 2002), which was presented
in detail in Section 5.3.1 of Chapter Five [Fig. 6.3]. The Drift Dependent Spectra of Type I and Type
II are constructed using Eqs. (6.9) and (6.10), respectively, for the case of the three-bay, four-storey
frame [Fig. 6.4(a), Fig. 6.5(a)]. The alternative types of DDS were derived for the retrofit scenario
adopted for presenting the methodology of the DDS (Section 6.2), which coincides with the Extensive
retrofit scenario (Section 6.3.2.1). Therefore, the DDS – Type I [Fig. 6.4(a)] and Type II [Fig. 6.5(a)]
express the demand in terms of interstorey drift, IDy1st, and stiffness at yield at the first storey, K1, for
the case of uniform distribution of interstorey drift of ICONS frame.
B

A

C

D
4 Extensive retrofit solution:

2.7

application of RC jackets in all
3 columns but the stocky columns

CB1, CB2

2.7
2

2.7
1

2.7
5.0

5.0

2.5

Fig. 6.3 Geometry of ICONS frame – Extensive retrofit solution.
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The Extensive retrofit solution aimed at a target interstorey drift IDy,target=0.5% and to a ductility
level equal to μΔ,target=2. Adopting the equal displacement rule (q=μ), the curve which corresponds to a
interstory drift of the first floor ID1st =1.0% express the demand for the retrofit scenario in question,
i.e. for a target ductility level μΔ,target=2 (IDu1st=μ∙IDy,target1st=2∙0.5%=1.0%) [Figs. 6.4(a), 6.5(a)]. This
makes clear that the demand in terms of stiffness at yield of the first floor, Κ1, is given by the ordinates
which correspond to the various levels of interstorey drift of the first floor, IDy1st. The demand in
stiffness of the first floor, Κ1, for the Extensive retrofit solution takes value Κy,J1=41863 kN/m for IDy1st
=1.0% [Fig. 6.4(a)]. Alternatively, the demand is given as a function of the stiffness coefficient of the
first floor which takes value ΩJ1=0.78 for IDy1st =1.0% [Fig. 6.5(a)]. The stiffness in the other floors is
determined with the use of the weighting factors, wi, (e.g. Eq. (6.4c)).
The motivation for selecting the Extensive retrofit solution is the improved distribution of damage
between the members of the same floor, through the increased contribution of the majority of the
members to the lateral response. This retrofit scenario presupposes the need of retrofitting of all the
columns but the stocky columns of the first and second storey, CB1 and CB2, respectively (see Section
5.3.2.1, Fig. 6.3). Displacement at yield is controlled by the height of the jacket, whereas stiffness is
related to the percentage of the jacket longitudinal reinforcement. The cross-section height of the
jacketed columns CA1-4 and C1-4, was defined according to the expressions of Priestley (1998) and
Priestley and Kowalsky (1998), which relate directly the curvature at yield, φy, with the jacketed crosssection height, hJ (Eq. 5.1(a), Section 5.2), to hJ=450 mm (B=2.25) and the width to bJ=500 mm
(A=1.25). Given the dimensions of the jackets, design diagrams were plotted, as those depicted in Figs.
6.4(b), (6.5b), which relate directly the intervention design characteristics with the various levels of
axial load. In case that the designer is interested in the modification of the jacket characteristics,
diagrams of the type presented Figs. 6.4(c), 6.5(c), which in this particular case were constructed for
column CA1, may be utilized. This type of diagrams provide alternative design options for RC jacketed
members (cross-sectional dimensions, longitudinal reinforcement) with a direct insight in stiffness
terms. The same procedure is followed for the jacket design of columns CD1-4 and the side jacket
design of columns CB3-4. The cross-sectional dimensions of the jacket and the percentage of the
longitudinal reinforcement placed for the Extensive retrofit solution making use of DDS – Type I and
Type II and the corresponding design diagrams are presented in Table 6.1 which are identical with the
results presented in Table 5.2 (Chapter Five).
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Fig. 6.4 (a) Drift Dependent Spectra – Type I for seismic upgrading of ICONS frame, (b), (c) Alternative
design diagrams for RC jacketed members (see Section 3.3.2.1, Chapter Three).
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Fig. 6.5 (a) Drift Dependent Spectra – Type II for seismic upgrading of ICONS frame, (b), (c) Alternative
design diagrams for RC jacketed members (see Section 3.3.2.2, Chapter Three).

Table 6.1 Design characteristics of retrofitted members – Extensive retrofit solution.
Retrofitted frame – Extensive retrofit solution
Columns

bc (mm)

hc (mm)

A

B

ρJ* (=AJ/(bJhJ-bchc))

ρsw,J

CA1-4, CC3-4

400

200

1.25

2.25

1.04% (6Ø16 & 2 Ø14)

Ø10/100 & Ø10/160

CB3-4

250

500

1.00

1.20

2.46% (4 Ø14 – Side jacket)

FRP jackets

CC1-2

400

200

1.25

2.25

1.00% (4Ø16 & 4 Ø14)

Ø10/100 & Ø10/160

CD1-4

300

200

1.67

2.00

1.06% (8 Ø14)

Ø10/100 & Ø10/160
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6.3

Alternative Retrofit Spectra (ARS)

Based on the framework of the proposed retrofit design methodology and using the design tools that
have been developed, the construction of the Alternative Retrofit Spectra (ARS), which facilitate the
retrofit design procedure is possible. The Alternative Retrofit Spectra (ARS) have as a reference point
the design at yield. The steps of the proposed design methodology are presented as follows:
Step 1: Definition of the design region – The Yield Point Spectrum (Aschheim and Black 2000, Black
and Aschheim 2000, Section 2.4.4, Chapter Two) is utilized for defining the design region, which is
limited between the minimum and maximum value of target period, Τtarget, for the retrofitted building
(Τtarget,min<Ttarget<Ttarget,max, where Ttarget<Tex and Tex the period of the existing building). The shaded
region between periods Τtarget,min=0.5 sec and Ttarget,max=1.0 sec in Fig. 6.6 defines the region at which
seismic upgrading aims. In the case study examined herein (Fig. 6.6), the period of the existing
building was found to be Τex=1.2 sec, after applying Rayleigh method (Clough and Pienzen 1993) for
storey stiffness at yield, Κyst.
Step 2: Selection of the target response shape, {Φtarget} – The retrofitted building is assumed to
respond in a single mode. The shape defines the interstorey drift distribution and is utilized for
estimating the stiffness of the MDOF from the ESDOF. The properties of the ESDOF (Μ*, Κ*), in case
of uniform damage distribution (triangular response shape) are described by Eqs. (6.4), or in any other
case the expressions of Section 5.4.2 (Chapter Five) are valid.
Step 3: Distribution of stiffness heightwise – The demand in stiffness along height is defined by
making use of vector of the weighting factors, {w}, which is directly related to selection of the
response shape of the retrofitted building (Section 4.4, Chapter Four). For the case of triangular
distribution, the stiffness of the each floor is provided by Eq. (6.4c).
Step 4: Interrelation of the stiffness of the first floor to the characteristics of the intervention method –
The characteristics of the intervention method are related to the added stiffness in the first floor, which
is considered as a reference point in the proposed methodology. The weighting factor technique
(Section 4.4, Chapter Four) allows the distribution of stiffness along the height of the building. This
does not mean that the intervention method is applied only in the first floor. The methodology for
deriving this new type of spectra is based on adopting global intervention methods. The stiffness of the
floor comprises the stiffnesses’ of the individual members. RC jacketing is selected as an example for
the presentation of the new type of spectra. The stiffness of the floor according to the simplified model
which was presented in Chapter Three (Section 3.3.2.1) is given by Eq. (3.16).
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Fig. 6.6 Definition of design region – shaded region.

Step 5: Construction of the Alternative Retrofit Spectra (ARS) – The key design characteristics which
are used are the mean value of area increase of the retrofitted columns (from application of the
jacketing technique) normalized by the area of the existing columns, RAJ, and, the mean value of the
total equivalent longitudinal reinforcement ratio of the jacketed members, ρtot, estimated in the first
floor. The parameters RAJ and ρtot are defined by:

nc

R AJ   (( AJ ,n  Ac ,n ) / Ac ,n ) / nc 
n 1
nc

nc

n 1

n 1

(6.11a)

R AJ   (( bJ ,n hJ ,n  bc ,n hc ,n ) / bc ,n hc ,n ) / nc   ( An Bn  1 ) / nc

nc

ρtot   ρtot ,n / nc
n 1

(6.11b)

where A(=bJ/bc) and B(=dJ/dc) are coefficients which define the increase in width and height of the
existing member (core), respectively, due to the addition of the jacket, the subscript n refers to the nth
floor member considered as participating in the lateral load resisting system, nc the number of vertical
components of the floor and ρtot,n the total reinforcement ratio of the jacketed cross-section (with
reference to Fig. 3.5, Chapter Three, ρtot,n=2ρe,n).
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The description of the retrofit scenario requires the definition of the ratio of the total stiffness of
the first floor of the retrofitted building normalized to the stiffness of the first of the existing building,
K1/Kex,1, and the period Ttarget of the retrofitted building.
Parameters RAJ, ρtot and K1/Kex,1 are used for the construction of three alternative types of design
diagrams and the construction of a new type of spectrum, the Alternative Retrofit Spectrum (ARS).
The alternative retrofit solutions result directly having as a reference point the characteristics of the
retrofit solution in the first floor. After selecting the appropriate retrofit solution, the next phase
involves the design of the retrofit solution in the subsequent floors. In the case of RC jacketing, the
expressions derived for the simplified model of Chapter Three may be utilized (Section 3.3.2.1).

