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Preface

Existing construction structures have always been a topic of concern for owners,
stakeholders, technicians and researchers, though for different interests and
motivations. Apart from other reasons such as aesthetics, socio-economic and
cultural values, the role of load-bearing structures in any existing construction
probably is, or should be, the major issue when dealing with conservation,
preservation and/or rehabilitation of all types of built heritage.

Quite often, conservation and preservation of existing constructions may not be
likely to require strengthening or retrofitting of their structures, thus keeping the
intervention at the maintenance level. However, when structural repair or
rehabilitation is imposed, either due to any kind of external occurrence causing
damage or required by modifications of construction configuration or usage,
structural retrofitting and/or strengthening might be unavoidable.

Clearly, this issue is extremely wide, in the sense that structural interventions in
existing constructions are very much dependent on a large number of different
conditions and factors. Of course, the motivation for such interventions has to be
first referred since it is likely to influence all the subsequent process and options: for
instance, structural strengthening due to load increase resulting from construction
usage modifications can lead to interventions very different than those required to
make it prepared to withstand relevant seismic demands. Also, different types of
constructions, e.g. buildings or bridges, will require different approaches for
structural strengthening or retrofitting, despite similar technologies might be
adoptable and, obviously, the main constructive materials will be determinant for
the type of intervention. Furthermore, the structural safety format framework for
existing structures is still an open and non-consensual issue, requiring particular
attention for its crucial importance in current design practice; in fact, it is not
uncommon that designing strengthening solutions for existing structures to comply
with code standards developed for the design of new structures might become
practically and/or economically unfeasible. Last but not least, often different types
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of strengthening technique solutions can be proposed for a given case under
analysis, for which the designer can be faced with difficulties on performing their
evaluation in order to make a rationally sustained option.

Considering the above mentioned, the reader immediately realizes the challenge
of organizing a book addressing the wide-spectrum topic of strengthening and
retrofitting of existing structures. Amongst a few options for the book organization,
the editors finally considered that, possibly, the most logical and clear one would
involve a first level of book division according to the type of structures, namely
buildings and bridges, followed by a second level of chapter sequence related with
the structural material.

According to this option, the book first provides a general overview of the
motivations, concepts and approaches for structural strengthening and retrofit,
which constitutes the introductory chapter. Subsequently, due to their particular
importance and peculiarities, historical buildings and cultural heritage monuments
are focused in what concerns conservation issues and structural interventions, as
addressed in the second chapter. The book then includes six chapters, which go into
detail on strengthening and retrofitting options, solutions and techniques, according
to the type of construction material, namely stone and brick masonry, adobe, timber
and reinforced concrete, the latter more thoroughly addressed depending also on the
strengthening material, consistently with its widespread use and importance in
current construction from early—mid twentieth century. As for bridges, the book
includes three chapters, focusing the strengthening of reinforced concrete, masonry
and steel bridges. As a common issue to buildings and bridges, ground and
foundation systems are also addressed, concerning their reinforcement and
rehabilitation, in a specific chapter. Two final chapters are included, one presenting
and discussing the safety assessment of existing structures, particularly under
seismic action given its importance and specific issues, while the other addresses
tools to prioritize possible strengthening techniques.

It is worth noting that, within the particular case of seismic rehabilitation, the
solutions based on seismic isolation concepts are presently well established
resorting to appropriate devices developed for practical applications. Although this
could suggest having included a chapter fully dedicated to seismic isolation, the
editors considered that such an option would have gone beyond the book scope,
since it constitutes a quite specific topic, for a particular type of structural loading,
which would have required an extensive written piece of text for meaningfulness.
Therefore, seismic isolation is considered in the book as a possible and viable
option in seismic rehabilitation works, with a few practical application references
included in some chapters.

In several chapters, beyond the description of strengthening and retrofitting
techniques, examples of application in real case studies are also included, thus
providing a more practical view of the proposed solutions.

All in all, it is the editors’ conviction that the book provides a broad overview
of the solutions’ spectrum for strengthening and retrofitting of existing structures,
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from simple and well-established procedures to more recent and cutting-edge
solutions, giving the reader important information and inspiration for the adoption
and implementation of adequate interventions on existing structures, without
disregarding the compatibility concerns with the original materials, structural
components and systems.

Aveiro, Portugal Anibal Costa
Porto, Portugal Antonio Aréde
Porto, Portugal Humberto Varum
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Structural Strengthening and Retrofit;
Motivations, Concepts and Approaches

Giorgio Macchi, Gian Michele Calvi and Timothy John Sullivan

1 Introduction

The need for strengthening and repair of buildings and civil engineering works may
arise when they have been damaged in such a way that they are no longer fit for
their normal use. In such cases the structure cannot afford, with an accepted reli-
ability, a further sequence of the same action or of other accidental actions and
consequently, the risk of loss of lives and the risk of further structural and contents
damage, would be unacceptable. A strengthening intervention that is able to restore
an acceptable level of safety against such actions is called retrofitting.

The need for strengthening or retrofitting may also arise for buildings or
structures which were not damaged previously. This occurs, for instance, when an
appropriate assessment shows that the building would not resist expected accidental
actions with an acceptable reliability. In this case the building does not need repair,
but requires retrofit.

In most cases, the level of risk that will be accepted for some form of future
damage is mainly limited by the necessity to reduce the risk of loss of life.
However, the acceptability of damage is lower when the building has a great
importance because of its function (strategic buildings); therefore, sophisticated
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tools for strengthening and retrofit are most commonly adopted for strategic
buildings.

Other types of valuable buildings, for which it is common to accept a higher risk
of collapse or even limited damage, are historical (e.g. Heritage Buildings) with
high aesthetic value. In such cases, it will additionally be necessary to identify
non-invasive retrofit solutions.

The choices in the field of strengthening and retrofitting imply high costs, par-
ticularly when seismic risk has to be taken into account; therefore, optimisation
strategies are suggested.

