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ABSTRACT

The case for considering seismic vulnerability, and developing strategies targeting its reduction, for
existing intact or damaged structures is more pressing than for new design. The saturation of construction
space in major cities and the cost of new construction impose a need for capitalising on the potential of
existing building stock. The latter, however, requires in most cases structural upgrading measures so as to
make it comply with newer and more strict seismic design regulations. Consequently, there has been in
recent years a growing awareness of the importance of development and refinement of repair and
strengthening techniques of existing buildings.

The present thesis focuses on the development of selective repair and strengthening methods for
Reinforced Concrete structures in seismic areas. Selective techniques affect, in a controlled and easy-to-
monitor fashion, individual design response parameters of structural elements; stiffness, strength and
ductility. This allows the fine-tuning of local response characteristics in favour of a desired global
performance, enabling tighter control of the behaviour and failure modes of RC structures. Selective
intervention therefore provides a new framework for retrofitting structures to mirror ‘capacity design’
principles used for new structures, thus leading to a more rational assessment and repair solution.

In this work, structural assessment strategies presented in guidance publications and design codes are
reviewed and appraised in the context of capacity- and displacement-based design. Greater attention is
given to the European regulation for earthquake-resistant design of structures, Eurocode 8. Further,
conventional and novel intervention methods are also evaluated and selective intervention techniques are
introduced, together with a description of design scenarios where the effectiveness of the latter in the
upgrade of RC structures is highlighted.

An extensive parametric study, aimed at the development of analytical expressions suitable for design
application, is undertaken. Verified finite element models, validated through comparison with available
experimental data, are used in such numerical investigations. The resulting design expressions and
guidelines are then successfully employed in the design of selective repair and strengthening schemes
applied to experimental models, thus providing further validation of their accuracy.

Two distinct experimental programmes are carried out under the scope of this work. Firstly, several large-
scale wall specimens are tested under dynamic conditions, on a shaking-table. The proposed selective
techniques are applied both as repair to previously damaged walls, and as retrofit of intact walls.
Furthermore, traditional repair techniques such as reinforced concrete jacketing and epoxy-resin injection
are tested for comparison. A building contractor, as opposed to highly qualified lab-technicians, is
responsible for the successful application of these intervention schemes thus emphasising their
practicality. The models are tested up to collapse using both artificial and natural accelerograms, and their
response further corroborates the effectiveness of selective methods under dynamic conditions.

Finally, the verified selective techniques are applied to a full-scale frame tested under pseudo-dynamic
conditions. The reinforced concrete frame, designed and built to reproduce typical European construction
of the 1950's, is tested using artificial records derived according to European regulations. The results of
the tests show the effectiveness of the techniques in addressing a wide-range of drawbacks inherent to the
original gravity-load design of the structure.
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Chapter 1
INTRODUCTION

1.1 GENERAL

The existing building stock poses a much more serious and complex seismic safety problem
when compared to safe earthquake design of new construction. The vast majority of structures
located in seismic areas exhibit deficiencies in their resistance to earthquake loads due to a

number of reasons, highlighted below.

Older construction, designed according to earlier codes, may not comply with current seismic
regulations since focus used to be primarily on warranting sufficient capacity for gravity loads
alone. Moreover, the past thirty years have witnessed such a significant increase of knowledge in
the field of earthquake engineering that even relatively modern structures may no longer meet
the prerequisites of constantly-developing regulations. As a result, several shortcomings can be
found in existing buildings such as irregular structural configuration, inappropriate member

detailing for ductility and insufficient lateral stiffness, amongst others.

The problem, however, becomes more intricate when other factors, beyond the reach of
regulations, are taken into account. In fact, it is frequent for existing buildings to have suffered
structural modifications applied by their owners without due engineering consideration, thus
further hindering what may already be a low seismic resistance. Also, quality of construction
may be poor, resulting in a defective design-implementation. The latter may lead to disastrous
consequences, as recently highlighted by the devastation and human casualties resulting from the
Kocaeli (Turkey) of 17 August 1999 and, to a lesser extent, the North Athens (Greece)
earthquake of 7 September 1999.



All the above considered, it seems clear that repair and strengthening of both old structures
designed according to outdated codes and new but defective earthquake-resistant construction, is
urgently needed. This requirement also arises where existing structures must comply with more

recent code stipulations, or when these structures are to be reassessed for higher loads.

However, this is not a straightforward task since a complex interaction between technical,
economical and social factors, specific to each region, need to be considered. The latter is
epitomised by the decision on the performance level to be considered in the process of seismic
assessment and retrofitting of a building. Less stringent response requirements, unacceptable for
new construction, may indeed be used to account for the possibility of a publicly accepted higher
risk over the remaining life of the structure. This is because the economic consequences of

upgrading all old buildings to modern standards may not be supported by the community.

Further, precise structural assessment quite often stumbles on the unavailability of accurate
design plans and the uncertainties regarding material properties, particularly in the case of old
structures. In the case of earthquake-hit structures, evaluation of the level of damage can be

difficult on occasions, and assumptions based on engineering judgement, rather than codified

guidelines, are needed.

Once the structural features of the existing building are assessed and its performance
characteristics, under the considered input motion, is determined, a selection of a specific
retrofitting approach is required. However, this often requires an even more complex
examination of a wide range of options, including a number of technical features together with
economical and social factors. Choices between local and/or global intervention are available but
may be conditioned by the building use. The latter may dictate adoption of a local intervention,
not as efficient but less disruptive, as opposed to highly competent global interventions which
would however render the building unusable for several weeks. This may incur tremendous
financial losses to businesses, as was observed after the Northridge earthquake (United States,
1994).