6.3.1

Presentation and use of the Alternative Retrofit Spectra

ICONS frame [Fig. 6.3] was used as an example for the presentation of the Alternative Retrofit
Spectra. The period of the existing frame was estimated by applying the Rayleigh method (using
stiffness terms at yield) equal to Τex=0.75 sec. The retrofit solution aimed at the reduction of the period
of the existing building by increasing stiffness through the application of the RC jacketing technique
to all the columns but the stocky columns of the first and second floor, CB1 and CB2, respectively
(Extensive retrofit solution, Section 5.3.2.1). The frame was considered to respond in a nearly single
mode, which was selected to be the triangular response shape. The design region was defined by a
minimum target period Τtarget,min=0.40 sec and a maximum target period Ttarget,max=0.50 sec. The
minimum target period was defined by the reference value given for frame structures
Τtarget,min=0.1·nst=0.40 sec, where nst=4 the number of floors. The shaded areas in Figs. 6.7(a), 6.7(b)
define the design region (0.40 sec <Τtarget<0.50 sec). The demand is expressed in terms of spectral
acceleration (Say) and spectral displacement (Sdy) at yield. The Yield Point Spectra of Fig. 6.7(a) were
extracted based on the 1st type of the elastic design spectrum of Eurocode 8 (2004) for peak ground
acceleration αg=0.36g, soil class B, S=1.2, βo=2.5, TB=0.15 sec, TC=0.50 sec and TD=2.00 sec. In Fig.
6.7(b) the elastic spectrum of the El-Centro record (IV40ELCN180, pga=0.319g) of the Imperial
Valley earthquake (May 18, 1040), was utilized as an alternative seismic excitation. The inelastic
constant ductility spectra were constructed following the equal displacement rule (q=μ).
The jacket design parameters RAJ (mean value of area increase of the retrofitted columns
normalized by the area of the existing columns estimated in the first floor), ρtot (mean value of the total
equivalent longitudinal reinforcement ratio of the jacketed members estimated in the first floor), and
the ratio K1/Kex,1 (ratio of the total stiffness of the first floor of the retrofitted building normalized to
the stiffness of the first of the existing building) are utilized for the construction of the three alternative
type of design diagrams.
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Fig. 6.7 (a) Yield Point Spectra based on the elastic spectrum of Eutocode 8 (2004), (b) Yield Point Spectra
based in the El-Centro (1940) record.

6.3.1.1

Design diagrams

In Fig. 6.8, the Design Diagram – Type I and the three alternative modes of use, which depend on the
objective of the retrofit scenario, are presented. The Design Diagram – Type I relates the parameters,
RAJ, ρtot, K1/Kex,1 with the period of the building, T, by using a secondary axis representation [Fig. 6.8].
The grey colored curve relates the ratio Κ1/Κex,1 with the period T of the building, whereas the black
colored group of curves, which correspond to different percentages of the parameter RAJ (93%, 117%,
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141%, 165%), relate the ratio Κ1/Κex,1 with the total equivalent longitudinal reinforcement ratio of the
jacketed members ρtot (1%~4%).
The values of parameter RAJ were calculated based on the data given in Table 6.2 and Eq. (6.11a).
The jacket width, bJ, which is given as the product of coefficient A and the width of the existing crosssection (core) bc, received a fixed value, whereas the height of the jacket, hJ, was modified depending
on the values given to coefficient B (coefficient B accounts for the increase of the height of the
existing cross-section, hc). For example, RAJ=93% corresponds to 75% (Β=1.75, hJ=Β∙hc=350 mm)
increase of the height of the existing columns of the first floor (CA1, CC1, CD1) [Table 6.2].

Table 6.2 Definition of parameter RAJ for alternative retrofit solutions.
Initial dimensions
Column

Width

Height

bc (mm)

hc(mm)

CA1

400

CB1

RAJ
69%

81%

93%

117%

141%

165%

A

B1

B2

B3

B4

B5

B6

200

1.25

1.50

1.63

1.75

2.00

2.25

2.50

250

600

1.00

1.00

1.00

1.00

1.00

1.00

1.00

CC1

400

200

1.25

1.50

1.63

1.75

2.00

2.25

2.50

CD1

300

200

1.33

1.50

1.63

1.75

2.00

2.25

2.50

The selection of the triangular target response shape allowed the estimation of stiffness in the first
floor, Κ1, according to Eqs. (6.4). Stiffness increase is attributed only to strengthening of columns CA1,
CC1, CD1 (it is recalled that the strong columns of the first and second storey, CB1 and CB2, respectively,
are not strengthened according to the Extensive retrofit solution, Section 5.3.2.1). The target stiffness
of each column was estimated by assuming that the added stiffness of each storey was distributed
evenly to the three columns of the same storey. The equivalent longitudinal reinforcement ratio of the
jacketed members was determined by (Eq. (3.14) – Section 3.3.2.1, Chapter Three):

ρe  0.22

3
E s bJ

P

 K y ,J 

hst


P
P

  0.63

0
.
75

bJ hJ f sy
bJ2 hJ2 f sy f c/


(6.12)

where Ky,J is the target member stiffness, P is the applied axial load,  is the ratio of the storey height
hst to the height of the jacketed cross-section hJ, Es is the elastic modulus of steel, fsy is the yield
strength of steel, fc/ is the concrete compressive strength and bJ is the width of the jacketed crosssection. The interrelation RAJ, ρtot, K1/Kex,1 for target periods Ttarget=0.40, 0.45 and 0.50 sec are
presented in Table 6.3.
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Table 6.3 Interrelation of parameters RAJ, ρtot, K1/Kex,1 and Ttarget.
RAJ,1=93%

RAJ,1=117%

RAJ,1=141%

RAJ,1=165%

ρtot,1 (%)

ρtot,2 (%)

ρtot,3 (%)

ρtot,4 (%)

2.99

3.90

2.67

1.93

1.47

0.45

2.37

2.75

1.90

1.39

1.07

0.50

1.92

1.93

1.35

1.01

0.79

Τtarget (sec)

K1/Kex,1

0.40

In case that the retrofit strategy aims at an increase of the stiffness of the first floor of the
retrofitted building 2.5 times that of the existing building (Κ1=2.5Κex,1), this can be achieved by four
alternative retrofit options which are defined by the parameters RAJ and ρtot, as depicted in Fig. 6.8(a)
with the dashed blue lines. The first choice corresponds to RAJ=165% and ρtot=1.20%, the second
choice RAJ=141% and ρtot=1.5%, the third choice RAJ=117% and ρtot=2.1% and the fourth choice to
RAJ=93% and ρtot=3.0% [Fig. 6.8(a)]. The period for the four alternative scenarios is decreased to Τtarget
≈0.44 sec which is between the target period values (0.40 sec <Τtarget<0.50 sec). Hence, if the third
choice is adopted, the height of the existing columns need be doubled through the application of RC
jacketing (RAJ=117%, Table 6.2) and the percentage of the longitudinal reinforcement has to be equal
to 2%, in order to increase the stiffness of the first floor 2.5 times and decrease the period to
Τtarget=0.44 sec.
If the retrofit scenario aims at a target period for the strengthened building, then the use of the
Design Diagram – Type I is presented in Fig. 6.8(b). The target period Τtarget=0.46 sec corresponds to
stiffness increase of the first floor Κ1=2.25Κex,1 (the intersection point of the red arrow and the gray
colored curve). The stiffness increase may be achieved by four alternative choices for the
characteristics of the RC jackets (blue dashed lines). The first choice requires RAJ=165% and
ρtot=1.0%, the second RAJ=141% and ρtot=1.35%, the third RAJ=117% and ρtot=1.7% and the fourth
RAJ=93% and ρtot=2.55%.
In case that the retrofit strategy aims at controlling the mean longitudinal reinforcement ratio of
the jacketed members, ρtot, then the retrofit solution is provided by the Design Diagram – Type I of
Fig. 6.8(c). Given the value ρtot=1.5% two alternative retrofit scenarios are defined. The first one
dictates 2.25 times increase of the height of the existing columns CA1, CC1 and CD1 via application of
RC jackets (jacket height hJ=500 mm, RAJ=141%, Table 6.2), which corresponds to 2.5 times increase
of stiffness of the first floor and decrease of the target period to Τtarget=0.44 sec. The second retrofit
scenario requires for the same mean longitudinal reinforcement ratio of the jacketed members
(ρtot=1.5%), 75% increase of the height of the existing columns CA1, CC1 and CD1 (jacket height hJ=350
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mm, RAJ=93%, Table 6.2) and 2 times increase of the stiffness of the first floor, in order that the period
is decreased to Τtarget≈0.48 sec.
In the Design Diagrams – Type I and Type II [Fig. 6.9] the design parameters RAJ, ρtot and Ttarget
are related with two alternative ways. In the case of the Design Diagram – Type II [Fig. 6.9(a)], each
curve represents a target period value, Τtarget, which corresponds to a number of values for the
parameters RAJ and ρtot. In case that the retrofit scenario dictates the mean longitudinal reinforcement
ratio of the jacketed members of the first floor, ρtot, to be equal to 2%, then depending on the target
period of the retrofit solution, three alternative solutions for RC jacketing detailing result, which are
expressed through the modification of parameter RAJ (Τ1=0.50 sec and RAJ=90%, Τ2=0.45 sec and
RAJ=115%, Τ2=0.40 sec and RAJ=140%).
The Design Diagram – Type III is differentiated compared to that of Type II in the mode of
presentation of the results [Fig. 6.9(b)]. The target period, Τtarget, corresponds to the abscissa and the
mean longitudinal reinforcement ratio of the jacketed members of the first floor, ρtot, corresponds to
the ordinate. The four curves correspond to different percentages of cross-sectional area increase, RAJ.
Consequently, for a target period value Τtarget=0.44 sec, four alternative solutions of seismic upgrading
result (pairs of parameters RAJ, ρtot which correspond to dashed blue lines).
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Fig. 6.8 Design Diagram – Type I: (a), (b), (c) Alternative modes of use.
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6.3.1.2