Every strengthening intervention requires a previous set of investigations and
analyses in order to get a reliable Diagnosis of the structure, i.e. to get its numerical
model and therefore its behaviour at the Ultimate Limit State and at the
Serviceability Limit State.

The actions to be taken into account are defined by national standards, such as the
Eurocodes EN1991 [1] and EN1998 ([2] for seismic actions) and by additional
National Annexes. The tools for the Diagnosis are not within the scope of this book.
This book instead aims to deal with the methods of retrofitting structures of different
types of construction (masonry, timber, reinforced and pre-stressed concrete, steel,
steel and concrete composites), and different types of buildings and civil engineering
works (old buildings, modern buildings, bridges, foundations), see EN1990 [3].

2 Motivations

2.1 Conservation: A New Need

A recent and widely accepted set of structural Codes, the EUROCODES, devotes
an entire volume (EC 8) to seismic design, and its Part 1998-3 to “Assessment and
Retrofitting of Buildings”, with 3 Annexes: A for reinforced concrete
(RC) buildings, B for steel buildings, and C for masonry buildings. This shows how
retrofitting existing structures has taken an important role in structural engineering,
that reflects the progress made in the industry over the last decades and centuries.
The use of iron ties or metal clamps to connect stones goes back to the ancient
Egyptians, and to the monuments of the Roman Forum and their following
anastylosis works. Forged iron beams were used in India (1240 A.D.) in the
Konarak temple and, later on, steel profiles were used in the famous Balanos’
restorations of the Athen’s Acropolis (in the years 1898—1909). However, we had to
reach the year 1831 for the statements of Hugo [4] in the novel “Notre Dame de
Paris”, advocating for the first time the conservation of the old gothic churches. He
supported Heritage Conservation in France, together with Prosper Mérimée.
Ruskin [5] suggested monuments conservation in 1849 (in “The Seven Lamps of
Architecture—The Lamp of Memory”), conceiving it as the opposite of restoration



Structural Strengthening and Retrofit; Motivations, Concepts ... 3

TAVOLA. H.

FI1G. XXII.

FIG.XXIII.

Fig. 1 New chains of the Dome. St. Peter’s Basilica in Rome [6]

(the practice of restoration of his time). He wrote that masonry should be kept
compact using “iron”.

Five new iron chains were in fact applied by Vanvitelli [6] to the Great Dome of
Saint Peter’s Basilica in Rome, in 1743, far before the above mentioned theoretical
statements (Fig. 1). Such extraordinary intervention was conceived to save the
dome, on which several wide cracks appeared in the year 1740 and a suspicion of
total collapse was aroused by most mathematicians. Nevertheless, it represents a
case of strengthening a Heritage Building according to some of the most recent
criteria for conservation: the new iron chains are not invasive, respective of the
original technique, and are reversible.

Similarly, an exemplary intervention is the huge 3 m thick buttress built by
Raffaello Stern [7] for the stability of the Colosseum in Rome in the year 1807: the
solution is preserving the damage suffered by the building due to earthquakes,
which are still very evident, and is clearly differentiated from the monument, as it is
built in brickwork instead of stone (Fig. 2). One year before, in 1806, Rondelet [8]
also strengthened the central pillars of the Panthéon in Paris by means of a thick
layer of new stone masonry in order to double the insufficient cross section (Fig. 3).



4 G. Macchi et al.

Fig. 2 Brickwork buttress of the Stern restoration (1807) of the colosseum in Rome [7]

Il f |

e e e ]

Fig. 3 Panthéon of Paris; Addition of new masonry [8]

2.2 Conservation Codes

Vitruvius did not speak of Conservation in his treatise “De Architectura”. In old
times, the buildings of important towns, including churches and art masterpieces,
were often destroyed during wars and the ruins became a thick layer in the ground
as the years went by. During the French Revolution (1789) the Bastille was razed to
the ground, and the single stones were sold as souvenirs.
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The codification of criteria to be followed for the Conservation of Heritage
Buildings took place only between the 19th and 20th century, when proponents of
European culture felt the responsibility to leave the precious architecture as heritage
to future generations. Such a process, initiated by poets and writers as Hugo [4],
Mérimée [9] and Ruskin [5], led to a philosophy of conservation through the works
of Camillo Boito, Alois Riegl, then Gustavo Giovannoni and the Charter of Athens
in 1931, and finally with Raymond Lemaire, Piero Gazzola, Roberto Pane and
others, who codified it at the end (in 1964) in the Charter of Venice, the widely
accepted Code of ICOMOS, and therefore of UNESCO.

Afterwords, in 1994, the Charter of Nara extended the concept of Authenticity to
fragile monuments which can be preserved only by periodical reconstruction, as
required mainly by Eastern Countries, as Japan (e.g. for the Imperial Villa of
Katsura in Kyoto).

Another important improvement was added in 2003, the ISCARSAH Guidelines
[10], which provide more detailed rules for strengthening interventions.

According to Hugo [4], (the war on the demolishers in French), there were three
main reasons for the ruin of the ancient masterpieces:

“time, putting wrinkles on their face;

— the revolutions, with blind and furious acts of vandalism;

— the fashion, which did worse than the revolutions, by cutting, dismantling,
killing the building both in the form and in its symbol, in its logic and in its
beauty”.

The above mentioned Charters, together with many national guidelines, show
that people became more conscious of the unity of human values with regard to
ancient monuments as a common heritage and that is our duty “to hand them on in
the full richness of their authenticity”. The motivation of Heritage Conservation
may be considered a matter of the “Ethics of responsibility” (see Jonas [11]), in
particular of the “Principle of precaution”, which requires Prevention, i.e. measures
to adopt today in view of foreseeable calamities.

Today, the main causes of damage to Heritage Constructions are:

— wars;

— fashion;

— time (including accidental and destructive actions such as: earthquakes, fire,
wind, tsunami, floods, settlements, landslides, progressive collapse, impact and
vibrations, explosions, material deficiencies, human error).