The superior performance characteristics of new materials, such as fibre-reinforced polymers,
may also be exploited. However, some of these highly efficient interventions are expensive (due
to the production cost associated to such novelty materials) and require skilled workmanship.

This often constitutes a big impediment in the majority of poorer earthquake-prone countries,



varying energy content according to the return period of the associated event, are considered in

the analyses, carried out using the computer code ADAPTIC.

From the analytical and experimental observations, the behaviour of the frame is considered
unsatisfactory. A selective intervention scheme is then devised with the objective of not only
repairing the damage incurred by the frame but also improve its global seismic behaviour.
Selective intervention techniques are designed and applied to the damaged frame, aiming at
changes in failure mode and increase of deformation capacity of critical members. Both
analytical results and experimental observations are used to determine the optimum location and
dimensions of the retrofitting schemes. To close the chapter, the results of the test of the

selectively upgraded frame are carefully analysed.

Finally, Chapter 6 summarises the most relevant results and conclusions reached in this work.
Suggestions for future research are also outlined, with the objective of encouraging continuing
research in the field, placing particular emphasis for those issues where further investigation is

required.



Chapter 2

CONCEPTS, ASSESSMENT METHODOLOGIES AND
RETROFITTING TECHNIQUES - A REVIEW

2.1 INTRODUCTION

In order to fully appreciate the structural upgrading needs of existing buildings, it is paramount
to comprehend the differences between outdated design methodologies, used at the time of

construction, and modern philosophies, which set current requirements.

Within this framework, a brief review of past and current concepts and definitions used in
earthquake engineering design and assessment is initially included. In addition, the concept of
selective intervention [Elnashai, 1992] is recalled and examples of their application in common

redesign situations are presented.

Also, the guidelines for assessment and strengthening included in recent US and New Zealand
proposals are covered briefly, together with an in-depth review of the procedure prescribed in the
European Earthquake Engineering Code (Eurocode 8). It is important to note that EC8 is also the
first official international standard on assessment and redesign of structures, thus justifying a

detailed appraisal of its assessment and redesign rules.

Finally, a review of repair and strengthening techniques is included. Conventional methods,
which do not focus on selective modification of member characteristics, are succinctly recalled,
with a distinction between local and global approaches. Further, selective techniques, recently
developed at Imperial College and elsewhere, are reviewed in detail.
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2.2 CONCEPTS AND DEFINITIONS

2.2.1 Member capacity and overstrength

Modem seismic codes are now based on capacity principles as opposed to the previous standard
direct design concept. In the latter case, members were designed to resist forces calculated from
the code-imposed storey shears, distributed according to relative stiffness of members, combined
with gravity effects. Such methodology, however, did not guarantee the development of a ductile
and safe failure mode, mainly because of member overstrength. The sources of overstrength
include higher concrete compressive strength, confinement, larger area of steel due to

availability of bar diameters, higher yield strength of steel and strain-hardening.

According to capacity engineering, the structure is viewed as comprising two distinct zones;
dissipative and non-dissipative. The dissipative zones are those responsible for the mobilisation
of the desired failure mode, chosen to maximise overall energy absorption capacity and avoid
collapse. All other zones, considered non-dissipative, are required to withstand forces consistent
with the strength of the dissipative parts, including overstrength. In this way, the structure is
rendered less sensitive to the characteristics of the input motion, since it can only respond in the

pre-defined ductile mode.

In addition, stiffness regular distribution, both in plan and elevation, also needs to be considered
to achieve a ductile response, as represented schematically in Figure 2.1 below. Therefore, all
three parameters; member overstrength, stiffness distribution and ductility supply, assume an

equally important role in the response of structures, according to modern capacity principles.

2.2.2 Performance targets

Despite the recent advances in seismic design of structures, including member capacity concepts,
described above, recent events such as the Northridge (United States, 1994) and Hyogoken-
Nanbu (Japan, 1995) earthquakes have demonstrated that there is still room for improvement.
Although life-safety protection requirements were met by structures designed according to new
codes, the financial losses due to non-structural damage and interruption of use were

significantly greater than what was expected by engineers and society in general.
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Figure 2.1 Conceptual relationship between local and global seismic response characteristics
[adapted from Elnashai, 1993]

In view of the above, the Vision 2000 [SEAOC, 1995] Performance Based Engineering (PBE)
committee was created by the Structural Engineers Association of California to develop a
conceptual framework for PBE of structures in seismic areas. Performance based engineering
was then defined as "consisting of the selection of design criteria, appropriate structural systems,
layout, proportioning, and detailing for a structure and its non-structural components and
contents, and the assurance and control of construction quality and long-term maintenance, such
that at specified levels of ground motion and with defined levels of reliability, the structure will
not be damaged beyond certain limiting states or other usefulness limits" [SEAOC, 1995].

As indicated in Figure 2.2, the Vision 2000 Committee has selected and defined four individual
performance levels: Fully Operational or Serviceable (facility continues in operation with
negligible damage); Operational or Functional (facility continues in operation with minor
damage and minor disruption in non-essential services); Life Safety (life safety is substantially
protected, damage is moderate to extensive); and Near Collapse or Impending Collapse (life
safety is at risk, damage is severe, structural collapse is prevented). Each performance level
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Figure 2.2 Seismic performance design objective matrix [SEAOC, 1995]

is defined for the structural system (structural performance level), the non-structural system
(non-structural performance level) and facility content (content performance level) [Fajfar,

1998].