Construction of the Alternative Retrofit Spectra

In the present section, a new type of spectra is presented, which provide direct insight into the
interrelation of demand expressed in terms of spectral displacement and acceleration at yield and the
design parameters. The Design Diagram – Type III [Fig. 6.9(b)] is superimposed on acceleration and
displacement spectra and a complex type of spectra is extracted, the Alternative Retrofit Spectra
(ARS). Three alternative types are defined depending on the magnitude which represents demand. In
Fig. 6.10(a), the Alternative Retrofit Spectrum is depicted, which relates the design parameters (RAJ,
ρtot) to the spectral acceleration (Say). In Fig. 6.10(b), demand is expressed in terms of spectral
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displacement at yield (Sdy). Alternatively, demand in terms of spectral acceleration at yield (Sdy) may
be defined by Eq. (6.6) in terms of the drift at yield of first floor in the escape (IDy1st). Eq. (6.6)
presupposes triangular distribution of drift along the height of the building. Alternative expressions
may be extracted for any target response shape following the procedure of Section 6.2. The Alternative
Retrofit Spectra (ARS) in which the demand is expressed in terms of drift of the first storey at yield
(IDy1st) is presented in Fig. 6.10(c).
In case that the retrofit scenario is described by the parameters RAJ=117% and ρtot=2% (this retrofit
solution corresponds to doubling of the height of the existing columns of the first floor CA1, CC1, CD1
by the addition of RC jackets (hJ=400 mm, Table 6.1) and to a mean value of the total equivalent
longitudinal reinforcement ratio of the jacketed members estimated in the first floor ρtot=2%) the
period of the retrofitted building is Τtarget=0.44 sec is defined by the vertical dashed line which passes
through the intersection point of the red dashed line with the curve which corresponds to RAJ=117%
(Fig. 6.10(a)). The curves which correspond to different percentages of RAJ were derived based on the
assumption that the range of the target periods is 0.40 sec <Τtarget<0.50 sec [Fig. 6.7]. Three alternative
scenarios, which depend on the target ductility level, are defined given the target period Τtarget=0.44
sec. Displacement ductility level μ=2 is considered achievable for retrofitted reinforced concrete
frame buildings. The demand in terms of spectral acceleration at yield and of spectral displacement at
yield is Say=0.55g [Fig. 6.10(a)] and Sdy=28 mm [Fig. 6.10(b)], respectively, which corresponds to
interstorey drift in the first floor IDy1st=0.35% [Fig. 6.10(c)] for the second choice. Hence, if the height
of the existing columns is doubled with the addition of a jacket (RAJ=117%, Table 6.2), the mean value
of the total equivalent longitudinal reinforcement ratio of the jacketed members in the first floor is
ρtot=2% and a displacement ductility level μ=2, then the retrofitted building is expected to yield to a
drift value IDy1st=0.35% (triangular response shape) and satisfy a strength level at yield Vy=αWSay=766
kN with Say=0.55g (Eq. (4.9), Chapter Four, where α is the effective modal mass coefficient which is
less than unit (<1) and W the total weight of the structure).
The retrofit scenario may be defined in terms of drift of the first storey at yield, IDy1st, for a target
displacement ductility level and target response shape. If the drift of the first storey at yield is defined
IDy1st=0.50% for a target displacement ductility μ=2.0 for a triangular response shape, three alternative
retrofit solutions are defined as depicted in Fig. 6.11(a). In this particular application, the curves which
correspond to various values of the parameter RAJ were constructed as to correspond to a range of
period values 0.40 sec <Τtarget<0.60 sec (the upper limit was defined to 0.50 sec [Fig. 6.7] and
modified to 0.60 sec). The interrelation of parameters RAJ, ρtot, K1/Kex,1 for target period values
Ttarget=0.40, 0.50 and 0.60 sec is presented in Table 6.4.
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Table 6.4 Interrelation of parameters RAJ, ρtot, K1/Kex,1 and Ttarget.
RAJ,1=69%

RAJ,1=81%

RAJ,1=93%

RAJ,1=117%

ρtot,1 (%)

ρtot,2 (%)

ρtot,3 (%)

ρtot,4 (%)

2.99

6.12

4.84

3.90

2.67

0.50

1.92

3.00

2.38

1.93

1.35

0.60

1.33

1.30

1.05

0.87

0.63

Τtarget (sec)

K1/Kex,1

0.40

The period of the retrofitted building with IDy1st=0.50% and μ=2.0 is defined in Fig. 6.11(a) equal
to Τtarget=0.56 sec. The demand in spectral ordinates for this target period value for displacement
ductility level μ=2, is equal to Sdy=41 mm (red dashed line Fig 6.11(b)) and Say=0.48g (red dashed line
Fig. 6.11(c)). The three alternative retrofit scenarios are defined by different values of parameters RAJ,
ρtot with first choice RAJ=69%, ρtot=2%, second choice RAJ=81%, ρtot=1.5% and third choice RAJ=93%,
ρtot=1.25% (blue dashed lines in Figs. 6.11(a), (b), (c)). If the third option is adopted (RAJ=93%,
ρtot=1.25%), i.e. the height of the existing columns is increased by 75% with the addition of the jacket
[Table 6.1], the mean value of the total equivalent longitudinal reinforcement ratio of the jacketed
members estimated in the first floor is equal to ρtot=1.25% and a displacement ductility level equal to
μ=2 has been reassured, then the retrofitted building is expected to yield at interstorey drift IDy=0.50%
(triangular response shape), and satisfy a strength level at yield Vy=αWSay=668 kN (Eq. (4.9), Chapter
Four) with Say=0.48g.
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Fig. 6.10 Alternative Retrofit Spectra – First mode of application.
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Fig. 6.11 Alternative Retrofit Spectra – Second mode of application.
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6.4

Conclusions Chapter 6

The derivation of the Drift Dependent Spectra (DDS) simplifies further the proposed methodology for
the seismic upgrading of existing RC buildings as presented in Chapter Six. The spectra of this type
relate the demand in interstorey drift of the first storey to the design characteristics of the intervention
method. Two types of Drift Dependent Spectra (DDS) were introduced, which are differentiated as for
the definition that is adopted for the total stiffness of first floor of the retrofitted building. The Drift
Dependent Spectra (DDS) facilitate the retrofit design considerably and they were used for the seismic
upgrading of ICONS frame, which was used as an example Chapter Six for the application of
proposed retrofit design methodology. The solution that was given utilizing the Drift Dependent
Spectra (DDS) verified the Extensive retrofit solution presented in Chapter Six.
Additionally, a second category of spectra was presented, the Alternative Retrofit Spectra (ARS),
which are utilized within the framework of the proposed retrofit design methodology. It is about
inelastic spectra on which curves that describe alternative retrofit solutions have been superimposed.
The use of the Alternative Retrofit Spectra (ARS) provides to the design complete retrofit solutions
where the intervention characteristics are related to the demand expressed in spectral ordinates.
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Chapter 7
Design and assessment spectra for retrofitting of RC
buildings

7.1

Introduction

The majority of the existing building stock comprises structures that were built according to older
generations of design codes where seismic detailing was not mandatory. The experience gained in the
past two decades in seismic design and material technology provides an opportunity for a consistent
development of retrofitting strategies for the highly vulnerable building stock. Alternative retrofit
scenarios may apply depending on the performance objectives of the rehabilitation effort as well as on
the available budget. Intervention methods at both local and global levels may be combined in order to
satisfy the objective of the retrofit strategy selected.
The first phase of the retrofit procedure involves the assessment of the existing structure and the
identification of its deficiencies. Next, a retrofit scenario is selected where the performance objective
is defined thereby leading to design and detailing of the intervention method. The approach may be
either force-based or displacement-based; in this regard, an efficient displacement-based retrofit
design methodology of substandard reinforced concrete buildings has been developed by Thermou et
al. (2006a, 2007b). A key step in that methodology is to eliminate damage localization through
controlled modification of the lateral response shape of the building. To achieve a pre-selected target
response shape that optimizes interstorey drift in all floors, a weighted distribution of stiffness
increments along the building height is required. The final step in the retrofit process involves
assessment of the retrofit solution.
Several alternative retrofit strategies may be possible for any specific project; in a rational context,
these need be evaluated before proceeding to the most efficient solution, where efficiency may be
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quantified by some performance index. Therefore a relatively fast and straightforward retrofit
assessment procedure is required. The objective of Chapter Seven and of the Part C of the report is to
present a retrofit assessment procedure that relates the characteristics of the intervention method to the
demand imposed by the earthquake ground motion. The procedure is also amenable for use in
developing design scenarios. A new type of spectrum representation is developed where the demand
(expressed either in terms of ductility or strength) is related to the key design parameters of the
intervention method. To this end, design charts that relate the characteristics of the intervention
method to the spectral displacement demand of each retrofit scenario are developed.
The proposed procedure for constructing the new Retrofit Design Spectra (RDS) relies on the
Capacity Spectrum Method, described in ATC 40 (1996). A key feature is that the capacity curve of
the retrofitted structure is expressed parametrically in terms of the intervention method characteristics
thereby eliminating the need for modeling the retrofitted structure or the need to conduct pushover
analysis. In the present paper, a global intervention procedure (reinforced concrete jacketing) is used
as a point of reference in order to illustrate practical implementation of the proposed methods. An
alternative upgrading approach through external jacketing that comprises fiber reinforced plastic wraps
(glass or carbon FRPs) is also considered – this method is generally recognized as an effective local
intervention. The RDS facilitate rapid assessment of the implications of each possible scenario which
may combine to different extents global and local interventions, since the engineer has full control of
the key design parameters and is simultaneously aware of their effect on demand measures. Retrofit
Design Spectra (RDS) are differentiated from the Drift Dependent Spectra (DDS, Section 6.2, Chapter
Six) and the Alternative Retrofit Spectra (ARS, Section 6.3, Chapter Six) since demand is defined in
the post-yield region and not at yield. An illustrative case study is presented to highlight the efficiency
and practical significance of the RDS.