The effects of earthquakes are, however, a predominant cause of damage having
the consequence of loss of lives. Therefore, some parts of this text are mainly aimed
to seismic protection, but are useful for every kind of damage.

The scientific community has drawn up a list of Values to be considered in the
choice of Heritage Buildings to be protected:

— cultural history milestones;
— rarity;
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— research potential;
— representativeness;
— aesthetic qualities;
— creative or technical achievements.

The Charters then define the main rules to be followed in strengthening
interventions:

— implement Conservation works instead of Restoration works;

— respect the original material, and every new material used for integration should
always be recognizable;

— every reconstruction work should be ruled out a priori (only anastylosis may be
permitted);

— compatibility and durability of new materials should be assured;

— invasivity of the intervention should be avoided;

— provide recourse to sciences and techniques which can contribute to the safe-
guard of the structure, but the applications should be proved by experience;

— reversibility, or the possibility to treat again, should be searched for (examples
of reversible solutions include works done on the Tower of Pisa, Fig. 4, and the
Pavia cathedral, Fig. 5).

The choice of the strengthening intervention is treated in Chapter “Strengthening
of Stone and Brick Masonry Buildings” (Concepts).

Fig. 4 Leaning Tower of Pisa; Pretensioned circumferential tie realized with a removable
stainless steel band
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Fig. 5 The cathedral of Pavia (1488—today)

Factors guiding the definition of the physical properties of strengthening inter-
ventions may be found in Chapter “Seismic Retrofit of Adobe Constructions”
(Approaches).

2.3 Seismic Strengthening

Wars have been seen to cause the highest losses of human lives, (millions, in World
War I and in World War II), but also earthquakes, for many Countries, cost dearly in
terms of human lives and loss of buildings. The earthquake of Tangshan (China), in
1976, caused the loss of 240,000 lives; the town of Bam, in Iran, was razed to the
ground in 2003. It should be remembered that the victims are not killed by the
earthquake, but by the collapse of inadequate buildings. The same applies to Heritage
Constructions: their inadequate strength is the cause of their loss. The above
considerations explain why earthquakes are calling more and more the attention of
society and of the governments of seismic-prone Countries to require extensive
interventions for an adequate reduction of seismic risk.

As buildings (Heritage Buildings included) are usually designed for vertical
actions (permanent loads and other gravity loads), their resistance against the
prevailing horizontal components of the earthquake action may be insufficient in
many cases. Furthermore, earthquake actions are dynamic by definition, a feature
which makes most traditional building materials insufficient. History and the pro-
gress of geodynamics studies is providing a level of knowledge of seismic phe-
nomena which tends to reduce their “accidental” character. However, a prudent
attitude is still needed, and strengthening of buildings and other constructions is
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necessary or, when strengthening is not sufficient, actions should be reduced by
means of dynamic measures such as base isolation or energy dissipation.

3 Concepts for Structural Strengthening and Retrofit

3.1 Consideration of Loading Scenarios

In order to establish a suitable retrofit strategy, one must first establish the loading
scenarios that will need to be addressed by the eventual retrofit measures. Figure 6a
illustrates a possible loading scenario, expressed as a 3-dimensional plot of force,
displacement and time (or return period, considering risk evaluations conducted
over a specific design life). This general expression of loading is capable of rep-
resenting all typical loading scenarios encountered in engineering; a specific gravity
load would be plotted as a horizontal surface of uniform force (with displacements
depending on the stiffness of the structure), the displacement imposed by a shift in
foundations change could be represented as a vertical plane (with the force
depending on the stiffness of the structure), whereas the specific scenario plotted in
Fig. 6a is somewhat representative of seismic demands, recognizing that earth-
quakes will impose both displacement and force demands on a building as a
function of the building period.

The time axis in Fig. 6a is particularly relevant for risk considerations; clearly,
the longer the design life then the more likely it becomes that the structure is subject
to large magnitude loading. Building codes typically address this point by speci-
fying the design life of a building and establishing loads that ensure certain

(a) Force

(b) Force

Time
(Return Period)

“~~<__ Displacement ~~. Displacement

Loading Scenario Structural Capacity

Fig. 6 Conceptual illustration of a loading scenario and b structural capacity, expressed in terms
of force-displacement-time axes
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reliability requirements are satisfied. This then simplifies the engineering problem
down to one of considering a certain combination of force and displacement
demands at (say) a serviceability or ultimate limit state design level. However, as
the importance of sustainable engineering becomes ever more evident to society, it
is apparent that the time-axis should not be forgotten; for instance, life-cycle
concepts can be conceptually introduced through consideration of the time-axis,
underlining the need for any strengthening or retrofit intervention strategy to assess
not only the up-front costs but also maintenance costs and the final impact on
performance over time. This is particularly relevant to the identification of optimum
retrofit solutions, as explained further in Sects. 3.3-3.7.

3.2 Evaluation of Structural Capacity

The assessment and retrofit of a structure will inevitably require that the capacity of
a structure, in either a pre- or post-retrofit condition, be compared with relevant
loading scenarios (described in the previous section). To this extent, it is apparent
that a general definition of capacity should again consider the three axes of force,
displacement and time, as shown in Fig. 6b. Capacity curves, that will be
structure-specific, may be relatively simple planar surfaces (consider a structure that
responds elastically and then fractures in a brittle manner) or non-linear, such as the
surface depicted in Fig. 6b. The particular force-displacement response shown
Fig. 6b is intended to represent a lateral force-displacement (pushover) capacity
curve for a building or bridge structure. One could consider different damage states
along the curve that could be realised by different seismic loading scenarios, and
that would require repair works that vary in both complexity and cost. In addition,
one could consider the capacity of both structural and non-structural elements
(partition walls, ceilings and the like). These concepts will be called upon further in
later sections when identifying different retrofit approaches.