Under such philosophy, the three main dynamic response parameters, stiffness, strength and
ductility assume a paramount role in the behaviour of structures. In the occurrence of a small or
medium earthquake, a structure needs enough stiffness to ensure that non-structural damage is
minimised, thus complying with the “Fully Operational or Serviceable” performance target.
Further, sufficient strength to ensure elastic behaviour and avoid structural damage under
small/medium events is also required to guarantee fulfilment of the “Operational or Functional”
target. Finally, when the structure is subjected to a large earthquake, its ductility plays a critical
part in guaranteeing that the structure can deform without significant loss of strength, escaping
collapse and preventing the loss of human lives (thus achieving the “Life Safety” performance

prerequisites).

2.2.3 Assessment approaches

2.2.3.1 Force-based

A number of guidance reports, such as the UNDP/UNIDO project [UNIDO, 1983] and the
handbook for seismic evaluation and rehabilitation of existing buildings [BSSC, 1992], have
been published worldwide to provide guidance for both pre- and post-earthquake structural
evaluation and retrofitting. This work focuses on multi-stage assessment methodologies,

whereby firstly a screening on the basis of checklists is carried out, followed by evaluations of
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individual buildings with different levels of increasing sophistication. The procedure consists
normally of the comparison between demand and supply, determined according to code
provisions for the seismic design of new buildings. Since the latter are force-based, it follows
that so is the assessment procedure. Such approach is also the methodology adopted by Eurocode

8, as described in Section 2.3.2.

However, such procedures produce far from ideal outcomes as it is extremely unlikely that an
old structure meets the very stringent requirements of modern codes for structural regularity,
ductility at the local level (member detailing) and at the structural level (control of inelastic
response through capacity design), continuity of the load path, amongst others. Therefore, old
structures are in this way classified as inadequate and in need of retrofitting. Moreover, to
comply with a current code, practically all structural elements will need to be upgraded to meet
its resistance and detailing requirements. This increases the cost of retrofitting considerably thus
demolition or the "do-nothing” alternative end up as the most likely results of the evaluation

[Fardis, 1998].

It is now clear that the use of such force-based methodologies alone, does not provide an ideal
framework for structural assessment. Therefore, modern assessment philosophies that overcome
such pitfalls by embracing deformation concepts have been recently presented and are reviewed

in subsequent sections.

2.2.3.2 Capacity spectrum

The Capacity Spectrum Method was originally developed by Freeman et al. [1975] as a rapid
evaluation tool. It consists of a mixed force- and displacement-based assessment procedure,
whereby the seismic capacity of the structure is simultaneously assessed in terms of base-shear
and deformation capacity. This is carried out through a graphical procedure (Figure 2.3), where
the pushover curve of a particular structure is superimposed on the combined force-versus-

displacement response spectrum, to establish the point of supply-demand balance.

The force-displacement diagram is calculated in terms of total top displacement and base-shear.
These are then converted to a spectral set of co-ordinates, assuming an equivalent single-degree-
of-freedom structure, responding in its fundamental mode. In this way, supply (pushover curve)

can be directly compared to the demand (capacity spectra).
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Figure 2.3 Capacity spectrum [Mahaney et al., 1993]

This is a very useful procedure since it combines evaluation of both strength and deformation
supply/demand, thus allowing to blend the force-based approach used in the design of existing
structures with the new performance requirements of modern codes or guidelines. This approach
has also been recently extended by Fajfar [1998] through the development of inelastic force-

versus-displacement spectra, as opposed to the elastic methodology adopted at its outset.

2.2.3.3 Direct displacement-based assessment

Recent studies by Moehle [1992] and Priestley [1993] have introduced the concept of
‘displacement-based design’ as a logical and rational alternative to the currently used
‘force-based design’ methodology. Damage of structures subjected to earthquake action is
related to deformation demand (strains, curvatures, rotations and drifts), rather than to a set of

storey forces. Therefore, displacement-based approaches are conceptually more appealing.

In this methodology, a structure is designed for a target deformation criterion whilst strength and
stiffness become end-products of the design procedure. This is in clear contrast with force-based
practice whereby displacements are checked at the end of the design process by means of
modification factors. These all-inclusive parameters are supposed to account for overstrength,
ductility, energy dissipation capacity and stress redistribution for different types of structural
systems and configurations. Such task is not easily achieved hindering the validity of the whole
force-based design procedure, as stressed by Priestley [1993], amongst others.
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However, application of displacement-based methodology to practical design of multi-storey
buildings is still in its early days. Procedures for direct proportioning of RC members on the
basis of given deformation demands are not fully developed yet, hence conventional force-based
dimensioning is used instead. However, in assessment such difficulties are not present since the
deformation capacity of existing members can be determined for any given structure. Therefore,
assessment of existing structures provides better ground for the application of deformation-based

concepts than the design of new ones [Fardis, 1998].

As a logical extension, a strengthening intervention is easier to design if it is considered as a
means to reduce the global seismic displacement demands on the existing members to levels
below the corresponding deformation capacities. In other words, the detailing of old members
does not need to be upgraded to the level required by modem standards for new members on
ductility grounds, provided that the demands imposed on them are not beyond their ultimate

deformation capacity and do not impair their resistance against gravity loads [Fardis, 1998].

An example of implementation of a direct displacement-based approach for assessment of
structures is given in Section 2.3.1.1. Here, overall displacement of the structure, idealised by a
single-degree-of-freedom model, is used as the main parameter for evaluation of balance
between demand and supply. Strength and stiffness distribution is considered solely for

definition of failure mode and equivalent period of vibration.

