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ABSTRACT

Some important aspects of the subject of the repair to and the strengthening of buildings, before and after
an earthquake, are investigated in this paper. It has to be noted that, far more than that of recent
constructions, many older buildings are susceptible to earthquake damage. It is certain that, from the
techno-scientific side of problem alone, the subject is incomparably more difficult and complex than that
of designing new structures. The structure of the building has to be dealt with as a whole and the process
of redesign includes the following three stages: The assessment of the capacity of the existing structure
during seismic activity, the process of decision making and the design of a solution for a pre-selected
performance level. The method that will be selected for the intervention will have to be included in the
plan of the strategy. This will depend on the required levels of strength, stiffness and deformation of the
structure. Practical aspects for six main categories of methods of intervention are discussed in this paper.
The six main categories are listed as follows: The addition of infilled walls, the addition of new external
walls, the addition of bracing systems, the construction of wing walls, the strengthening of weak
clements and the incorporation of energy absorbing systems. In particular, recent results from ongoing
experimental research programs concerning the retrofitting of existing structures are presented. Finally,
certain important aspects of practical application are pointed out that may often puzzle the engineer or
may be solved in an erroneous way. These concern either the choice of the most suitable solution for the
intervention or the application of technological methods of intervention.
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1. INTRODUCTION

Environmental Planning and Public Works, 1985).
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These

It is irrefutable that our knowledge of the seismic behaviour
of buildings is tried every time a forceful earthquake occurs.
Certain older beliefs are confirmed and certain others are
refuted. “Lessons” from each earthquake, in combination
with new technologies and continuing research in the
corresponding scientific field, have led to changes in the
relevant guidelines, codes and specifications. Consequently,
it becomes clear that, for each new construction, the
possibility a more equitable and secure strategy exists.

Simultaneously however, the following question justifiably
arises:  What should happen to the buildings that have been
designed and constructed in the past? Conjecture studies
have been performed at the University of Patras for the
assessment of reinforced concrete buildings that were
designed and constructed in Greece before the application of
additional clauses in the seismic code (Greek Ministry of

studies have shown that a large number of older buildings are
in danger of experiencing serious damage, or even collapse,
during a strong earthquake. The consequences of devastating
earthquakes in Greece in recent years have confirmed the
above estimation.

It is sufficient to contemplate that for buildings constructed
before 1985 (or before the code revision of 1995) the
following points can be noted:

a) Older buildings have been designed for seismic actions
that correspond to approximately 50% of that of newer
buildings,

b) The design of the load bearing structure often followed
architectural lines without restriction and was frequently
indifferent to aspects of regularity in geometry, or stiffness in
both plan and elevation,
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¢) The determination of action effects on structural elements
included simple omissions due to a lack of an adequate
calculating means, a global structural analysis concerning the
whole structure was impossible to perform and two-
dimensional effects in plan were rarely taken into
consideration and

d) The design of the elements of a structure often followed
processes that have in the greater part been revised
(inaccurate models, an absence of a capacity design (EC 8§,
1995), the significance of ductility, insufficient minimum and
maximum structural element detailing requirements, etc.).

Consequently and without exaggeration, from the aspect of
life expectation, it represents a constitutional inequality that
Greek citizens are separated in two categories depending on
the age the building that they reside in (TEE, 2001). This is
because the potential risk for buildings constructed before
1985 (or 1995) can be estimated to be a minimum of 2 to 1
and is more likely to be 3 to 1 (Tassios, 2000).

Therefore, it is apparent that considerations for the
strengthening of buildings that have been designed with older
codes should be put forward. Usually this is only done for
those buildings that have suffered damage from a forceful
earthquake.

However, as easy as the determination of the problem is, a
solution is much more difficult to find. If the seismic
strengthening of all buildings constructed before 1995 is
unfeasible, then it is not easy to find the answers to the
following questions:

e Which buildings have the priority to be strengthened
and how will this be determined on an individual
basis?

. Up to which point can they be strengthened or is the
solution of demolition and reconstruction preferable?

. Which materials, methods and techniques are available
in order to intervene and under what specifications are
they to be applied?

. What is the most suitable method of strengthening of
any given building?

. What calculating background does to the engineer
require for documenting choices and what are the
required procedures of quality control?

The subject is complex and it presupposes that factors such
as the importance, the number of users of the building, the
cost of the intervention, the age of the building and the
remaining life span of the building should be taken into
consideration before determining criteria of acceptance in the
redesign of an existing building. For practical and
economical reasons, it is reasonable to expect lower criteria
than those for new constructions. Characteristically in
Greece, as the same criteria of acceptance for the redesign of
older buildings is established in accordance with that of new

buildings, very few owners decide to strengthen their

building, especially during periods of low seismic activity.
This is because the increased cost and the difficulty of the
intervention that accompanies the decision to meet the
seismic capacity level of new buildings, often stops the
whole upgrading process.