7.2

Conceptual framework of the new type of design and assessment spectra

A basic premise of a successful retrofit scenario is that it modifies the capacity curve of the structure
so as to impart a sizable range of stable post-yielding response in the lateral load versus lateral
displacement envelope. For the requirements of the present work and without loss of generality, the
capacity curve of a retrofitted structure is approximated by a tri-linear envelope. The three distinct
regions thus defined, are separated by milestone points that correspond to specific limit states. Limit
states selected are, global yield, attainment of peak base shear and ultimate deformation capacity,
respectively [Fig. 7.1(a)]. In case that the retrofit strategy utilizes global intervention methods (e.g. RC
jacketing, infill walls) the strength, stiffness and ductility of the existing building are increased by ΔS,
ΔK and Δμ [Fig. 7.1(a)]. When only local intervention methods are applied such as FRP jacketing the

202

Chapter 7 Design and assessment spectra for retrofitting of RC building

deformation capacity of the retrofitted structure is modified by Δμ with a slight increase in strength
[Fig. 7.1(b)]. Other local interventions (such as for example strengthening of individual members with
steel plates) are also possible, whereby all response indices might be affected; these are not included in
the present illustration for simplicity.
The increase in strength, stiffness and ductility are related to the key design characteristics of
intervention methods. With regards to reinforced concrete (RC) jacketing the two determining design
parameters are, (i) percentage of longitudinal reinforcement, ρJ, and (ii) height of the jacketed crosssection, hJ. Important design parameters for fully wrapped sections with FRP jacketing that determine
the dependable deformation capacity of the upgraded member are, (i) the material used (glass or
carbon), and (ii) the number of FRP plies. The milestone points in the pushover curve are given
through parameterized expressions that are presented in subsequent sections. This enables construction
of the pushover curve at the early stages of development of the upgrading strategy for a seismically
deficient building, without the tedium of detailed modeling and analysis. In this manner the retrofit
design and assessment procedures are greatly simplified.

V

V
ΔK

Retrofitted
building
ΔS

Existing building

Retrofitted
building

Δμ

Existing building

Δμ

(a)

(b)

Δ

Δ

Fig. 7.1 Effect of (a) global interventions; (b) local interventions for deformation capacity increase.

The proposed retrofit assessment approach relies on the Capacity Spectrum Method as presented
in ATC 40 (1996). It is however distinct from the method of ATC 40 with regards the procedure for
estimation of the performance point. Whereas the ATC 40 solution identifies the performance point
through an iterative procedure, in the proposed retrofit assessment methodology the performance point
is calculated directly by solving parameterized expressions that relate the characteristics of the
intervention method to the imposed earthquake demand. These parameterized expressions are the basis
for the construction of the Retrofit Design Spectra (RDS), whereby the retrofit design decisions
directly affect the resulting performance point. The latter point represents the maximum structural
displacement expected under the imposed earthquake ground motion.
Each performance or demand point corresponds to a different limit state, which in turn can be
related to a specific performance objective. The performance point may lie on the ascending branch of
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the pushover curve between the global yield and the deformation that corresponds to the peak strength
[Fig. 7.2(a)]. The selection of the target ductility level of the retrofitted structure depends on
experience from structural systems of the type considered, as to how much reliable ductility and
deformation capacity may be depended upon after retrofit. Based on engineering judgment a
displacement ductility value () between 2 and 3 may be considered achievable for retrofitted
reinforced concrete frame buildings. In the majority of the cases, it may be very difficult to achieve
ductility level of 3 or higher.

MDOF system
Performance point

V
Vp
Vpp
Vy
Vu

Ty

Sa
SapR
Sa,ppR
SayR
0.8SapR

ESDOF system
Performance point

Tu

(a)
Δy

Δpp

Δp

Δu Δ

TP

(b)
SdyR

Sd,ppR

Sdp

R

SduR Sd

Fig. 7.2 (a) Pushover curve of the retrofitted building; (b) Capacity curve of the retrofitted structure.

7.3

Methodology for the direct estimation of the seismic demand

The tri-linear Capacity Curve of the ESDOF system [Fig. 7.2(b)] is described in spectral ordinates (i.e.
total acceleration and relative displacement) by the following set of equations:
For 0  T  T y , S aR  K y S dR

(7.1a)





For T y  T  T p , S aR  K y rp S dR  1  rp S ayR



R
R
 K y rp ru S dp
For T p  T  Tu , S aR  K y rp ru S dR  S ap

(7.1b)



(7.1c)

where Ky(=SayR/SdyR) is the initial elastic stiffness, rp(=SdyR(SapR-SayR)/SayR(SdpR-SdyR)) is the ratio of the
post-yield stiffness up to peak to the initial elastic stiffness and ru(=-0.2SapR(SdpR-SdyR)/(SapR-SayR)(SduRSdpR)) is the ratio of the post-peak stiffness up to ultimate to the post-yield stiffness. SayR, SapR,
SauR(=0.8SapR) are the spectral ordinates at yield, peak and ultimate, SdyR, SdpR, SduR are the spectral
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abscissae at yield, peak and ultimate of ESDOF of the retrofitted building, respectively [Fig. 7.2(b)].
The milestone period values Ti where i=y, p, u correspond to the response at yield, peak and ultimate,
respectively, are defined by:

S diR

Ti  2π

(7.2)

S aiR

In this application the demand curve is represented in the Acceleration Displacement Response
Spectrum (ADRS) format where the 5 % damped response spectrum is used to represent the demand
for linear elastic analysis [Fig. 7.3(a)]. Elastic spectra with higher damping ratios are used to
approximate inelastic response in spectral format (ATC 40 1996); the higher damping ratio is meant to
account for the amount of hysteretic energy dissipation owing to the inelastic response excursion of
the structure. The equivalent damping ratio βeq, is the sum of hysteretic damping (due to inelasticity)
and the inherent viscous damping. Depending on the type of structure considered and the
characteristics of the hysteretic model that describes the response of the retrofitted structure, the
equivalent damping βeq may be directly related to the displacement ductility demand, μ. (Thus, for two
buildings of identical general geometry but with different dissipation characteristics, such as for
example would be owing to different anchorage details in the beam column joints which in turn would
lead to different morphology of hysteresis loops, the level of equivalent viscous damping and hence
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SRV CV/T
Elastic Spectrum
(βeq=5% damping)
Response spectrum, βeq>5% damping)

Spectral Displacement, Sd

Spectral Acceleration, Sa

Spectral Acceleration, Sa

the estimated ductility demand could differ substantially.)

(b)

Ty

Tpp
Tp

Sa,ppR

Tu

Sd,ppR=Sd Spectral Displacement, Sd

Fig. 7.3 (a) Acceleration-Displacement Response Spectrum (ADRS) for definition of demand; (b)
Equilibrium between demand and supply – Definition of performance point (Sd,ppR, Sa,ppR).

Following the ATC 40 procedures, the reduced elastic response spectra that correspond to higher
than 5% values of critical damping are obtained from the 5% damped elastic spectrum through
pertinent spectral reduction factors, SRA and SRV [Fig. 7.3(a)]; these originated in earlier research
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studies by Newmark and Hall (1982). The reduction factors are given as a function of the equivalent
viscous damping, βeq, by the following set of equations:

SR A 
SRV 

3.21  0.68 ln( β eq )

(7.3a)

2.12
2.31  0.41 ln( β eq )

(7.3b)

1.65

Some limitations apply regarding the minimum allowable values for SRA and SRV depending on
the classification of anticipated structural behavior as adopted from ATC 40 (1996): For type A (good
structural behavior) SRA0.33 and SRV0.50. For type B (average structural behavior) SRA0.44 and
SRV0.56 whereas for type C (poor structural behavior) SRA0.56 and SRV0.67.
The 5% damped elastic spectrum which is used here as a reference for derivation of the RDS is
that recommended by ATC 40 (Chapter 4, 1996), where spectral displacement is calculated from the
structural period through the following equations [Fig. 7.3(a)]:
0  T  Tc , S d  0.063 C A SR A T 2

(7.4a)

Tc  T , S d  0.025 CV SRV T

(7.4b)

where CA, CV are the site-specific seismic coefficients (ATC 40 1996). In Eqs. (7.4), coefficient CA
represents the effective peak ground acceleration, whereas the ratio CV / T defines the acceleration
response in the velocity domain.
By requiring that the supply be at least equal to the demand [Fig. 7.3(b)] (i.e. Sd=Sd,ppR where the
subscript pp refers to the coordinates of the performance point), and after substituting Eqs. (7.3) and
(7.2) in Eqs. (7.4), the following expressions are derived:



 

0  T pp  Tc , S aR, pp  C A 3.78  0.80 ln βeq  0



Tc  T pp , S dR, pp S aR, pp



0 .5



 

 CV 0.22  0.04 ln β eq  0

(7.5a)

(7.5b)

where Sd,ppR, Sa,ppR are the spectral abscissa and ordinate, respectively, of the performance point, Ca,
and CV are the site-specific seismic coefficients and βeq is the equivalent viscous damping.
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Eqs. (7.5) may be expanded further if the spectral ordinate of the performance point, Sa,ppR, is
substituted according with Eq. (7.1). In case that the performance point lies in the region between the
yield and peak spectral displacement (SdyR and SdpR) then the following expressions apply:







 

If T y  Tc  T p and 0  T pp  Tc : K y rp S dR, pp  1  rp S ayR  C A 3.78  0.80 ln βeq  0

(7.6a)

2
If T y  Tc  T p and Tc  T pp :  K y rp S dR, pp  1  rp S ayR S dR, pp 



(7.6b)

0.5



 

 CV 0.22  0.04 ln β eq  0

Eqs. (7.6) relate directly the response characteristics of the retrofitted structure (SayR, SapR, SdyR, SdpR)
with the spectral displacement at the performance (demand) point, Sd,ppR.
7.3.1

7.3.1.1

Consistent estimation of the equivalent damping ratio

Illustration of concepts using the simple elasto-plastic hysteretic model

At this point of the methodology the equivalent damping ratio, βeq, need be related to the
characteristics of the retrofitted structure. To this end, a hysteretic model representative of the
behavior of the retrofitted structure is employed. The designer is free to select the hysteretic model that
is closer to the requirements of the case study under investigation; each choice corresponds to a
consistent estimate of βeq. Here, a bilinear representation of the Capacity Curve of the retrofitted
building (elasto-plastic system with hardening) is selected for demonstration of the methodology (Fig.
7.4(a) - The abscissa at ultimate (Sdu) coincides with that of the performance point (Sd,ppR)). Thus, the
hysteretic damping is defined as:



R R
R R
S ay
S d , pp  S dy
S a , pp
1 ED
βo 
 63.7
R
R
4π E So
S d , pp S a , pp



(7.7a)

where ED is the energy dissipated by the structure during a full cycle of load reversals and ESo is the
elastic strain energy stored at maximum displacement. Eq. 7.7(a) may be defined as a function of the
ductility demand μpp(=Sd,ppR/Sd,yR) by the following expression:

β o  63.7

μ

pp



 1 1  rp



μ pp ( 1  rp  μ pp rp )