Alternative deformation-based methodologies, such as the one proposed by Fardis [1998], where
deformation capacity check is mainly based on evaluation of member chord-rotation demand and
supply, do exist. In this particular work, extensive analytical parametric studies and experimental
data were used for the development of useful expressions that enable rapid determination of
ultimate rotation capacity, which is then compared to the demand. The latter is obtained through
linear or nonlinear analyses, according to the level of accuracy required and also depending on

the complexity of the structure under scrutiny.

The concept of using member chord-rotation was also adopted in recent proposals for seismic

regulation in the United States. These are reviewed in Section 2.3.1.2.
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2.2.4 Selective intervention approaches

As described in previous sections, stiffness distribution, member overstrength and ductility
supply are fundamental parameters in the dynamic response of structures in seismic areas. As
such, provision of stiffness, overstrength or deformation capacity to strategically located
members, as part of a redesign process, assumes a paramount role in assessment and

strengthening of structures.

To accomplish the above, Elnashai [1992] introduced the concept of selective intervention,
whereby a particular response parameter, which is deemed deficient, is addressed by the
intervention whilst others, which meet the requirements, remain unchanged. Examples of design
scenarios where such approach leads to an optimal solution, in terms of cost and effect, are

reviewed in what follows.

2.2.4.1 Stiffness-only scenarios

i) Repair of lightly damaged structures

RC structures subjected to small earthquakes may suffer significant stiffness reduction due to
heavy cracking of concrete members. However, if concrete crushing and buckling of
reinforcement bars do not occur, the flexural strength of the members will not necessarily be
adversely affected. Hence, an effective intervention targeting reinstatement of stiffness of

cracked members without changing their strength is the more economical and logical approach.

For such situations, epoxy resin injection is widely used. Yet, the end result of such intervention
is extremely difficult to forecast and control, since it is highly dependent on the workmanship,
the viscosity of the applied epoxy, the injection pressure and the crack width and configuration.
The latter is particularly unpredictable, especially in the case of an earthquake-damaged wall
where a complex crack configuration has developed due to the loading characteristics and
dimensions of the member. Consequently, the degree of epoxy mortar penetration is uncertain

and the level of stiffness reinstatement becomes doubtful.

This technique was tested by Elnashai and Salama [1992] at Imperial College, amongst others, in
a scaled wall subjected to severe cyclic loading. The stiffness vs. maximum cyclic displacement

plots extracted from this experiment (Figure 2.4) show that even under laboratory conditions,
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complete reinstatement of the initial stiffness of the tested specimen was not achieved due to the
difficulty in making the epoxy resin penetrate cracks with a width of less than 0.5 mm (the height
of the model was 1.2 m, thus the results are only satisfactory beyond 1% drift). The use of the

stiffness-only selective repair technique, described ahead, will overcome such difficulties.
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Figure 2.4 Experimental results of intact and epoxy resin repaired walls [Elnashai and Salama,
1992]

ii) Correction of stiffness irregularities

A structure may have an irregular stiffness distribution due to incorrect design approach,
architectural constraints or due to the use of a more lenient code at the time of its construction.
To upgrade such a structure in order to improve its behaviour or to make it comply with new
modern code design criteria, a selective intervention that will enable the designer to concentrate
uniquely on the parameter in question is required. Otherwise, if repair or retrofitting methods
which affect not oply the stiffness of the members but also their flexural capacity are applied,
then a complete structural redesign is needed, resulting in a more costly and time-consuming

solution.

2.2.4.2 Strength-only scenarios

i) Capacity redesign

New code design philosophy requirements or an increase in seismic loads can lead to a
requirement for structural upgrading. If the structure had been designed according to

conventional direct design principles, then altering the sequence of plastic hinge formation to



18 ) CHAPTER 2

achieve a predetermined failure mode (in harmony with the capacity design concept) becomes

imperative. This will require an increase in strength of strategically located members.

However, if the serviceability limit states are still met with the existing stiffness distribution, an
increase in this parameter is not required. Furthermore, if the stiffness distribution is in
accordance with code prerequisites, changes could result in code violation, thus full dynamic
analysis and redesign would be required. It is, therefore, clear that for such situations a selective
intervention altering only the strength of the members, without affecting their stiffness, is

required.

ii) Strength eccentricity

Adverse torsional effects caused by stiffness eccentricity are widely known and relatively well
addressed in seismic codes, where they are considered in simplified approaches whenever

possible. In contrast, strength eccentricity is not mentioned.

However, in a study by Xian [1992], it was shown that the inelastic response is indeed altered by
this factor, resulting in an increase in ductility demand. Such a situation may arise, for instance,
in a dual structural system, where in order to achieve stiffness symmetry, structural walls are
used to balance the eccentric stiffness distribution. Since the relationship between strength and
stiffness of both systems is by no means similar, even though their relative stiffnesses are in
equilibrium the strength distribution may be eccentric. Only a selective strength-only

intervention can be effective in addressing such deficiency.

iii) Variability in materials

The hazardous effects of variability in material properties are largely acknowledged, particularly
in the case where a pre-defined sequence of plastic hinge formation is required to advance the
design process. However, even in more recent seismic codes, very little guidance on ways of
controlling such effects is available. In the case of steel yield strength, the effects of its
variability can be extremely adverse, as highlighted in a study carried out by Alexandrou [1991]
on the global behaviour of RC frames subjected to seismic loading. In Table 2.1, the results from

a study on a two-storey frame, where the steel yield was varied between practical limits and the

ensuing population of nominally identical frames was analysed, are presented.
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Table 2.1 Effect of material variability on response parameters of a RC frame [Alexandrou, 1991]