Therefore, a broad scale strategy for the redesign of older
buildings is required. Any strategy must include all the
factors in question and should lead to the prioritisation of
interventions. The techno-scientific side of the question,
which deals with planning the required intervention, is a
subject that is far more difficult and complex than that of the
designing new constructions.
challenge to the engineer and requires a high degree of
judgement and prudence since:

It represents a unique

(i) Knowledge of the subject is limited and is not
sufficiently argued,

(i1) Regulations do not exist,

(iii) The design of an existing structure may be
unacceptable but the building exists,

(iv) The basic data that has been estimated during the initial
phase of documentation of an existing situation may
prove to be inaccurate,

(v) New materials are promoted on the market but their
behaviour is still under investigation and

(vi) The specialisation and the experience of contractors for
the implementation of the work can be limited and, at
times, may be negative.

Independent from the lack of executable criteria for the
redesign of buildings in Greece, it appears essential for the
prompt strengthening of buildings that offer services of
urgent need or have a specialised use (for example, hospitals,
telecommunication buildings and schools), so that they could
remain in operation after an earthquake. Without doubt, the
redesign should not only aim to prevent collapse but also to
restrict the deflection in order to avoid damage to the
architectural and mechanical elements of the building, as any
damage may inhibit the availability of the corresponding
services that they offer.

The above discussion began in Greece many years ago
(Tassios, 1984) and it has recently resulted in a series of
actions. Since 2003, the ANTYK plan of TEE (2001) has
aimed to assess the seismic capacity of the existing buildings
of the country. A rapid visual screening procedure is used to
representatively sample 2% of buildings outside cities and
2% of building blocks inside cities. The data collected is
then extrapolated, through the national [0-year census, to
cover the whole building stock of Greece. In addition, the
Organization for School Buildings and the Ministry of
Environmental Planning and Public Works has used a rapid
visual screening procedure to inspect all the schools and
other public buildings in Greece. Furthermore, the
“Provisional Technical Specifications” (Dritsos et al, 2004)
for interventions has been published as part of the IOK
(Institute of Construction Work Economics) project. To date,



the 10K project has completed the technical specifications
for 40 intervention works that have been applied in practice
and these specifications have been presented as a web site
that is available to the engineering community. Finally, the
“Guidelines of Intervention” (OASP, 2001) for reinforced
concrete and masonry buildings has been published and,
following on from this, a 17 member Scientific Committee
has produced a first draft Greek Retrofitting Code (GRECO,
2004). The final version of the code should be published in 2
years time. In conclusion, the outlook appears to be
optimistic and it is to be hoped that the subject of retrofit
design will clarity before long.

2. THE PROCESS OF REDESIGNING EXISTING
BUILDINGS

There arc three main stages in the process of redesigning
existing buildings.  The first stage deals with assessment.
This should involve the inspection of the building, the
identification and documentation of the load bearing
structure and the assessment of the seismic capacity of the
structure.  The second stage deals with the procedure of
decision-making. This should include the investigation of
the probable form of intervention and the choice of an
appropriate solution. The third stage deals with the design of
the solution that has been selected. The design should
include the structural detailing of the repaired and/or
strengthened elements of the structure, the technical
description of the work to be carried out and the cost of the
solution.

The first stage involves the determination of the structural
system, the identification of any damage and the estimation
of other factors such as the vertical loads and the mechanical
characteristics of the construction materials. The evaluation
of any damage to, or imperfection in, individual elements
will not be of any benefit if the pathology of the whole
structure has not been appraised. This should be confirmed
by an analysis that will estimate the seismic capacity of the
building. Apart from using a more specialised method to
assess the capacity of the structure, either an approximate
method or one of the more advanced inelastic analysis
methods should be selected to assess the deformation
characteristics of the individual elements of the structure
(ATC 40, 1996: FEMA 356, 2000; fib, 2003a; fib, 2003b;
Otani, 2003). At the end of this stage, the decision for the
need to strengthen the structure arises. The choice of a
desirable “performance level” is required before this decision
can be made. In other words, the desired behaviour of the
structure, in relation to a design earthquake level, can be
expressed by the probable occurrence of an excessive seismic
event during the conventional life span of the building
(considered to be 50 years). For new buildings, according to
current regulations (EC 8, 1994), it is mandatory that at least
“the protection of the life and the affluence of the residents”
should be selected, while the probable occurrence of an
excessive seismic event should be no higher than 10%.
However, for existing buildings, for practical and economical
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reasons, it would be reasonable to accept lower performance
levels. The same could be said after an intervention, as a
minimum initial performance level of the structure is
required.