The time axis is again considered relevant to the conceptual definition of
structural capacity here, since it allows for corrosion effects, the degradation of
material properties with time, and fatigue effects, amongst other things, to be
accounted for. Furthermore, by making a time-based assessment of demands versus
capacity, it is apparent that one could consider how a planned intervention or
maintenance operations could impact on the overall structural performance. These
concepts are at the heart of new emerging considerations for optimum retrofit
strategies, as explained in the next section.

3.3 Optimum Use of the Available Resources

The general criterion that should guide any decision related to structural strength-
ening, should be, in principle, the optimization of the resources to be invested
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compared with the benefits to be obtained, considering the protection of human life
as well as economic and social aspects [12].

This conceptual statement may find an operational translation in the calculation
of an average expected annual loss (EAL), expressed as a percent fraction of the
total cost of reconstruction.

While this parameter is relatively straightforward to be evaluated for economic
losses in ordinary buildings, its numerical quantification may become more difficult,
and in some cases even impossible, when dealing with indirect losses related to
social aspects and protection of culture and architectural heritage and even more so
when the protection of human life is considered.

Though the conceptual validity of the general approach still remains, it is
understood that in such cases a second, less quantitative, criterion shall be con-
sidered, that will lead to some sort of implicitly or explicitly defined social
agreement, not necessarily based on scientific evaluations.

As an example, consider the problem of defining an accepted value for the
probability of annual occurrence of a human casualty as a consequence of a specific
hazard in a specific geographic area. For instance, take the case of tsunamis in
Japan: is it acceptable to fix such a probability at 107, i.e. to have averagely one
victim every 1000 years? How has such a choice been affected by the event in
2011? Does this choice justify the construction of a 400 km long wall 14 m high
along the coast? How would a different numerical choice affect the height of the
wall?

Uneasy questions, which will not be further discussed here and instead, from this
point, the focus will be on more standard problems for which it is assumed that
some economy-based logic can be applied.

In this framework, the evaluation of an EAL requires four conceptual steps, as
briefly described in the following sections.

3.4 Hazard Analysis for Uncertain Actions Such
as Earthquakes

The aim of hazard analysis for a site is to estimate the rate of exceedance of any
situation that may challenge a construction and its content and that shall be char-
acterized by some intensity measure.

For example, in the case of earthquake hazard, the “situation” will be a ground
motion at the site of the construction, characterized by a given annual probability of
exceedance or an average return period. The intensity measure traditionally used to
represent the seismic hazard has been the peak ground acceleration (PGA), possibly
associated with a spectral shape to immediately estimate a structure acceleration.
Once made clear that displacements are more relevant than accelerations, it
appeared rational to shift to a displacement response spectrum as a key intensity
measure, though this is not yet fully transferred into the practice.
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Sticking with the example of seismic hazard, the problem to be addressed is how
to define the seismic intensity parameter based on seismic sources and their
assessed potential to induce given magnitude earthquakes with specific recurrence
intervals.

The standard approach is a site specific probabilistic seismic hazard analysis
(PSHA), based on the separate consideration of all possible earthquakes that could
occur within a given region, their frequency of occurrence and the levels of ground
motion intensity they could produce at a given site.

Often a PSHA is only carried out to calculate the PGA at a given return period
and this is used to anchor a spectral shape provided in a code. It is obvious that in
this way the resulting spectrum is not of uniform hazard, as the shape of a response
spectrum in the code is fixed regardless of the return period or location, rather than
changing its shape with these two parameters, influenced by the magnitude of the
earthquakes which contribute most to the hazard [13].

Regardless of the procedure used to calculate PGA and spectral shape for a given
return period at a given site, structures will eventually be subjected to a specific
damaging earthquake event and thus, considering the geographical variation of the
ground shaking and the different response of each building to its specific action, a
spatial variation of performance and damage has to be expected. However, with the
magnitude and location of the next earthquake being unknown, it may seem rational
to design all structures to ground motions which should have the same probability
of exceedance.

From a logical point of view, it appears that there are some potential flaws in this
way of reasoning briefly described above. Consider, for example, a case in which
the hazard evaluation is based on seismogenic zones. Since low magnitude earth-
quakes, say, e.g., M5, which have perhaps a low damage potential, are much more
frequent than high magnitude ones, say M7, the uniform hazard spectrum may be
dominated by small earthquakes, particularly for uniform hazard spectra produced
for a short return period (or for a long return period in low seismicity areas). In
some seismic areas (e.g. in Italy), close events are dominating the hazard and a large
magnitude earthquake is normally probabilistically relevant only as a far distance
event. However, it is unquestionable that in case of a M7 event it is likely that some
structure will be close to the epicenter. Even if the case of a strong, close event
should in general influence appropriately the results of a PSHA, particularly when
extremely large return periods are considered, the results obtained do not consider
the actual values of the intensity measure that would result at the epicenter. The
values close to a fault are somehow chopped off and not considered for design or
assessment purposes. A structure is not likely to be subjected to a large number of
strong events during its life, thus responding with different performances to each
one of them. The consequence is that, when a large magnitude earthquake occurs,
some structures close to the epicentre are likely to be hit by actions much larger
than those used for design and inappropriately expected with a given return period.

Similar considerations apply to other hazards, such as tropical cyclones,
industrial accidents, terrorist attacks, and may be treated in a similar way. Slightly
different cases are those related to gravity, always present, where hazard may be
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induced by structural aging (e.g. in case of ancient or old construction) or by
unexpected loading (e.g. in case of unexpected increase of the trucks weight and
frequency on a bridge).

3.5 Structural Analysis

The objective of structural analysis is to obtain some engineering demand and
capacity parameters as a function of hazard parameters.