Displacement ductility (ug) Energy absorption (kNm)  Behaviour factor -‘q’

Maximum 10.11 73.05 5.50
Minimum 6.57 24.89 3.75
% change 54% 192% 47%

It is observed that although the variations of yield strength correspond to realistic values, the
effects of this factor on the global behaviour of the structure are critical, resulting in a variation
of 47% in the g factor, defined as the ratio between the elastic and inelastic response spectra. In
such scenarios, only the strength of some critical members needs to be affected so as to ensure
the structural behaviour envisaged at the initial design stage is reinstated. Therefore, a selective

intervention targeting exclusively strength enhancement should be applied.

2.2.4.3 Ductility-only scenarios

This is probably the most common situation where selective intervention is required. Problems
with lack of ductility supply may arise if the members are poorly detailed due to inappropriate
design, inadequate construction or lack of sufficient code requirements, as was the case of old
building regulations. The effects of such deficiency can be extremely hazardous since ductility
plays a critical role in guaranteeing that a structure can deform without significant loss of

strength, thus avoiding collapse.

Traditionally, for such cases, use of concrete jacketing is a popular solution due to its ease of
application and comparatively low cost. However, these retrofitting schemes are normally
applied only at the lower floors of a building, where higher levels of ductility demand are
expected, thus causing changes in the global behaviour of the structure that can be extremely
disadvantageous. As a consequence of the large stiffness increase due to jacketing, the structure
will attract higher seismic loads which the unstrengthened storeys may not withstand. Moreover,
changing stiffness distribution in elevation may cause an increase in higher modes contribution
to the deformed shape, rendering design according to simplified static analysis inadequate.
Therefore, in the event of an earthquake, the retrofitted structure may suffer severe damage in its
upper storeys, or even total collapse, as has already been observed in post-earthquake field
investigations [Sugano, 1996].
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For such design scenarios, where only lack of member ductility needs to be addressed, the most
effective and straightforward way of intervening is through a selective approach that will

controllably affect the defective parameter alone.
2.3 CODES FOR ASSESSMENT AND RETROFITTING

A detailed evaluation of an individual building not only determines the need for seismic
retrofitting but also identifies the particular weaknesses and deficiencies to be corrected through
retrofitting. For this reason, in recent years there has been a worldwide shift from rapid screening
and empirical evaluation methods to fundamental assessment procedures based on a direct or
indirect comparison of the inelastic deformation demands to the corresponding deformation

capacities [Fardis, 1998].

In what follows, a brief review of the guidelines for assessment and strengthening included in
recent United States and New Zealand proposals is given. An in-depth discussion of the rules

prescribed in the European Earthquake Engineering Code (Eurocode 8) is also included.

2.3.1 Summary review of non-European codes and guidelines

2.3.1.1 New Zealand proposal

The displacement-based assessment methodology proposed by the New Zealand draft document
on assessment and upgrading of existing structures [NZNSEE, 1996] is reviewed here. This
proposal is largely based on the procedure described by Priestley and Calvi [1997], and follows
the procedure described in the flow chart shown in Figure 2.5.

Firstly, strength in both flexure and shear as well as inelastic rotation capacity of members are
evaluated. The flexural strength is used to determine the base shear capacity (¥3) and failure
mechanism. To assist in the evaluation of the latter, Priestley and Calvi [1991] propose a sway
potential index S,, based on the comparison of the flexural capacities of beams and columns at
all joints at a given storey level. Rotation capacity in the expected plastic hinge of the members
is computed from moment-curvature analyses or simplified expressions available in the literature
[e.g. Paulay and Priestley, 1992] and is used to determine the deformation capacity of the

member.
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Figure 2.5 Displacement-based assessment [adapted from Priestley and Calvi, 1997]

A check on the shear strength is required to assess the possibility of the development of a
flexural failure mode, otherwise shear failure controls the deformation capacity of the member.
The latter enables the calculation of the storey drift capacity which, together with the expected
failure mechanism, is used to evaluate the yield and ultimate displacement capacity of the
structure (4, and 4,), and its displacement ductility (u4). To this end, nonlinear push-over
analysis or more simple expressions derived in previous studies [e.g. Priestley and Calvi, 1991]

can be used.

To complete the assessment procedure, the displacement demand (4,) needs to be determined.
This is accomplished by considering the dynamic characteristics of the substitute system in terms
of effective period and equivalent damping [e.g. Borzi et al., 1998] and the design displacement
spectra [e.g. Bommer and Elnashai, 1999). The ratio 4,/ 4, is then used to assess the seismic risk
associated with the structure, as shown conceptually in Figure 2.6. The annual probability of the
displacement ratio being exceeded (p), considered as the true risk to the public [Priestley and
Calvi, 1997] is employed here. If the value of p is lower than the specified maximum value, the
structure does not need upgrading. Otherwise, structural intervention is required.
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Figure 2.6 Relationship between annual probability of exceedance and displacement ratio
[adapted from Priestley and Calvi, 1997]

It is important to note that the adoption of lower performance requirements relative to those used
in the design of new structures, is based on a publicly accepted higher risk for existing
construction. In turn, this comes as a recognition of the negative economic consequences of
upgrading all old buildings within the community, not the presumably shorter remaining life of

the structure [Priestley, 1997].