The second stage, which deals with the decision-making for
the intervention, perhaps involves the most difficult part of
the whole process. This is because a number of factors are
involved that are not easy to quantify. All the parameters
that have to be evaluated can influence the decision between
any of the following three critical choices:

. No intervention or repairs only if the structure is
damaged,

. The strengthening of the structure and

. The demolition and construction of a new structure.

The repair of the structure can be defined as the process of
intervention in a building that has structural damage in order
to restore the characteristics of the individual elements and
return the structure to its initial condition.

The strengthening of structure can be defined as the process
of intervention in a building, with or without damage, which
increases the strength of the load bearing structure to a level
higher than that of its initial design.

The critical decision between repair, strengthening or
demolition and reconstruction, as well as the more specific
process of intervention that will finally be proposed, will
result from the process of repetitive examination of
alternative forms of intervention in order to ensure an
acceptable seismic behaviour of the structure.

If strengthening is selected, the search for a suitable solution
can be done in one of two ways. In the first way, the
strengthening of the whole structure could be considered and
the objective would be to decrease the stress in the weaker
elements to a level lower than their capacity. In the second
way, the strengthening of individual weaker elements of the
structure may be considered and the objective would be to
increase the strength, the ductility or any other lacking
characteristic. The first approach is usually followed when
there are many weak elements in the structure and
consequently a total confrontation of problem is required.
The second approach is usually followed when it has been
determined that only certain local weaknesses in the structure
should be eliminated.

In any case, for buildings that have suffered damage from a
strong earthquake, independent from the above, the
pathology of the structural damage indicates irrefutable
evidence of the seismic capacity of the building. Thus, in
buildings with extensive and heavy damage, the intervention
should aim to strengthen the whole structure.

The third stage deals with the design of the intervention. It
will include the structural design and the detailing of the
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repaired and/or strengthened elements. The use of new
elements, in collaboration with the older ones, will create
new multi-phase composite elements for which the structural
design may often be different from the usual process of
designing monolithic elements of reinforced concrete.
Moreover, the use of new materials, such as sheets or fabrics
from fibre reinforced polymers (FRPs), for the strengthening
of existing elements creates an interesting field of
application.  However, this method requires particular
attention due to the lack of experience and often-excessive
enthusiasm that results from the ease of use of this
application in practice. It must be noted that the redesign
procedure of a structure should always include the production
of detailed drawings of the final study and an estimation of
the cost of the intervention. The final choice should be
considered as economically beneficial. Unfortunately, it has
often been observed that, in practice, certain solutions are
exasperatingly uneconomical without any particular reason.

(b) increase in stiffness
and strength

Safe
/ behaviour

Unsafe
behaviour

Base shear

\(a) without strengthening

3. STRATERGIES AND METHODS FOR SEISMIC
STRENGTHENING
Results from a pushover analysis of a building can be easily
converted to terms of base shear and top displacement.
Obviously, base shear against top displacement curves, such
as those presented in figure 1, can approximately illustrate
the capacity of a structure. On the other hand, from the code
requirements that describe seismic activity in terms of
acceleration or displacement response spectra, the seismic
performance demand of a building can be expressed in the
same figure by curve (s), depending on the equivalent
viscous damping of the structure. Curve (s) designates the
boundary between safe and unsafe structural behaviour. In
other words, a structure can be considered safe if the curve
that describes its behaviour extends into the safe region.
Otherwise, strengthening of the structure will be required.
Consequently, by increasing either the strength or the
stiffness of a structure, a safe solution can be found. A safe
solution can also be achieved by either rectifying local
weaknesses or by increasing the ductility and therefore
increasing the ability of the structure to deform in-elastically.

(d) increase in strength, stiffness and ductility

(c) rectifying local weaknesses
and increasing ductility

(s) seismic/performance demand

FTTTTT I Tl

\ J

Top displacement

Figure 1. Strengthening strategies.

An interesting alternative would be to seismically isolate the
building or to incorporate special dissipation devices. In this
way, the response of the structure to seismic excitation will
be decreased and, consequently, the required seismic
performance will correspondingly decrease.