(7.7b)
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The outcome of Eqs. (7.7) corresponds to an idealized system with stable, full hysteresis loops. If
adopted for retrofitted structures this option overestimates the hysteretic damping, as in realistic cases
there is always some degree of pinching in the hysteresis loops that is owing to contributions of
pullout rotations to the lateral drift, even if all forms of shear-induced distortions are suppressed. For
simplicity of approach while correcting for this source of error a reduction factor, κ, is used, as per the
ATC-40 (1996) recommendation. Hence, the equivalent damping, βeq, is given by:

β eq  κβ o  5  63.7 κ

μ

pp



 1 1  rp



μ pp ( 1  rp  μ pp rp )

5

(7.8)

where κ depends on the structural type, as mentioned in the preceding. Thus, for a building of type B,
(a class that represents the great majority of the existing building stock) κ is equal to 2/3 for βo<25%,
whereas κ =0.85-0.45βo for βo>25%. Similarly for a building of type C (poor structural behavior) κ is
equal to 1/3 regardless of the value of hysteretic damping (ATC-40 1996).
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(d) Hysteretic hardening-softening (HHS)
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Fig. 7.4 Alternative hysteretic models.
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7.3.1.2

Alternative definitions of hysteretic damping

Alternative hysteretic models may be utilized for the definition of the hysteretic damping,  o. Apart
from the bilinear model with hardening which was adopted by using a reduction factor, κ, for more
realistic estimations, the stiffness degrading bilinear model [Fig. 7.4(b)] may be used to model the
behavior of the retrofitted structure (Nielsen and Imbeault 1971, Otani 2002). In this case the
hysteretic damping is evaluated by the following expression:

δ
2 (1 - r ) [ μ - μ e ( 1  r  μr )]
, Kr  K y  u
βo 
α
 δy
π μ (1 - r  μr )(1 - rμ )







e

(7.9)

where r(=Sdy(Sau-Say)/Say(Sdu-Sdy)) is the ratio of the post-yield stiffness to the initial elastic stiffness,
μ(=Sdu/Sdy) is the ductility factor and e is the unloading stiffness degradation parameter (0<e<1), Ky is
the initial elastic stiffness and Kr is the unloading stiffness. For reinforced concrete structures a value
of e=0.4 is usually assumed.
The Takeda model (Takeda et al. 1970, Otani 2002) has been used extensively in nonlinear
dynamic response history analysis of reinforced concrete [Fig. 7.4(c)]. The hysteretic damping is
defined as:

S ac  S ay
1  1  S dc / S dy 1  r  μ r μ e 
β o  1 
 , Kr 
π  1  S ac / S ay
μ
S dc  S dy


 S du

 S dy







e

(7.10)

Relationships between equivalent damping, βeq, and ductility, μ, for various structural systems
(elastic-plastic, steel frames, RC column hinges, RC beam hinges) were derived in the direct
displacement-based design method developed by Priestley and Kowalsky (2000) by the following
hysteretic model which is a simplification of the Takeda model (1970):

βo 

1  ( 1  r  μ r )μ e 
1 

π
μ


(7.11)

The hysteretic hardening-softening (HHS) model [Fig. 7.4(d)] of Ozcebe and Saatcioglou (1989)
was used successfully in the derivation of reduction factors for seismic design (Borzi and Elnashai
2000) and also in the derivation of inelastic displacement spectra (Borzi et al. 2001). Relationships
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between damping and ductility were derived for the case of the elasto-plastic perfect plastic model
(EPP) and for the HHS (Ozcebe and Saatcioglou 1989) with K3=0 and K3=10%Ky [Fig. 7.4(d)]. The
definition adopted for equivalent damping was:

η

1

η

2  β eq
7

2  β eq
7
 1.53
 β eq  3η 2  2
21
3

(7.12)

where η(=√(7/(2+βeq))≥0.75) is the correction factor as defined in the current version of Eurocode 8
(1994) which is currently in use and coefficient 1.53 takes into account that the elastic spectra defined
in the study of Borzi et al. (2001) associated with 1% of critical damping. The hysteretic damping, βo,
in the case of an elasto-plastic perfectly plastic system is evaluated from Eq. (7.7) when Sa,ppR=SayR:

1
β o  a 1    63.7 1  μ 
μ


(7.13)

In the work of Borzi et al. (2001), values of parameter e [Eq. (7.13)] were re-evaluated for a more
realistic definition of βo. Eq. (7.13) which relates hysteretic damping with ductility was also assumed
for the HHS model, hence differences in hysteretic behavior were represented by variations in e. The
relationships between ductility and damping are summarized in the graph of Fig. 7.5. The comparison
between the curve corresponding to Eq. (7.13) and the extracted curves proposed by Borzi et al.
(2001) highlights the substantial overestimation of hysteretic damping if the bilinear idealized system
is used. If the concept of reduction factor, κ, is employed for the case of building type C (ATC-40,
1996), κ=1/3 (e=0.21 in Eq. (7.13)), then the damping-ductility relationship derived (EPP, e=0.21 in
Fig. 7.5) is very close to that of Borzi et al. (2001) for the elasto-plastic perfectly plastic model (EPP

Hysteretic damping (%)

in Fig. 7.5).
54
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Fig. 7.5 Ductility-damping relationships.
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7.3.1.3

Estimation of performance point from the characteristics of the retrofit scenario

Estimation of the performance point refers to a definition of spectral demand. Eqs. (7.6) define
performance according with the design spectrum of ATC 40 (1996). Using the expressions derived for
equivalent damping (e.g. the closed-form expressions derived by substitution of Eq. (7.8) in Eqs. (7.6)
enables estimation of the performance point (Sd,ppR, Sa,ppR) as a function of the response characteristics
of the retrofitted structure (SayR, SapR, SdyR, SdpR):
For T y  Tc  T p and 0  T pp  Tc
K y rp μ pp  1  rp 








 μ pp  1 1  rp
 3.78  0.80 ln
 μ pp ( 1  rp  μ pp rp




CA
S ayR


  0
)  

(7.14a)

For T y  Tc  T p and Tc  T pp

K

y



 

rp μ 2pp  1  rp μ pp

0.5









 μ pp  1 1  rp
CV 
0.22  0.04 ln
2
 μ pp ( 1  rp  μ pp rp
S ayR 



  0
)  

(7.14b)

where Ky(=SayR/SdyR) is initial elastic stiffness, rp(=SdyR(SapR-SayR)/SayR(SdpR-SdyR)) is the ratio of the postyield stiffness up to peak to the initial elastic stiffness, SayR is spectral ordinates at yield,
μpp(=Sd,ppR/Sd,yR) is the ductility demand and CΑ, CV are are the site-specific seismic coefficients.
For each retrofit scenario Eqs. (7.14) provide a direct estimation of the ductility demand, μpp, and
hence of the abscissa of the performance point Sd,ppR (=μppSdyR). The terms in Eqs. (7.14) refer
indirectly to the milestone points of the pushover curve as depicted in Fig. 7.3(b), which in turn are
related to the key design characteristics of the intervention method (S, K, , Fig. 7.1). The
conceptual methodology presented above is illustrated in Fig. 7.6.
Using alternative expressions for the spectral demand will only modify the mathematical form of
the equations without altering the overall procedure. For example, the 5% damped elastic response
spectrum recommended in Eurocode 8 (2004) is given by:
0  T  Tc , S d  0.063 a g Sη T 2

(7.15a)

Tc  T , S d  0.063 a g Sη Tc T

(7.15b)

where ag is the peak ground acceleration, S is a soil factor and Tc is the upper limit of the period in the
constant acceleration range. A correction factor, is used, that has the same function as SRA and SRV in
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the case of ATC 40 (i.e., it also attenuates the spectral ordinates to reflect the effect of increased
damping due to hysteresis):

η

10
 0.55
5  β eq

(7.16)

To obtain closed form expressions for the performance points if the Eurocode 8 (2004) model is used
instead of that of ATC 40, Eqs. (7.14) need be substituted in Eq. (7.4), following the same procedures
as described in the preceding in order to obtain Eqs. (7.15).

7.4

Parameterized capacity curve of the retrofitted building

The basic premise of the proposed methodology is that the pushover curve of the retrofitted structure
is given explicitly in terms of the technological details of the retrofit scenario, so that the parametric
dependence of the strength, stiffness and ductility terms may be immediately assessed by inspection.
However, what is available so far from the mechanics of reinforced concrete are explicit expressions
that describe these relationships at the individual element level (for example the response curve of a
well designed RC-jacketed column may be quantified with confidence). To transfer this information to
the global scale on the pushover curve of the entire structure, it is necessary to perform a
transformation from the level of the member to the structural entity. A key tool in this regard is the
assumed shape of lateral vibration of the structure during dynamic response, as the shape identifies the
distribution of interstorey drift along the height of the structure, which, in conjunction with
information about storey stiffness and strength may identify the occurrence of a milestone event (such
as yielding of some elements).
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1. Assessment of alternative retrofit design scenarios
For each retrofit scenario:

MDOF

2. Parameterized pushover curve
The capacity curve of the retrofitted structure is expressed
parametrically in terms of the intervention method
characteristics.

ESDOF

SdyR

SdpR

Sdy

Sdu

SduR

Sa
Sau
Say

3. Hysteretic model
A hysteretic model representative of the behavior of the
retrofitted structure is employed.

Sd

Objective of Steps 2 & 3:
 Hysteretic damping, βo, is related to ductility demand, μpp, through the
hysteretic model adopted: βo=f(μpp)
 Ductility demand, μpp, is related to the displacement at yield and the abscissa
of the performance point of the parameterized pushover curve: μpp=Sd,ppR/SdyR
 Spectral displacements at yield and at the performance point are related to the
intervention key design parameters, e.g. RAJ and ρtot for RC jacketing.
4. Demand - Capacity Spectrum Method
Sa
Elastically damped spectra are utilized for the
definition of demand. They are defined by using
correction factors which are related to the equivalent
Sa,ppR
damping of the retrofitted structure. The
performance point associates demand with supply
(Sd,ppR=Sd) for commensurate damping.