2.3.1.2 United States work

Following the Vision 2000 document, mentioned in Section 2.2.2, another publication focusing
on PBE was published in the United States — FEMA-273 [NHERP, 1997]. Contrary to the
former, this is not an exclusively conceptual document but rather a comprehensive state-of-the-
art report on rational and quantitative evaluation of existing buildings. The cases of concrete,
steel, masonry and timber construction are considered. Moreover, the coverage of performance
objectives and requirements, seismic hazard, modelling and analysis is extremely thorough and
could indeed form the basis for a comprehensive code for new and existing buildings [Fardis,

1998].

The first major innovation is the inclusion in the analysis procedure of all elements, structural
and non-structural, from which a non-negligible contribution to seismic resistance is expected.
This may provide a vital supplement in seismic resistance, reducing the vulnerability of the
structure thus calling for smaller/cheaper retrofitting works. In addition, all elements considered
in the analysis are categorised as primary (those providing stability to the structure) or secondary
(providing only gravity-loading bearing capacity). For the latter, less stringent performance
requirements apply thus providing further reduction in upgrading costs.
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Building elements are evaluated using either deformation or force criteria, according to their
response mode for a particular action. Performance objectives are first defined to determine
which combination of structural performance and seismic hazard levels are to be considered
(Figure 2.7). A small difference to the Vision 2000 recommendations is observed here, since
“Collapse Prevention” level is associated with a 2000-years return period instead of the 975-
years. A comprehensive collection of tables with description of member damage and storey drift
for each performance level is included in the report, for guidance.

Building Performance Levels
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Figure 2.7 (a) NEHRP performance objectives; (b) Structural performance levels
[Hamburger, 1997]

Finally, evaluation of members exhibiting a deformation-controlled response is carried out by
comparing the values of chord-rotations obtained through analysis with the capacity limits
specified in the guidelines. The analyses are carried out using one of four methods; linear static,
linear dynamic, nonlinear static and nonlinear dynamic, with decreasing degree of conservatism
for the more complex modelling. Further details on these proposals can be found in the thorough

review by Bertero [1997].

2.3.2 Detailed review of European regulation - EC8 Part 1-4

2.3.2.1 General

Eurocode 8 is the first code of practice (as opposed to recommendations or guidance notes) to
include specifications for repair, strengthening and redesign of structures subjected to earthquake
loading [Pinto, 1996]. There are fundamental requirements for seismic safety to which its
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existence and the lack of corresponding ‘primary actions’ repair codes are attributable. Firstly,
seismic upgrading of existing non-seismically designed structures is at the heart of earthquake
disaster mitigation. Secondly, following an earthquake, guidance is required by European
earthquake engineers seeking to resolve short-term occupancy problems and medium term
redevelopment needs. Thirdly, protection from earthquake destruction of the built heritage of

monuments and historical buildings in Europe is an activity of utmost importance.

Seismic assessment and consequential intervention are conditioned by the characteristics of
source, path, site and structure. Therefore, detailed and specific guidelines are neither achievable
nor actually desirable. EC8 Part 1-4 furnishes a framework of targets and methodologies only,
leaving the detailed redesign to the expert. Where specific structural systems are considered
important and where the state-of-the-art allows, further guidance is given in Annexes. Therefore,

the main objectives of Part 1-4 are as follows:

 provide criteria for the evaluation of the seismic performance of existing individual structures;

o describe the approach in selecting necessary corrective measures;

» give criteria for the design of repair/strengthening measures (i.e. conception, structural
analysis - including intervention measures, final redesign of structural parts and their

connections to existing structural elements).

In this manner, Part 1-4 safeguards against the need to update the various application clauses
with every future development in seismic performance of the conventional construction
materials. The code requirements are summarised below, and suggestions for modifications to

embrace displacement-based concepts are given.

2.3.2.2 Structural assessment

In the case of heavily damaged simple buildings, urgent repair may be implemented without
detailed evaluation. In addition, experience acquired through the observation of the behaviour of
similar structures during previous earthquakes may be used to assist in the calibration of

evaluation methods described below.

Vulnerability methods may be used for evaluation of individual buildings only under well-
specified conditions and for limited purposes alone, since these are mainly applicable to analysis

of populations of buildings. More detailed information can be found in Annex D of the code.
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i) Information for structural assessment

To assess the earthquake resistance of existing structures, input data should be collected from
available public records, field investigations and in-situ or laboratory measurements. These

should cover the following main topics:

e identification of the structural system and its categorisation within the structural types
considered in EC8, as well as of any structural changes since construction;

« identification of the subsoil conditions and category, and of the type of building foundations;

o description of the overall dimensions and cross-sectional properties of the building elements
and the quality and condition of constituent materials;

e description of the actual and/or planned use of the building and evaluation of live loads;

o description of the type and extent of previous and present structural damage, if any, including
earlier repair measures;

« identification of gross errors in structural concept and detailing as well as material defects.

There are several methods to collect the above information, the most widely used of which is

inspection forms. Their format and use are not addressed by the code.

ii) Actions and material properties

Determination of seismic and non-seismic actions follows the same rules as for the design of
new structures. However, economical, social and historical considerations may lead to the need
for reduction of the effective ground acceleration for redesign purposes. Such decrease can be
justified by considering only the remaining design life of the building in the hazard evaluation

procedure (Annex C). Load combinations should follow the rules set up for new design.