Plots of base shear against top displacement for the three
basic strategies of seismic strengthening are shown above in
figure 1. Curve (a) illustrates the behaviour of the structure
before strengthening. Curve (b) shows the behaviour of the
structure after strengthening by increasing the strength and
the stiffness. Curve (c) demonstrates the behaviour of the
structure after strengthening by rectifying local weaknesses
and increasing the ductility. Curve (d) depicts the behaviour
of the structure after strengthening by simultaneously
increasing the strength, the stiffness and the ductility.

The choice of the most suitable strengthening strategy and
construction method is not always easy. Initially, all
alternative processes need to be evaluated while also taking
into consideration local conditions or legal, urban or other
restrictions. Subsequently, other important factors such as
the cost and the duration of intervention, the extent of
annoyance to the tenants and the availability of suitable

specialised personnel (TEE, 2001) should be evaluated.

It should be pointed out that interventions that involve
strengthening by the addition of new elements may change
drastically the initial static system of the structure and any
decision to intervene should be taken with care. Therefore, a
completely new analysis of the structure will be needed and
several interventions throughout the entire structure may be
required. Consequently, special controls are required at the



places of interaction that will ensure the ability of
connections to transfer forces between the old load bearing
structure and the new elements. Further details on the
process of applying of the above methods, as well as other
more specific problems that may emerge, can be found
elsewhere (UNIDO/UNDP, 1985; Dritsos, 2001).

[t is evident that the determination of the number and correct
position of new elements will critically influence the
effectiveness of any intervention. With a new structure,
restrictions stated in the seismic regulation (EC 8, 1995) for
the avoidance of an abrupt change in stiffness with height are
taken into consideration. Normally, the engineer decides
from experience based on simplifications when analytically
modelling the structure. However, for cases that have special
requirements, the decision should be based on a more precise
analytical estimate of the seismic behaviour of the structure.
The contribution of existing non-load bearing elements of the
structure (for example, infill walls) and elements that are
often ignored in the analysis (such as stairwells) should also
be taken into consideration.

A variety of methods and techniques are in use today in the
practice of seismic strengthening of buildings. More
specifically, with regard to structures of reinforced concrete,
six main categories of methods can be distinguished
depending on the type of additional elements to be used. A

Addition of wing wall

Addition of wing wall
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multitude of alternative techniques are also available (CEB
Bul. 162, 1983; Sugano, 1996; FEMA 356, 2000; Dritsos,
2001). In addition, it may be appropriate for a combination
of methods or techniques to be applied in order to find the
best technical and most economical solution. The six main
categories of methods of intervention are as follows: a) The
addition of infilled walls, b) The addition of new external
walls, ¢) The addition of bracing systems, d) The
construction of wing walls, e) The strengthening of weak
elements and f) The incorporation of energy absorbing
systems.

a) Addition of infilled walls

The construction of infill walls within the frames of the load
bearing structure, as shown in the example of figure 2, aims
to drastically increase the strength and the stiffness of the
structure. This method can also be applied in order to correct
design errors in the structure and, more specifically, when a
large asymmetric distribution of strength or stiffness in
elevation or an eccentricity of stiffness in plan have been
recognised. Usually, reinforced concrete (ready-mixed or
shotcrete) walls manufactured on site are used.
Alternatively, for less stiff interventions, prefabricated
concrete panels, concrete blocks or masonry walls could be
placed.

Addition of infilled wall

Figure 2. Addition of infilled wall and wing walls.

As shown in figure 3, there are two alternative methods of
adding infill walls. Either the infill wall is simply placed
between two existing columns or it is extended around the
columns to form a jacket. An undesirable increase in stress
within the existing columns can be expected when
connecting the infilled wall to columns, as the columns
become the ends of a new wall consisting of the infilled wall
and the two existing columns. Consequently, the second
method is specifically recommended in order to increase the
strength in this region. In the situation where the existing

columns are very weak, a steel cage should be placed around
the columns before constructing new walls and column
jackets. In situations where a more ductile behaviour of the
repaired structure is required, only the upper and lower part
of the wall should be connected to the beams and a small
void should be left between the new wall and the columns.
In all cases, the base of any new wall should always be
connected to the existing foundation.
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Figure 3. Two alternative methods of adding infill walls.

From the design point of view, an important issue would be
the guaranteed transfer of horizontal stress to the new wall
during seismic excitation. The existing beams, above and
below the new infilled wall, should be checked to see if they
have sufficient longitudinal reinforcement for the required
transfer of stress from the existing slabs. If the reinforcement
has been found to be insufficient, strengthening should
include the addition of new horizontal connecting elements.
A method for this type of connection would be as follows:
Initially, new horizontal reinforcement bars are placed
longitudinally at the level of the beams in every storey. The
reinforcement is then welded to strong longitudinal steel
plates that have been anchored to the beams. Finally, after
suitable preparatory work (scarifying and cleaning) of the
beam’s surface, the reinforcement can be covered with
shotcrete.