βo=f(RAJ, ρtot)

ADRS spectra
Performance point

Sd

Sd,ppR

5. Direct estimation of performance point (Sd,ppR, Sa,ppR)
Mathematical expressions which relate steps 2, 3 and 4 provide direct estimation of
the performance point.
6. Construction of the new type of assessment and
design spectra (RDS)
The spectral ordinates of the performance point of each
retrofit scenario are related to the characteristics of the
intervention method. The proposed spectra are given in
ADRS format.
RAJ, ρtot: technological variables of RC jacket design (Details are given in
the last section of the paper).

Sa

ρtot=1%
T3, RAJ3
T2, RAJ2
T1, RAJ1
Sd

Fig. 7.6 Procedure for the derivation of design and assessment spectra for retrofitting RC structures.

It is common practice at least in the phase of preliminary design to consider a single mode of
response for typical frame buildings. For example, in ATC 40 (1996) the fundamental mode shape is
utilized, thus, it is assumed that the elastic response shape remains the same in the post-elastic regime
(up to the peak). The methodology proposed by the authors for seismic retrofit strategy development,
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builds on the premise that globally the retrofit scheme will target a modified lateral response shape so
as to manage the distribution of damage (through control of interstorey drift, Thermou et al. 2006a,
2007b), whereas local deficiencies will be corrected through local interventions. In this paper, in order
to construct the pushover curve of the retrofitted structure from the response curves of the individual
components it is assumed that such an initial step has already been made, so that a stable hysteretic
response without damage localization may be targeted for the retrofitted structure.
The basic element of the pushover curve of a frame structure is the response curve (i.e., shear
versus relative displacement) of its individual storeys. Note that the response curve of a single storey
is obtained by direct summation of the response curves of the individual vertical elements of the floor,
as they are considered to function as a sequence of springs in parallel [Fig. 7.9(a)]. In turn, the
response curves of the complete structure may be obtained from the response curves of the individual
storeys, which are considered to function as a sequence of springs in series [Fig. 7.9(b)]; to perform
the transformation the targeted shape of vibration of the structure after retrofit, , is used. The entire
procedure is outlined by the following steps:
Step 1: Given a displacement magnitude  at the top of the structure,
Step 2: Find the distribution of displacements heightwise at the floor levels: j=j
Step 3: Determine the corresponding interstorey drift, IDj=j-j-1)= dj
Step 4: Compare the values of IDj with the corresponding values for floor yielding.
Step 5: The base shear magnitude, Vb, associated with the chosen value of  may be estimated by two
different approaches: Step 5(a): Calculate Vb(a) from the response curve of the first floor, given the
magnitude of ID1. Step 5(b): Calculate Vb(b) as the sum of the differences of shear forces of the
individual floors associated with the IDi values (the floor shear forces are obtained from the
corresponding response curves).
Step 6: Check the accuracy of the assumed shape (this information is valuable for post-yielding
response): Error % = (Vb(a) – Vb(b))/Vb(a)

(Thus, this difference quantifies the tolerance of the

assumption made regarding the relevance of the target response shape in the post-yielding regime).
This procedure may be repeated to cover the full range of displacement values  from 0 to p (it is not
recommended to use this approach once any floor has reached a post-peak descending branch as that
would signify localization of damage). The load-displacement curve thus obtained represents the
response of the Multi-Degree of Freedom (MDOF) system. This is transformed into the Spectral
Acceleration – Spectral Displacement space by appropriate consideration of the response shape,
{Φ}and mass of the retrofitted structure (ATC 40 1996).
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(a) The individual vertical members of each floor are considered to function as a
sequence of springs in parallel.
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(b) The individual floors are considered to function as a sequence of springs in series.
Fig. 7.7 Construction of the pushover curve of the retrofitted structure.

7.5

Proportioning of the retrofit solution

In the context of the proposed methodology, the pushover curve of the retrofitted structure is uniquely
determined by the response curves of the individual floor elements particularly those undergoing
retrofit. In this section, the milestone points of these individual member response curves, denoted by
Δy, Δu, Fy, Fu, are related to the technological parameters of the intervention method under
consideration and closed form expressions may be derived. This enables rapid inspection of the
practical implications (in terms of member proportioning) of decisions for modification of members’
key design quantities on ensuing drift.

7.5.1

The case of jacketing with reinforced concrete

The simplified model which was presented in Section 3.3 of Chapter Three is adopted for
proportioning RC members rehabilitated with RC jacketing. It is recalled that the deformation at yield,
Δy,J:
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Δy ,J  min{

ε sy
hst
1
1 ε c hst
;
}
12 ( 1  ξ y ,J )B  c
12 ξ y ,J B  c

(7.17)

of every strengthened member with RC jacketing depends on the height of the jacket, hJ=Bhc, and on
ξy,J, which is a function of hJ and ρe. The displacement at ultimate, Δu,J:

Δu ,J  0.25

ε cu
ξ u ,J

hst  0.00125

hst
ξ u ,J

(7.18)

for concrete compressive strain (εcu=0.005) is a function of the storey height hst and the dimensionless
height of the compressive zone at ultimate, u,J. In Sections 3.3.1.1 and 3.3.1.2 of Chapter 3 simplified
expressions for the estimation of the deformation capacity and strength at yield and at ultimate have
been presented [Eqs. (3.6)–(3.9)].

7.5.2

The case of FRP-jacketing

External wrapping with composite fabrics increases the ductility of the member as their successful
function is to suppress all other failure modes but flexural. The deformation capacity at ultimate is
given as a function of the ductility capacity, μΔ, by:
Δu  μ Δ Δy

(7.19)

The dependable displacement ductility that links the ductility demand, μdem, to the transverse
confining pressure, σlatconf, is calculated by the empirical lower bound expression of Tastani and
Pantazopoulou (2004), which is given by the Eq. (4.6) (Section 4.2, Chapter Four).
The displacement capacity at yield, Δy, may be calculated from Eq. (7.18) for B=1 and ρe= ρc. The
relationships derived in Chapter Three (Sections 3.3.1.1, 3.3.1.2) for strength calculations for RCjacketed members may also be used for FRP-jacketed members provided that B=1 and ρe= ρc (the
inaccuracy of this approach amounts to neglecting the flexural strength enhancement of compressed
concrete owing to FRP confinement).

7.6

Retrofit design and assessment spectra

The performance point of each retrofit scenario may be defined directly by following the abovedescribed procedure (summary in Fig. 7.6). The pushover curve of the retrofitted structure is expressed
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parametrically and the corresponding performance point is defined by the solution of equations similar
to Eqs. (7.14) (depending on the hysteretic model adopted). The definition of the performance point
corresponds to the intersection point of the capacity curve with the appropriately damped demand
spectrum (Fig. 7.8a) and represents the maximum structural displacement expected for the applied
earthquake ground motion. Performance points corresponding to different retrofit scenarios may be
utilized to construct the Retrofit Design Spectra (RDS) (Fig. 7.8b). This new type of spectrum links
the characteristics of the intervention method to the spectral ordinates of the performance point,
thereby providing the engineer with the necessary data for rapid assessment of the retrofit solution

Reinforced Concrete Jacketing

Retrofit Scenario - 2

Retrofit Scenario - 1

(a)

Spectral Acceleration

Spectral Acceleration

before reaching a final decision.

Composite Jacketing Deformation capacity modification

Retrofit Scenario - 1
Δμ

(b)
Spectral Displacement

Spectral Displacement

Fig. 7.8 Definition of performance point for each retrofit scenario.

The RDS may be derived for different levels of demand. Design charts may be constructed which
relate the abscissa of the performance point (Sd,ppR) to the key design characteristics. The key design
characteristics which are used in RDS are, the mean value of area increase of the retrofitted columns
(from application of the jacket) normalized by the area of the existing columns, RAJ, and, the mean
value of the total equivalent longitudinal reinforcement ratio of the jacketed members, ρtot, estimated
in the first floor. The parameters RAJ and ρtot are defined in Chapter Seven by the Eqs. (7.11).
When FRP jacketing is used, the objective of the intervention method necessarily is restricted to
only increasing the deformation capacity of the member, whereas the impact on flexural strength is
expected to be marginal [Fig. 7.8(b)]. The mean value of the number of FRP plies of the first floor
which comprises nm-members can be considered as a representative index:

nm

n FRP   n FRP / nm
n 1

(7.20)
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The new type of Retrofit Design Spectra (RDS) are of the type shown in Figure 7.9(b). These
spectra have been derived for a five-storey, four-bay RC frame with identical vertical members in each
floor (uniform distribution of stiffness along the height of the building), which is used as an illustrative
example and was kept simple for clarity. The graph in Figure 7.9b maintains the format of the ADRS
spectrum where the performance points (Sd,pp, Sa,pp) are related with the characteristics of the
intervention method (RAJ, ρtot). Each performance point corresponds to a different combination of (RAJ,
ρtot). The second graph (Fig. 7.9a), is a design chart, relating the abscissa of the performance point
with the area ratio increase of the vertical elements of the first floor with RC jacketing, RAJ. This
second graph is used in order to illustrate the quantifiable interrelation of the retrofit design parameters
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Fig. 7.9 Retrofit design and assessment spectra.