Design values based on the characteristic strength values established in the relevant Eurocode
may be used if there are no indications of material strength inadequacy or alteration. Also, results
from in-situ tests need to be available to confirm that the design values obtained from the initial
design and construction documents were applied in practice. If any of these conditions is not
met, partial safety factors y, specific to each material should be used. These may, though, be
reduced with regard to those specified for the design of new structures if sufficient information
of the actual in-situ strength values is available. In Annex G, suggested revised material safety

factors for steel and concrete are % =1.05 and y.=1.20, respectively.
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iii) Actual structural characteristics

The effect of the seismic action to be considered in the analysis of existing structures should be
calculated taking into account possible modification of stiffness characteristics of the structural
elements. Similarly, eventual modification of the available ductility, due to previous damage and
structural intervention, should be taken into account when selecting the appropriate behaviour
factor. In addition, ambient vibration tests may be performed to confirm or determine the

building actual dynamic properties.

The structural characteristics of damaged elements should be calculated based on appropriate
models, accounting for the actual discontinuities and material properties. Alternatively, it is
allowed to estimate the residual characteristics of damaged elements by using appropriate

reduction of the values calculated under the assumption of intact conditions.

Such simplified estimation of stiffness and resistance may be obtained by use of global
correction factors, r¢ for stiffness and rz for resistance. These are defined in Annex G as a
function of the level of damage and state of maintenance of the building. For instance,
considering the case-of a well-maintained structure,-rg ranges from a value.of 0.95 in the case of
very little damage to 0.15 if severe damage exists (five different levels of damage are proposed
and described in this Annex). Thus, the residual resistance R, of a damaged structural element
is estimated as R,es =7z X Rp, where Ry denotes its original resistance. Similarly, the residual

stiffness becomes K,.; =rx xKj (values of 7k are obtained assuming the relationship rx = 0.8 rz).

iv) Analysis and verification before intervention

Three methods are allowed by the code to compute the design action-effects and evaluate the
safety of the structure. These are given in Table 2.2, shown below.

The acceptability criterion for the simplified elastic analysis involves the use of two uncertainties
factors 5¢ and yzq. The value of ys4 is controlled by the level of structural damage and the
accuracy of its analytical representation. Its determination should be based on engineering
judgement since no quantitative guidance is given in the code. The factor yz4 is influenced by the
adequacy of the material models used in the evaluation of the resistance of damaged members. In
Annex G, suggested values range from 1 to 1.3 depending on the importance category of the
structure.
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Table 2.2 Analysis methods

Method Input Analysis guidelines Acceptability criteria

Simplified or Designresponse - Actual structural characteristics Verification at each

modal elastic spectrum - Appropriate behaviour factors cross-section of:

analysis - Check joints/connections integrity  YsqEnew,a <Ruewa/ Yra
and cumulative inelastic damage

Approximate Elastic response - Elasto-plastic model of structural Maximum lateral

static nonlinear spectrum elements resisting lateral loads resistance exceeds seismic

analysis forces

Time-history Artificial - Hysteretic material/element models - Deformation capacity

nonlinear analysis accelerogram accounting for strain hardening, exceeds demand in all
strain softening and cumulative critical regions
inelastic damage - Damage level is within

- Modelling of second order effects acceptable limits

With regard to the time-history method, the constitutive laws to be used in the analysis, together
with material calibration parameters, can be taken from literature or relevant parts of EC8. Also,
the damage level verification, carried out for both structural and non-structural elements, follows
the rules specified for new structures. Finally, the validity of the results obtained should be
checked by means of a sensitivity analysis and through comparison with results from simplified

methods.

If the approximate static nonlinear method is used, available results obtgined by the more refined
methods, described above, should be used for calibration. Verification of the acceptability
criteria, described in Table 2.2, may be undertaken at each storey level or at the base of the
structure, depending on the structural configuration.

2.3.2.3 Structural intervention

In Annex A of Part 1-4, a list of emergency measures to be taken after a severe earthquake, is
presented. These should be applied whenever the safety of the population is at risk and should
prevent, or at least minimise, further losses. The nature and the extent of such measures depend

on the level of damage observed, and the hazard of aftershocks.

Alongside technical criteria, several practical factors, such as availability of funds and
workmanship, duration of works, architectural impact, quality control, amongst others, also
influence the selection of repair/strengthening action. However, only technical criteria are

reviewed in this work.
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i) Priority of interventions

In order to aid in the assessment of the priority of intervention, an index I, is defined. This is
computed based on the evaluation of seismic resistance indexes (Lg; and Gg) and the type of
occupancy of the building. The local seismic resistance index Lg; is required for each critical
region, considering the various internal forces due to the relevant action-effects. The global
seismic resistance index G is then computed through a summation extended over all structural
clements of the most critical storey and taking into consideration the failure mechanism

developed. Finally, priority of intervention should be given to the buildings with higher I, values.

Alternatively, a qualitative approach is suggested in Appendix G, based on a global capacity
ratio 7y for each storey. This is defined as a function of the concrete contribution to the shear
resistance mechanism, the values of 7z (defined earlier) and the regularity of the building. Each
storey is classified as being in a state of slight, moderate or severe deficiency. Priority is then

given to the storeys with worst structural deficiency.

it) Technical criteria for structural intervention

The evaluation of the structure and the nature and extension of damage 1eadto decisions

regarding structural intervention. The type, technique, extent and urgency of the intervention is

conditioned by the following structural objectives identified during the inspection of the
building:

o all identified errors should be appropriately remedied;

e in the case of highly irregular buildings (both in terms of stiffness and overstrength
distributions), their structural regularity should be improved as much as possible;

o if the low non-structural damage requirement for design of new construction is insufficiently
fulfilled, appropriate intervention measures should be taken (e.g. ;tiffening, separation of
vulnerable non-structural elements from load-bearing elements, etc.);

e minimum modification of local stiffness should be sought, unless otherwise required by the
first two criteria;

» where possible, increase of local ductility should be achieved in critical areas;

e care should be taken that local repair and/or strengthening does not reduce the available

ductility of critical areas;
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e durability of both original and new elements, as well as the possibility of accelerated

deterioration when in contact, should be taken into account.