Relevant parameters to assess damage (the next step) can be assumed to be the
value of the inter-storey drift, either to estimate the non-structural damage (in a
direct way) and the structural damage (estimating the elements curvature, or strain,
demand and the possible attainment of brittle failure modes). Other parameters of
interest may be, for example:

— the floor or deck vertical deflections;

— the foundation relative displacements or rotations;

— the vibration of some structural element;

— the floor accelerations (that may be relevant for some class of non-structural
elements, see Ramirez and Miranda [14]; noting that quite inadequate models
are currently recommended in most codes to estimate floor accelerations, see
[15, 16]).

In seismic assessment, traditional methods have been based on a comparison
between base shear capacity and base shear demand, deducted from the acceleration
spectrum assuming a period of vibration and a force reduction (or “behaviour”)
factor. Both parameters can be calculated applying more or less sophisticated
approaches, i.e., using empirical equations to determine the period of vibration and
evaluating the applicable force reduction factor on the basis of building typology or,
at the other extreme, deriving both factors from a pushover analysis, potentially
including an assessment of possible brittle failures of elements that should terminate
the analysis. In this last case a force based assessment procedure can provide
accurate results, but are essentially limited to one single performance, i.e. the
probability of reaching a collapse limit state.

The possibility of performing non-linear time history analyses to assess different
performances implies the use of sets of accelerograms for each one of the return
period earthquakes of interest, essentially obtaining for each return period a
pass/fail result. This pass/fail result may actually be quite tricky since often, and
more so for long return periods, some seismograms may fail the structure and some
not. What an engineer is supposed to do in those cases is not at all obvious.

Considerations to apply Direct displacement-based concepts to practical building
assessment were published in the nineties (e.g.: [17, 18]) while a more systematic
and comprehensive presentation is much more recent [19]. The inclusion of
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probabilistic concepts in Direct displacement-based assessment is the subject of
present studies [20].

It is interesting to note that a displacement-based seismic assessment may be
conceptually driven by the structural response. In other words while the more
traditional question to answer is “what will be the response of the structure to a
given input ground motion” in this framework the proper question is “what will be
the ground motion that will induce a given performance”. While this may appear an
academic distinction, it is a very practical and effective change. Actually, the
characterization of hazard is normally represented with somewhat smooth func-
tions, while abrupt changes may characterize any kind of performance function, for
example in the form of points where a significant change in stiffness is expected or,
more dramatically, where some sort of local or global failure is predicted. The
implication is that imposing a given return period to design strengthening may
imply that an inconvenient point in the performance function will result (this
applies to a smaller extent in a probabilistic environment, where a range of per-
formance levels may correspond to different records, all consistent with the same
return period). Essentially, while the definition of a given return period or a given
yearly probability of exceedance is conventional, and consequently irrelevant, the
association of a performance to physical events is possible and desirable.

This concept applies, to a much larger extent, to the choices related to a
strengthening intervention since the economic resources required to reach a given
performance are normally changing with finite steps. As discussed later, the
selection of the strengthened structure’s performance cannot be rationally defined
without considering the discontinuity in some cost-benefit function.

In modern codes, an association between level of knowledge about the structure
to be assessed and the protection factors to be applied to obtain a certain level of
protection is often explicitly defined. From a conceptual point of view this is clear
and rational: if one is more confident on the predicted response he or she can apply
smaller protection factors. In general the confidence level is expressed as a function
of the type of analysis (often neglecting the fact that a more refined analysis does
not necessarily imply a higher confidence in the results) and the available data on
geometry, detailing and material properties.

The confidence about the predicted response is not necessarily a function of the
number of physical tests on structural materials and soil.

Again, the selection of quality and number of investigations to be performed
should be driven and justified by the preliminary assessed response and possible
strengthening choices rather than generically imposed in a document. For example,
when considering the possibility of adding a shear wall system to a frame building
the focus should probably be on displacement compatibility and diaphragm action
capacity of the floor, while in case of a possible insertion of a base isolation system
the level of shear capacity to be checked for the structure is limited by the shear
transmitted through the isolation devices.

The use of some sort of back analysis can be a powerful tool to design
strengthening interventions, not necessarily limited to seismic problems [21].
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3.6 Damage Analysis

The objective of damage analysis is to associate response parameters (e.g., inter
storey drift or floor acceleration, obtained from structural analyses as discussed
above) and expected damage. This is commonly done through the use of non-linear
fragility functions that indicate the probability of reaching a certain damage state as
a function of the engineering demand parameter. Detailed discussions on this issue
can be find in Mitrani-Reiser [22] and Ramirez and Miranda [14].

In a general sense, one can separate non-structural and structural damage, to
consider the first one sensitive to inter-storey drift, for a certain share, and to floor
accelerations, for the complementary share, and to relate structural damage to the
inter-storey drift demand alone, including the assessment of brittle failures.
Subsequently, assuming that non-linear correlations between drift and drift-related
non-structural damage and, similarly, between floor acceleration and
acceleration-related non-structural damage are known, one can take the structural
analysis results and compute the likely damage expected for the whole building
(considering both structural and non-structural elements). Furthermore, note that
these non-linear fragility functions can be modified to suit the element at hand
without losing generality and probabilistic evaluations of reaching certain damage
states can be computed.

3.7 Loss Analysis

In the framework of performance-based assessment, the objective of loss analysis is
to calculate the probable repair cost for each level of damage state defined in the
previous step. In principle, a loss estimate should include consequences such as
deaths, repair costs and downtime consequences (the well known 3D approach, see
Fajfar and Krawinkler [23]). However, as anticipated, an accepted value for the
death toll can only be derived from societal agreement (to avoid collapse may be
crucial in this respect and this performance may be considered as a special case),
while the problem of evaluating losses associated with downtime can be more
easily related to monetary parameters. In its extreme simplification, this could be
done assuming that the cost of repair will be proportional to damage, for example
associating a (larger) fraction of the value of the building to non-structural content
and a (smaller) fraction to structures. A separate assessment will consider the
potential losses associated with the impossibility of using the facility, the inter-
ruption of production, the loss of clients, etc.

Again, this can be elaborated and probabilistic aspects can be included without
losing generality.