7.6.1

Illustrative example for the derivation of the retrofit design and assessment spectra

The methodology for the derivation of the retrofit design and assessment spectra is applied for the case
of the ICONS frame, tested in full-scale a few years ago at ELSA laboratory of the Joint Research
Institute (JRC) in Ispra, Italy. The structure was a four-storey, three-bay gravity-only designed frame
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representative of the construction practice of Southern Europe in the 1950’s [Fig. 7.10]. No specific
provisions were considered for seismic detailing and inelastic dissipation mechanisms. All beams in
the direction of loading were 250 mm wide by 500 mm deep, whereas transverse beams were 200 mm
wide by 500 mm deep. The solid concrete slab thickness was 150 mm. Materials used in the design
phase were a low strength concrete of nominal strength of fck=16 MPa and smooth longitudinal
reinforcing steel of class Fe B22k, with nominal yield strength of fsyk=215 MPa. More information
relative to reinforcement detailing and material properties is provided in Pinto et al. (2002).
The frame was subjected first to a pseudo-dynamic (PsD) test corresponding to an input
ground motion with 475 years return period (475-yrp) and subsequently to a second PsD test carried
out with a 975-yrp input motion. It was apparent from the 475-yrp test that deformation demand
concentrated in the 3rd storey. During the 975-yrp test the interstorey drift at the third storey increased
substantially (ID=2.41%) and the test was stopped after 7.5 sec in order to allow for retrofitting. A
strong-beam weak-column strength hierarchy in the beam-column connections of the ICONS frame
was confirmed by the full-scale tests. The change of the cross-sectional characteristics of the stocky
column between the second and the third floor presented a potential source of localization. In
particular, the stiffness at yield of the second storey was 212% greater than the stiffness of the third
storey. The contribution of the stocky column to the total floor stiffness was 88% for the second floor
and 79% for the third floor (due to staggering of the column cross sectional dimension). The latter
difference underlines the significant role of the stocky column to the overall response. The poor
performance of lap splices at the bottom of the third storey column enforced the localization between
the second and the third column.
In this case, the objective of the retrofit strategy followed is to strengthen the frame in order to
respond in a stiffer way and simultaneously eliminate the stiffness discontinuity presented between the
second and the third floor. This retrofit strategy is in the framework of the Extensive retrofit solution
presented in Section 6.3.2.1. In the case study under consideration, side jacketing is applied to the
stocky column of the third and the fourth floor (CB3, CB4). The width of the jacket is 100 mm on each
side of the strong axis of the element and the longitudinal reinforcement placed is 2Ø16 per side of the
column jacketed cross-section. RC Jacketing is to be applied on all vertical members but the stocky
column. The alternative retrofit scenarios refer to the various combinations between jacket dimensions
and longitudinal reinforcement. The widths of columns CΑ1-4, CC1-4 and CD1-4 are considered increased
by 100 mm, i.e. 25% (A=1.25) for columns CA1-4 and CC1-4 and 33% (A=1.33) for columns CD1-4. Note
that construction limitations require that the width of the jacket be at least 50mm for plain concrete
placement. This means that the jacket height should be at least 300mm (B=1.5). To study the
parametric sensitivity of the solution parameter B that defines the height of the jacketed member is
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varied between 1.5 and 2.5 (RAJ=69%~165%, calculation details in Table 6.2, Chapter Six). The jacket
longitudinal reinforcement is kept in the range from ρtot=1% to 2%.
The pushover curve is defined parametrically as described Section 7.4 in combination to the
expressions given in Chapter Three (Sections 3.3.1.1 and 3.3.1.2). The Capacity Spectrum, as defined
(ATC-40, 1996), was utilized fro the definition of demand [Fig. 7.3(a)]. Three levels of demand were
adopted for soil profile type SB having seismic coefficients CA=0.2g, CB=0.2g for the first level,
CA=0.3g, CB=0.3g for the second level and CA=0.4g, CB=0.4g for the third level (Chapter Four, ATC40 1996). The hysteretic model adopted is the bilinear model with κ=2/3 which corresponds to a
building with moderate hysteretic behavior (type B).
Based on the study parameters, two types of Retrofit Design Spectra were derived depending on
the parameter of study. The first type (Type I) is depicted in Fig. 7.11(a) and corresponds to the case
that demand is set to CA=0.3g, Cv=0.3g and the mean value of the percentage of the longitudinal
reinforcement is ρtot=1% or ρtot=2%. In case that the height of all the columns of the ICONS frame,
apart from the stocky columns CB1-4 (columns CB1-2 stay as they are, whereas in columns CB3-4 side
jacketing is applied), is increased from 200 mm to 450 mm (Β=2.25), this corresponds to RAJ=141%
[Eq. (7.11a), Table 7.2]. The performance point is differentiated depending on the choice of the
percentage of the mean value of the equivalent longitudinal reinforcement of the jacket in the first
floor, ρtot. The abscissa of the performance point is defined in terms of spectra displacement equal to
Sd,ppR=28 mm for ρtot=2% and to Sd,ppR=33 mm for ρtot=1%. Demand expressed in terms of maximum
roof displacement corresponds to 0.32% and 0.38%, respectively for the two retrofit solutions.
The second type of graph (Type II) [Fig. 7.11(c)] presents the effect of different levels of demand
on the resulting performance point for the retrofit scenario where the mean value of the percentage of
the longitudinal reinforcement is ρtot=1% and the dimensions of the jackets RAJ=141%. The abscissa of
the performance point is defined in terms of spectral displacement equal to Sd,ppR=25 mm for CV=0.2g,
Sd,ppR=33 mm and CA=CV=0.3g and Sd,ppR=44 mm for CA=CV=0.4g. Demand expressed in terms of
maximum roof displacement corresponds to 0.29%, 0.38% and 0.51%, respectively for the three
retrofit solutions.

220

Chapter 7 Design and assessment spectra for retrofitting of RC building

A

B

C

D
4

2.7

bc*
400
250
250
400
300

3

Column
A1-4, C3-4
2
B1-2
B3-4
C1-2
1
D1-4
*
mm

2.7
2.7
2.7
5.0

5.0

hc*
200
600
500
200
200

Long. Reinf.
6Ø12
2Ø12 & 8Ø16
2Ø12 & 4Ø16
8Ø12
6Ø12

Transv. Reinf.
Ø6/150
Ø6/150
Ø6/150
Ø6/150
Ø6/150

2.5

RAJ

Fig. 7.10 Configuration and cross-section details of ICONS frame.
180%

180%

160%

160%

140%

140%

ρtot=1%

120%

120%

100%

100%

ρtot=2%

80%

CA=CV=0.4

80%

CA=CV=0.3

CA=CV= 0.2

60%

Sa (g)

ρtot=1%

CA=0.3g, CV=0.3g

20
0.80(b)

25

30

35

40

45

50

55

60

60%
(d) 25
65 0.80
70 20

30

35

40

45

50

55

0.70

0.70

ρtot=2%

0.60

0.60

0.50

ADRS 0.50

0.40

0.40

ρtot=1%

0.30

0.20
25

30

35

65

70

ADRS
CA=Cv=0.4

0.30

0.20
20

60

ρtot=1%

CA=0.3g, CV=0.3g

40

45

50

(a)

55

60

65

70 20

CA=CV= 0.2
25

30

35

CA=CV=0.3
40

45

50

55

60

Sd (mm) (c)

65

70

Sd (mm)

Fig. 7.11 Retrofit design and assessment spectra (a), (b) Type I; (c), (d) Type II.

7.7

Conclusions Chapter 7

In Chapter Seven, a methodology for the derivation of a new type of design and assessment spectra for
retrofitting of RC buildings, the Retrofit Design Spectra (RDS), was presented, which is based on the
Capacity Spectrum Method as presented in ATC-40 (1996). The basic premise of the proposed
methodology is that the pushover curve of the retrofitted structure is given explicitly in terms of the
technological details of the retrofit scenario, so that the parametric dependence of the strength,
stiffness and ductility terms may be immediately assessed by inspection.
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The performance point is calculated directly by solving parameterized expressions that relate the
characteristics of the intervention method to the imposed earthquake demand. These parameterized
expressions are the basis for the construction of the Retrofit Design Spectra (RDS), whereby the
retrofit design decisions directly affect the resulting performance point. The latter point represents the
maximum structural displacement expected under the imposed earthquake ground motion.
The Retrofit Design Spectra simplify significantly the design of the retrofit strategy by providing
rapid inspection of the practical implications (in terms of member proportioning) of decisions for
modification of members’ key design quantities on ensuing drift. The efficiency of the new type of
design and assessment spectra was investigated through an analytic application of the complete
methodology to a building tested in full-scale, ICONS frame. Retrofit Design Spectra were
constructed for three levels of seismic demand, representative of regions with low, moderate and high
seismicity. With the use of two alternative Retrofit Design Spectra the seismic upgrading solution
were extracted through a simple and efficient methodology.
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Chapter 8
Conclusions
8.1

Introduction

Seismic upgrading of the existing building stock constitutes one of the most severe challenges of the
contemporary society. The earthquakes occurred worldwide the last few years revealed significant
problems of the existing structures and brought to light issues related to the future of the building
infrastructure and the important socio-economic problems that may result as long as this hot issue
remains open. The existing building stock constitutes an enormous investment, which cannot be
replaced with a new one consistent to current seismic codes, due to the prohibitive cost. The only
acceptable and viable solution offering seismic protection and safety to the society is the systematic
assessment of the seismic capacity of buildings constructed according to older seismic codes, and the
design of retrofit strategies for improving the level of seismic protection. The enactment of criteria for
the rehabilitation of existing structures is a very important step towards this direction.
The research carried out in the present report is addressed to a field of high priority worldwide, the
seismic upgrading of old technology structures, and refers to the formulation of innovative methods
for seismic risk management of existing buildings with the formulation of a coordinated design
strategy for seismic rehabilitation. The work presented herein aims contributing to a research field
with rapid development internationally, that is the replacement and improvement of capacity design
methods with performance-based methods and the specialization of these in retrofitting of existing RC
buildings.
The objective of the research conducted was the development of analytical methodologies for
retrofit design in seismically deficient structures, so as to be possible the direct qualitative and
quantitative inspection of the changes effected at global response indices through modifications at
local level, as well as the derivation of inelastic design spectra for the various alternative retrofit
scenarios taking into consideration the required level of ductility. This methodology is the basic
component for the development of a retrofit strategy for existing structures and for the attainment of
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the coordinated performance objectives of the retrofitted building. The correlation between the design
parameters of the intervention method and the response indices achieved by the upgraded member
(strength, stiffness and deformation capacity) is a fundamental step in design, in proportioning and
assessment of the alternative retrofit scenarios.