The criterion used to control the level of damage on non-structural elements is based on the
setting of maximum allowable interstorey drifts. These are defined in Part 1-2 of EC8 and range
between 0.8 and 1.5 percent.

iii) Type of intervention

Taking into account the criteria described above and the results from the analytical evaluation, a
decision may be taken considering the intervention types discussed in Section 2.3.2.2 above and
reproduced, in detail, below. These may be applied either in isolation or combined, and their

effect on the foundations has to be rigorously considered:

e no intervention,;

e restriction or change of use of building;

e local or global modification (repair or strengthening) of damaged or undamaged elements,
considering their stiffness, strength and/or ductility;

e possible upgrading of existing non-structural elements into structural elements;

e modification of the structural system aiming at stiffness regularity, more ductile behaviour,
change of natural period, etc.;

o addition of new structural elements or full replacement of inadequate or damaged members;

e addition of a new structural system to resist the seismic action;

o addition of base isolation, local friction or global damping devices at appropriate locations;

e mass reduction;

e partial or total demolition.

Decisions regarding repair or strengthening of non-structural elements are required whenever the
seismic behaviour of these elements may constitute a risk to occupants of the building. Measures
such as increasing their resistance or providing appropriate connections to structural elements
should be implemented to avoid full or partial collapse. The possible consequences of such

provisions on the behaviour of structural elements should always be taken into account.
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2.3.2.4 Redesign of repair and/or strengthening

The principles described for the evaluation of structures before the intervention apply here as
well. Additional specific considerations arising from the effect of the structural interventions on

the dynamic characteristics of the repaired/strengthened structures are described below.

i) Local and global ductility

The repair/strengthening intervention should maximise the energy dissipation capacity of the
structure. If local changes resulting in a brittle behaviour or in violation of capacity design
provisions are unavoidable, an appropriate reduction of the behaviour factor used in the re-
analysis of the structure should be applied. In Table 2.3, further considerations regarding the

effect of structural intervention on the ductility capacity of a structure are summarised.

Table 2.3 Local and global ductility considerations.

Ductility parameter Redesign considerations

Local ductility - Repaired or strengthened regions should be designed to reflect the selected
ductility class, unless these regions are clearly outside the critical zones.

Structural regularity - Abrupt modifications of local strength and stiffness of building elements should

" beavoided; unless they confribute o a global regularity improvement.

- The overstrength and the interstorey drift of consecutive floors should be kept as
uniform as possible over the height of the building and, to this end, the
strengthening of a building element should extend beyond the level strictly
needed for resistance purposes, thus avoiding creating a soft-storey effect.

- The seismic resistance indices Lg; of critical regions after the intervention should
be kept as constant as possible, both in plan and elevation.

Distribution of areas - The areas of expected inelasticity should not be concentrated in only one storey.
of potential inelastic - Whenever possible, appropriate measures should be taken so that dissipative
behaviour zones are well distributed over the entire structure.

The evaluation of the behaviour factor is based on the criteria for design of new structures and on
the degree to which the requirements described above affect the global ductility. Available

experimental evidence may also be used to this end.

ii) Post intervention stiffness and resistance

The structural characteristics of repaired or strengthened building elements, used in verification
of the limit states, should be evaluated taking into account the residual resistance of the existing
materials, as discussed earlier. Additionally, it is required to consider the effects of the load-

transfer mechanisms and additional resistance due to the connection of the new materials to the
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existing ones. In section 5.3 of Part 1-4 and in the material-specific appendixes, a detailed
discussion of the characteristics and evaluation methods for different force-transfer mechanisms

is given. For the sake of succinctness, these are not covered here.

Analytical models employed in the analysis of the modified structure should be based on
constitutive laws describing the force-deformation characteristics of connected materials. The
effect of all mobilised force-transfer mechanisms, under compatible deformations, on the global

deformational behaviour of the critical regions, is considered under the following conditions:

 conservative constitutive laws are employed, accounting for the response degradation due to
cyclic post-yield deformations;

« the softening branch of these material laws is to be considered to an extent consistent with the
overall ductility demand assumed in the analysis;

o when appropriate structural measures have been taken (e.g. adequate confinement of
reinforced concrete elements) the constituent materials may be represented by monotonic
constitutive laws; 4

o in the representation of connections between materials highly conservative strength and
deformational values should be considered to account for cyclic degradation;

o possible interactions between individual force-transfer mechanisms (e.g. pullout bond and

dowel action) should also be considered.

Altematively, the stiffness and resistance of a repaired/strengthened region (Kew and Ryew) may
be estimated, in a simplified fashion, making use of the structural characteristics of a presumed
monolithic region (Komon, Rmon)- These are calculated disregarding the discontinuities or interfaces
between the original and added materials. Subsequently, appropriate model correction factors kx
and kg for stiffness and resistance, respectively, may be used empirically to account for the effect
of discontinuities or interfaces. These factors should be conservatively selected, based on
available technical