Of particular importance would be the control of a sufficient
anchorage for the new reinforcement bars. In addition,
special measures should always be taken to guarantee the
continuity of the interface between the old and the new
concrete by placing adequate shear connectors. Adhesive
anchors or special mechanical steel dowels are usually
embedded into the old concrete, after the surface of the old
element has been roughened and cleaned. Special attention
to this contact surface should ensure that the shear stress that
develops could be undertaken via the mechanisms that will
also develop in this area. The estimate of the shear stress
between the contact surfaces is usually performed assuming a
monolithic connection between the new wall and the existing
frame. That is to say, any slippage between the two surfaces
can be ignored. In any case, old experimental results (Liauw,
1972) have show that, even when contacts between the new
wall and the old frame are few and simply maintain the wall

in its place, the contribution of the wall continues to be
important.

Alternatively, for less stiff interventions, prefabricated
concrete panels, concrete block or brick masonry walls can
be placed. It is worth mentioning that the latter solution has
been widely applied in Greece for cases of strengthening soft
ground floor levels of multi-storey buildings. The technique
has proved to be very efficient in increasing the stiffness and
enhancing the seismic behaviour of the whole building
(Karayiannis er al, 2005). For cases where the infilled
masonry walls have window or door openings, experimental
results have show that the effectiveness of the technique was
significantly reduced (Kakaletsis and Karayiannis, 2003).
However, from these authors’ results, it can be recognised
that by choosing special positions for openings, the reduction
in the effectiveness of the technique can be small.

b) Addition of new external walls

In some cases, strengthening by adding concrete walls
can be performed externally. This can often be carried out
for functional reasons as, for example, in cases when the
building must be kept in operation during the intervention
works. New cast-in-place concrete walls, constructed outside
the building, can be designed to resist part or all the total
seismic forces induced in the building. The new walls are
preferably positioned adjacent to vertical elements (columns
or walls) of the building and are connected to the structure by
placing special compression, tensile or shear connectors at
every floor level of the building. As shown in figure 4, new
walls usually have a L-shaped cross section and are
constructed to be in contact with the external corners of the
building.
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Figure 4. Schematic arrangement of connections between the existing building and a new wall
(a) plan, (b) section of compression connector and (c) section of tension connector.

It is important to ensure that connectors behave elastically
under seismic design action effects. For this reason, when
designing the connectors, a resistance safety factor (ygrg)
equal to 1.4 is recommended (GRECO, 2004). The use of
compression and tensile connectors, instead of shear
connectors, is strongly recommended as much higher forces
can be transterred. It is essential that the anchorage areas for
the connectors on the existing building and on the new walls
have enough strength to guarantee the transfer of forces
between new walls and the existing structure.

A very important issue of the above method concerns the
foundation of new walls. Foundation conditions should be
improved if large axial forces can be induced in new walls
during seismic excitation. In addition, the construction of
short cantilever beams protruding from the wall, underneath
the adjacent beams at every floor level of the building, as
shown in figure 5, appears to be a good solution (Tassios,
2005).

(d)

Figure 5. Construction of cantilever beams to transfer axial forces to new walls
(a) plan, (b) section c-c.

¢) Addition of bracing systems

The construction of bracing within the frames of the load
bearing structure aims for a high increase in the stiffness and
a considerable increase in the strength and ductility of the
structure.  Bracing is normally constructed from steel
elements, rather than reinforced concrete, as the elastic
deformation of steel aids the absorption of seismic energy.
Bracing systems can be used in a similar way as that for steel
constructions and can be applied easily in single-storey
industrial buildings and buildings with a soft storey ground
floor level where no or few brick masonry walls exist
between columns.  Various truss configurations have been

applied in practice, examples of which are: K-shaped,
diamond shaped or cross diagonal. The latter is the most
common and is often the most effective solution. It is a
common practice to incorporate eccentric necks on selected
steel sections in order to avoid undesirable buckling of
critical steel elements (CEB Bul. 162, 1983). It can be
recommended that, in order to ensure an adequate contact
and a better distribution of stresses to the concrete elements
of the frame surrounding the bracing, a continuous steel
frame should be placed between the load bearing structure
and the bracing system. Alternatively, the bracing elements
can be adapted with special provisions to avoid stress
concentrations and can be connected directly to the load