8.2

Synopsis and conclusions

The proposed retrofit design framework for seismic upgrading of existing RC buildings adopts the
current approaches of performance-based design. A fundamental component of the proposed strategy
is the formulation of a methodology where there is direct interrelation between the effects caused by
modification at the retrofit characteristics at local level to the global response indices of the retrofitted
structure.
The presentation of the state-of-the-art on seismic retrofitting of RC buildings that took place in
Chapter Two aimed at detecting design tools that could be incorporated in the proposed retrofit design
framework. The correlation of the design parameters of repair / strengthening to the response indices
of the retrofitted member is a fundamental step in the formulation of the proposed retrofit design
methodology. The presentation of all the known local and global intervention methods aimed at the
evaluation of the existing knowledge on proportioning issues, the existence of parameterized
expressions, and to the investigation of the empiricism met in design. The lack of design tools which
enable correlation of the effects at global scale caused by modifications of the characteristics of the
retrofit solution at local level was brought to light after the presentation of cases from the international
literature where alternative retrofit scenarios were applied. The retrofit solution was obtained through
an iterative procedure, stressing the need of a methodology that will provide direct qualitative and
quantitative inspection of the changes effected through modifications of the retrofit solution to global
response indices. The assessment of alternative retrofit scenarios requires the definition of the
performance point. The existing methodologies adopt time-consuming and laborious procedures for
the determination the performance point. Serious disadvantage is the absence of interrelation between
the response indices of the retrofitted building and the characteristics of the intervention method. The
need of the derivation of a design tool which will provide direct estimation of the performance point to
the design parameters of the retrofit solution was established.
The research was conducted in three phases (Part A, Part B and Part C) each of which aimed to the
completion of an independent component of the proposed retrofit design methodology.
Part A: Investigation of strength and deformation capacity of repaired / strengthened RC members:
(Chapter Three):
The parameterization of the deformation demand and capacity was a basic premise in the proposed
retrofit design framework, in order to transfer the information from the local to the global level. RC
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and FRP jacketing were selected as the most representative repair / strengthening methods at global
and local level, respectively, for the application of the proposed methodology for seismic upgrading of
existing RC buildings.
Reinforced Concrete Jackets:
The parametric study of the mechanical characteristics carried out aimed at the investigation of the
influence of the characteristics of the jacket in the response indices of the rehabilitated member. The
derivation of design diagrams that relate the characteristics of the methods to the design parameters
contributed in the comprehension of the response of the composite system.
Two alternative methodologies for proportioning of RC jacketed members were proposed. In the
first case, a simplified model for RC jackets was derived according to which all reinforcement is
considered to act at the location of the added (jacket) reinforcement, whereas existing longitudinal
reinforcement may either be neglected, or an equivalent amount may be transferred to the centroid of
the extreme layers of jacket reinforcement using the parallel-axis theorem. The simplified model was
utilized for the derivation of parameterized expressions, which relate deformation, strength and
stiffness capacity to the design characteristics of the jacket. In the alternative design approach, the
composite cross section is considered as monolithic (i.e. It is considered that there is full connection
between the existing cross section and the jacket) and proportioning is based on the characteristics of
the monolithic cross section multiplied by adequate reduction factors or monolithic factors. The
accuracy of this methodology depends on the accuracy with which the monolithic factors have been
estimated. The empiricism inherent in the calculation of the monolithic factors led to the development
of an analytic methodology for the parametric investigation of the sensitivity of these multipliers in the
design variables.
The analytical model introduces a degree of freedom, taking into consideration the shear transfer
mechanisms activated due to slipping that takes place between the existing member and the jacket.
The results from the use of the proposed analytical model and the comparison with experimental data
taken from the international literature demonstrate the ability of the model to reproduce with success
the response of the RC jacketed member and are related satisfactorily with the experimental data. This
analysis tool was used to explore the difference between the ideal response of monolithic members
and the actual response of the RC jacketed members of identical geometry with reference to the design
variables. A parametric study was conducted and the dependence of various monolithic factors on the
characteristics of the jacket was investigated. It was found that strength factors at yield (KyM) range
between 0.63 and 0.95, whereas strength factors at ultimate (KuM) range between 0.49 and 0.97.
Monolithic factors for deformation indices were found in case of curvature at yield to range between
0.95 and 2.57, whereas in case of curvature at ultimate between 0.34 and 0.90. The monolithic factors
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of curvature and displacement ductilities (K φ,μ, KΔ,μ) are both lower than the corresponding monolithic
values with the former to range between 0.15 and 0.93 and the latter between 0.39 and 0.94.
Fiber Reinforced Polymer Jackets:
The effectiveness of FPR jacketing, as a local intervention method, has been verified by plethora of
experiments from the international literature (Saadatmanesh et al. 1994, 1997; Seible et al. 1997, Xiao
and Ma 1997; Ma and Xiao 1999; Sheikh and Yau 2002; Elsanadedy and Haroun 2005; Harries et al.
2006; Ghosh and Sheikh 2007; Youm et al. 2007; Bousias et al. 2007, Thermou et al. 2006b, Thermou
and Pantazopoulou 2007). The design methodology of Tastani and Pantazopoulou (2004, 2006), which
may be adopted for calculating the required number of plies of composite fabrics for target ductility
values was presented. The relation between the mechanical characteristics of the retrofitted member to
the design characteristics of FRP jackets for the various failure modes through parameterized
expressions comprises fundamental objective of Part A of the report.
Part B: Development of a retrofit design strategy for existing RC buildings (Chapters Four, Five,
Six):
Objective of Part B of the report (Chapters Four, Five and Six) is the formulation of analytic
methodologies for the design of the retrofit strategy in structures with identified deficiencies, so that
the direct qualitative and quantitative inspection of the effects of any local intervention at member or
part of the structure at the global response indices may be feasible.
The main objectives of the proposed retrofit design methodology are to modify the structural
response by prioritizing of failure modes and correct any deficiencies related to localization of
damage. At structural level, damage is quantified in terms of lateral drift. A key step in the proposed
methodology is to mitigate damage localization through controlled modification of the lateral response
shape of the building. To effect a pre-selected target response shape that optimizes interstorey drifts in
all floors a weighted distribution of added stiffness along the building height is required.
The retrofitted building is considered to deform according to a unique lateral response shape. This
assumption allows the derivation of parameterized expressions which describe the fundamental
properties (mass, stiffness, strength, deformation capacity and consumption of energy) of the
Equivalent Single-Degree-of-Freedom (ESDOF) as a function of the characteristics of the original
system and the weighted contribution of the design parameters of the retrofit solution through energy
principles.
The morphology of the inelastic response shape along the height of the retrofitted system is
required for the mathematical formulation of the problem. The selection of the target response shape
of the retrofitted building should aim at the optimal distribution of interstorey drift at each floor, as
long as damage in the proposed retrofit design framework is expressed in terms of deformation. This
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objective is attained through the selective increase of stiffness of each floor utilizing a vector of
weighting factors, {w}, which is unique for the given structure and the selected target.
In the proposed methodology, design is performed at yield and stiffness and strength are
considered interdependent parameters. Thus, modification of stiffness is also accompanied by a
commensurate change in the strength at yielding of the structural system. The Yield Point Spectrum
(YPS) representation is utilized for definition of demand at yield. Members to be retrofitted are
designed in order to supply the required stiffness and interstorey drift as dictated by the selected target
response shape and the target drift at yield.
The proposed methodology was applied to ICONS frame which was constructed at full scale and
tested in laboratory conditions. Three alternative retrofit scenarios were studied in order to verify the
validity of the proposed retrofit design methodology. The Extensive retrofit solution dictated the
application of the RC jacketing technique to all the columns apart from the stocky columns of the first
and second storey aiming to an improved damage distribution in the members of the same floor
through the increased participation of the majority of the members of the same storey to the lateral
resisting system. Casting an infill wall to the full width of bay C-D aimed to a radical modification of
the existing frame, altering it from a shear-framed structure to a flexure-framed one. The Lower bound
solution, which is more economical than the previous two, comprised limited measures needed to
mitigate the irregularity in stiffness between the second and the third floor (application of side
jacketing to the stocky columns). Pushover analyses and a series of dynamic time-history analyses for
a variety of strong ground motions including near field records were conducted in order to confirm the
effectiveness of the proposed retrofit design methodology implemented for the three alternative retrofit
solutions.
The derivation of the Drift Dependent Spectra (DDS) simplifies further the proposed methodology
for seismic upgrading of existing RC buildings. The spectra of this type relate the demand in terms of
interstorey drift of the first storey to the design characteristics of the intervention method. Two
alternative types of Drift Dependent Spectra (DDS) were presented, which are differentiated as per the
definition adopted for the total stiffness of the first floor of the retrofitted building. The Drift
Dependent Spectra (DDS) facilitate the retrofit design considerably. The solution resulting from the
use of the Drift Dependent Spectra (DDS) verified the Extensive retrofit solution.
A second category of spectra was presented as well, the Alternative Retrofit Spectra (ARS). The
spectra of this category are used within the framework of the proposed methodology. It is about
inelastic spectra on which curves that describe alternative retrofit solutions have been superimposed.
The use of the Alternative Retrofit Spectra (ARS) provides complete retrofit solutions where the
intervention characteristics are related to the demand expressed in spectral ordinates.
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Part C: Development of a methodology for the assessment of alternative retrofit scenarios for the
seismic upgrading of existing RC buildings (Chapter Seven):
A methodology for the derivation of a new type of design and assessment spectra for retrofitting of RC
buildings, the Retrofit Design Spectra (RDS), was presented. The proposed retrofit assessment
approach relies on the Capacity Spectrum Method as presented in ATC 40 (1996). It is however
distinct from the method of ATC 40 with regards the procedure for estimation of the performance
point. The basic premise of the proposed methodology is that the pushover curve of the retrofitted
structure is given explicitly in terms of the technological details of the retrofit scenario, so that the
parametric dependence of the strength, stiffness and ductility terms may be immediately assessed by
inspection. The performance point is calculated directly by solving parameterized expressions that
relate the characteristics of the intervention method to the imposed earthquake demand. These
parameterized expressions are the basis for the construction of the Retrofit Design Spectra (RDS),
whereby the retrofit design decisions directly affect the resulting performance point. The latter point
represents the maximum structural displacement expected under the imposed earthquake ground
motion.
The Retrofit Design Spectra simplify significantly the design of the retrofit strategy by providing
rapid inspection of the practical implications (in terms of member proportioning) of decisions for
modification of members’ key design quantities on ensuing drift. The efficiency of the new type of
design and assessment spectra was investigated through an analytic application of the complete
methodology to a building tested in full-scale, ICONS frame. Retrofit Design Spectra were
constructed for three levels of seismic demand, representative of regions with low, moderate and high
seismicity. With the use of two alternative Retrofit Design Spectra the seismic upgrading solution
were extracted through a simple and efficient methodology.
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