Returning now to the concepts introduced in Fig. 6, it is apparent that one could
compute the annual probability of a certain magnitude of load (hazard analysis), use
structural analysis to establish the likely response of the structure subject to that
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load (structural analysis), relate the structural response to damage states for both
structural and non-structural elements (damage analysis) and finally compute the
likely loss for the load. Integrating the results of such loss estimates over all
relevant load levels, one can obtain the expected annual loss, which is considered a
particularly useful performance measure exactly because it relates the impact of
loading to a monetary figure (that will be easily understood by lay persons) not just
for a single event but with account for the time axis shown in Fig. 6.

4 Strengthening and Retrofit Approaches

4.1 Retrofit Scenarios

The best retrofit approach will depend on the problem at hand. As new materials are
created and technological solutions develop, engineers are being offered an ever
increasing number of options for the retrofit of an existing structure. This section
will briefly review and discuss the different retrofit strategies that are typically
considered, making reference to the concepts introduced in the previous section and
to the two hypothetical case study structures indicated in Figs. 7 and 8.

The existing multi-span bridge indicated in Fig. 7a represents a scenario in
which, after an inspection, it is recognized that the foundation of a central pier along
the bridge is deteriorating and that repairs are required. Note that this scenario is
somewhat similar to the Ponte della Becca (Peck Bridge) in Pavia. As seen in
Fig. 7b, in this case it is worth comparing loads with demands in force versus time
axes. The building indicated in Fig. 8a instead represents an existing building that
has been assessed for seismic loads and deemed be at risk of forming a soft-storey
mechanism (in which deformations concentrate in a single storey, at ground level in

Force
(b) A Pier support begins
to degrade
Capacity
(a)
v Demand
Degrading Support >
Time
Case Study Bridge Structure Demand versus Capacity

Fig. 7 a A case study bridge structure with degrading support, and b comparison of the demands
and capacity, expressed in terms of force-time axes
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Fig. 8 a A case study building prone to the formation of a soft-storey during earthquake shaking,
and b comparison of the demand and capacity, expressed in terms of force-displacement axes

this case) and poses an unacceptably high risk to the occupants of the building. This
scenario is instead representative of a multitude of residential buildings in Italy and
other seismically active regions around the world. As seen in Fig. 8b, in this case it
is advantageous to consider the earthquake loading (associated with a certain return
period) and capacity in force-displacement axes.

The following sections will now explore different retrofit strategies for these and
similar systems. Detailed considerations for the design of retrofit solutions are not
within the scope of this chapter and are instead the subject of the latter chapters of
this text.

4.2 Adding New Structural Elements

A basic strengthening approach relies on the insertion of additional elements
reacting to horizontal or vertical actions. For bridge systems, this could involve
adding supplementary structural elements to the deck, new piles connected into the
existing foundations or new piers altogether. As illustrated in Fig. 9, for the case
study bridge system mentioned earlier, the insertion of new piers could be an
effective solution (and was in fact the solution adopted for the Peck bridge in Italy)
since it ensures a good level of resistance is provided (as indicated in Fig. 9b) and
reduces the load on the deck (not shown in Fig. 9b for simplicity). Furthermore, it
can be executed with respect for the retrofit charter (described in Sect. 2.2).

For building structures, the addition of new structural elements may consider the
use of steel braced frames (which can be connected into either steel or concrete



Structural Strengthening and Retrofit; Motivations, Concepts ... 17

Force

(b) Ar

- D_egiadlng_plfr New pier capacity

(a) = =

Demand

v
- \
Degrading/\ \ \

New additional
support supports i

Retrofit Bridge Structure Demand versus Capacity

Fig. 9 a Retrofit of the case study bridge via the introduction of new pier supports, and
b comparison of the demand and capacity, illustrating that the retrofitted building has sufficient
capacity

buildings relatively easily) or concrete walls (possibly obtained by strengthening
masonry panels), that could be inserted in the interior of a building or outside it.

If the primary reaction system of the original building was already made by
walls, then the purpose of additional walls could be to increase strength and stiff-
ness and to regularize the torsional response, thus reducing the expected damage
even at relatively low displacement demand. If the original structural system was
based on frames, the introduction of much stiffer elements may completely change
the response, arriving at the limiting case in which the original frame provides only
a negligible contribution to the response, and the only fundamental requirement will
be that its displacement capacity will be larger than the displacement demand
associated with the response of the new wall system. For example, considering the
case study building presented earlier, the introduction of new concrete walls and
foundations within the building could add considerable strength and stiffness to the
system, as illustrated in Fig. 10.

In all cases in which new elements are added to a structure it is imperative that
all parts of the new load-paths formed are checked; for instance, in the case that
walls are added to a building, the capacity of the foundations corresponding to the
new walls and the capacity of the horizontal diaphragm to transmit the action,
globally and locally, need to be checked.

The average costs of these kinds of intervention can be estimated preliminarily
assuming some total length of the wall or framed systems and assigning an average
unitary cost. To this cost it may be necessary to add the sum required to strengthen
the floor diaphragms, if needed, and the cost of removal and replacement of
non-structural finishing material, that may be extensively required when the walls
will be added internally or when an extensive floor strengthening will be required.
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Fig. 10 a Retrofit of the case study building via the addition of a new RC wall and foundation,
and b comparison of the demand and retrofit capacity, illustrating how the added strength provides
the existing building with sufficient capacity

4.3 Strengthening Existing Elements

Another basic strategy to improve the response of a building counts on the appli-
cation of capacity design principles to reduce the likelihood of brittle failures. In
this context it is thus possibly required to increase the strength of some element in a
selected way, to favour ductile damage modes. For example, it is typical to increase
the shear strength of columns and beams to obtain flexural failure modes, to
increase the strength of external joints and to increase the flexural strength of
columns to shift the formation of plastic hinges to the beams. This last example
does not aim to avoid a brittle collapse, but to prevent the formation of a soft storey.
In some case (possibly academic), weakening ductile modes has been considered
instead of strengthening brittle ones.

These kinds of intervention tend to modify in a significant way the last part of a
pushover capacity curve (and possibly the associated deflected shape), increasing
the displacement capacity of the structure. However, they may have a negligible
effect on the first part of the curve (the modification of stiffness up to yielding is not
significantly affected) and on the yield strength (since, in general, shear and flexural
failure modes have similar strengths).

Typical interventions are based on external jacketing or wrapping of an element
or part of it, using carbon or glass fibres, steel plates or thin layers of reinforced
concrete. For the bridge case study shown in Fig. 7, one could consider under-
pinning the foundation of the existing pile. However, such an operation may not be
particularly practical in the case mentioned, due to the presence of the river and
deteriorating condition of the existing pier. For the building structure shown in
Fig. 8, one might aim to strengthen the columns at the ground storey via jacketing
or fibre wrapping to avoid brittle shear failures. Alternatively, the aim might be to
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strengthen the columns sufficiently so as to reduce the likelihood of the soft-storey
mechanism forming. However, this type of intervention is not likely to be very
effective in such cases since it may simply lead to formation of a soft-storey at the
upper levels, without improving the demand to capacity ratio.

Local strengthening of acceleration-sensitive non-structural elements can also be
an effective retrofit measure. For instance, bracing of suspended ceiling systems is
known to reduce their vulnerability significantly, similarly for sprinkler systems
(refer to FEMA E-74 [24] for a number of practical means of reducing the vul-
nerability of non-structural elements).

It is obvious that the cost of strengthening an element will vary significantly, as a
function of its geometry and of the applied technique. However, analysing a large
number of cases, reasonable average costs, that could be used for rough first esti-
mates, have been estimated.

If the fraction of the total number of elements to be strengthened has been
guessed or calculated, it is possible to estimate the total cost of the structural
intervention.

4.4 Locally Increasing the Deformation Capacity

If it is assumed that all the possible brittle failure modes have been eliminated by a
proper application of capacity design principles, i.e. by an appropriately selected
local element strengthening, the displacement capacity of the structure can be
limited by insufficient curvature (and consequently rotation) capacity in critical
section of columns and beams.

An insufficient rotation capacity of columns might be detected in case of a soft
storey formation, or exclusively at the column base. Note that a soft storey
mechanism is not always unacceptable, it depends on the associated storey rotation
capacity (including second order effects) and the associated global displacement
capacity relative to the seismic demand.

An intervention aimed at increasing deformation capacity in RC structures is
normally based on confining measures, to avoid bar bucking and to increase the
compression deformation capacity of concrete. Fibre wrapping and steel encasing
are thus again the typical choices. The effects on strength and stiffness will be even
more negligible than in the previous case and the effects will be still limited to the
last part of the pushover curve. This can be seen for the case study building
structure in Fig. 11, where the use of fibre wrapping to increase confinement to
columns leads to a significant increase in the system displacement capacity, such
that the demand is less than the retrofit capacity.

The interventions in this case can be limited to the critical zones of the elements
and as such, the cost per structural member is therefore lower, but of the same order
of magnitude compared to that discussed in the previous section. In the discussion
of relative merits of different strengthening choices no distinction will be made
about these two kinds of strengthening for what concerns costs.
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Fig. 11 a Retrofit of the case study building using fibre-wrapping to provide confinement to the
columns, and b comparison of the demand and retrofit capacity, illustrating how the added
displacement capacity provides the building with sufficient capacity

Another useful retrofit intervention in existing buildings may actually focus on
improving the deformation capacity of non-structural elements. It is well recognized
that both masonry infills and lightweight partitions will typically be able to sustain
only low drift demands (as low as 0.2-0.3%) before incurring damaged.
Consequently, retrofit measures could consider modifying the connection details of
the non-structural elements (or substituting them completely as part of a refur-
bishment process) so as to increase the load required to cause building damage.

4.5 Introducing Isolation Systems

The insertion of an isolation system, at the base or at some height of the building,
can often be a last- recourse intervention to improve the seismic performance of the
building. The essence is that in this way the maximum shear that will pass through
the system is governed by the system capacity (see, as a general reference,
Christopoulos and Filiatrault [25]). As an example, imagine using friction pendu-
lum devices [26]: if the dynamic friction coefficient is in the range of 5%, it is likely
that the maximum base shear force on the building will be in the range of 10% of
gravity.

For earthquake events, or portions of events, that will not induce this level of
acceleration, the structure is responding like a fixed base structure, while for any
value of acceleration exceeding this value the difference in base shear, and con-
sequently in structural drift demand, will be marginal.

The consequence is that for very frequent events the effects of the isolation
system will be negligible, but the damage minor, while for a large variation of
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demand, provided that the displacement capacity of the isolation system is not
reached, the damage will still be minor.

The key issue with existing structures is the possible technique to insert the
isolation system and, consequently, the problems related to the relative movement
between the isolated part and original part of the building, i.e. how to create the
necessary gap, and the interaction between installations connected to the two sides
of the gap.

There are cases where the presence of some distance between in—ground
structure and external retaining walls allows a relatively simple cut of the columns
and the insertion of the isolators. In other cases it has been possible to create an
independent foundation, possibly on piles, and to uplift the whole building to insert
the isolation devices between the now existing double foundation system.

There are a fairly wide range of isolation devices available in the market,
including high damping rubber bearings, lead-rubber bearings and friction pendu-
lum devices. Beigi et al. [27] also recently proposed an innovative brace device that
maintains the isolating effect offered by soft-storey mechanisms but increases
column deformation capacity and reduces p-delta demands.

The cost required for the isolation of a structure may vary significantly as a
function of the actual situation and, obviously, the ingenuity of the solution.
Consider for example that cutting a column (to insert an isolation device) at the
base, at the middle or at the top, will completely change the bending moment
diagram generated by the same shear force, and will consequently induce the need
for strengthening the column itself or other parts of the structure. Consider as well
that using a single or double sliding surface device and positioning the concavity
upward or downward may change the elements on which the relative movement
will induce a bending moment due to the eccentricity of the vertical reaction.

The design of this kind of strengthening should in general include the procedures
for substituting a device, to re—centre the building after a strong event and possibly
to test the response of the upgraded system.

4.6 Reduction of Demands

It is obvious that a retrofit intervention may operate reducing the demand rather
than increasing the capacity.

Typically this may be obtained increasing the dissipation capacity of the
building, i.e. increasing the equivalent viscous damping level to be used to correct
the acceleration and displacement spectra.

Normally this kind of provision is not adopted as a single measure, but is
coupled with other interventions, possibly strengthening some member to avoid
brittle failure, or inserting new steel braced frames, or in connection with the
creation of an isolation system, to reduce the displacement demand. In this last case
the problem of locally adsorbing a large fraction of the total shear may require a
local intervention on the foundation or on the upper structure, normally a RC wall.
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In the case of a damped steel braced frame the devices can be inserted in the
diagonal bracings, not only to add damping, but also to keep the maximum shear
force under control. The cost associated with the introduction of dampers is
extremely variable.

Figure 12 illustrates how viscous dampers might be used to reduce the demands
on the case study building. It can be seen that by adding viscous dampers (in the
configuration shown) the lateral force-displacement capacity of the building is not
affected but the retrofit solution is anyway successful since it reduces the demands
below the capacity.

Another example of an intervention oriented towards the reduction of demand is
to restrict usage of the building or bridge, so as to limit the mass and loads imposed.
For the bridge example referred to in Fig. 7, traffic restrictions could be introduced
so that only light vehicles are allowed to cross the bridge (as occurred for the Peck
bridge in Pavia, Italy). Alternatively, change in use of a building structure, or
substitution of an existing floor with lightweight concrete may imply lower gravity
loads and lower seismic demands. On a similar note, another more innovative
approach to reducing demands is to consider the introduction of a tuned mass. The
general concept is simple: if the building can be regarded essentially as a single
degree of freedom system with most of its mass associated to the first mode of
vibration, adding a tuned mass that vibrates with a similar period of vibration, but in
the opposite phase, will induce a favourable reduction of shear force at all instants.
This of course applies when the system responds essentially elastically. A complete
description of the approach for seismic applications [28] is obviously more com-
plex, but the optimal ratio between the first period of vibration of the building and
the period of vibration of the tuned mass can be calculated as a function of the tuned
mass divided by the participating mass of the first mode of vibration of the building
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Fig. 12 a Retrofit of the case study building by adding viscous dampers, and b comparison of the
demand and retrofit capacity, illustrating how the damped demands imply that the retrofit building
has sufficient capacity
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and of the damping ratio of the building. Again, it is difficult to give generally
reliable figures of cost, while the reduction of shear forces and displacement
demand may be in the order of 50% in very favourable cases.

Additional reading material relevant to the subject of Structural Strengthening
and Retrofit; Motivations, Concepts and Approaches, can be found in references
[29-42].
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1 Introduction

Historical constructions are an important part of the cultural heritage, because of
their architectural value and evidence of building techniques. Their conservation
over the centuries is a responsibility of our society, in order to pass on to future

generations.

It is worth noting that the structural safety of historical constructions to per-
manent long-term actions, in many cases, has been proved over time. The diagnosis
of the present conditions of the building can be made by a complete interdisci-
plinary knowledge based on historical notes, technological survey, non-destructive

testing procedures and the interpretation of crack and decay patterns.
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Slow and inevitable aging processes might affect the current structural stability
due to different possible origins: (1) material deterioration; (2) anthropic modifi-
cations, particularly in the urban environment; and (3) climate and environmental
changes. Monitoring is a necessary stage in all three cases, both through advanced
instrumentation techniques and qualified visual inspections, in order to detect when
interventions are needed. Usually, deterioration processes can be slowdown and
serious damage can be prevented by a periodic maintenance.

On the contrary, the preservation from natural hazards requires a preventive
assessment aimed at the specific vulnerability and risk to different events (floods,
earthquake, fire, biological, etc.), which cannot be based only on a qualitative
approach and the observation of the building behaviour from the past. In particular,
earthquake represents the main cause of damage to masonry structures and, due to
the high return period of severe events in a prone earthquake area, a direct proof of
safety is usually not available for the specific case. Moreover, after any strong
earthquake the necessary restoration requires strengthening and, often, partial
reconstruction, with a significant loss of the authenticity in respect to construction
techniques. Therefore, it is necessary to have tools to implement a preventive
policy, which takes into account the conservation requirements. Slight damage
occurred due to previous earthquakes might suggest the possible collapse mecha-
nism that the building would experience in the case of a strong event, but a reliable
seismic assessment cannot be performed without quantitative models.

The seismic assessment of existing buildings is a complex task, basically for two
different reasons: (1) the difficulty of interpreting and modelling the seismic
response; and (2) the difficulty of acquiring as-built information on material
parameters and structural details, due to their spatial variability in the buildings and
the need of avoiding invasive testing.

In the last decades, earthquakes have proven that particular strengthening
interventions carried out in the last century have revealed to be ineffective and, in
some cases, even worsen to the seismic behaviour of the structure. Thus, proper
methods of analysis and verification procedures are required for the seismic
assessment and the design of interventions, with the aim of risk mitigation of
cultural heritage.

Finally, it has to be stressed that, if carefully planned, the use and exploitation of
cultural heritage constructions represents a sustainable approach for the conserva-
tion, because it underlies/undertakes as a continuous “health monitoring”, even in
the cases in which some interventions and modifications are required. A detailed
assessment through proper procedures and models allows to avoid invasive and
useless interventions.
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1.1 Cultural Heritage: The Origin and the Establishment
of the Concept

The United Nations Educational, Scientific and Cultural Organisation (UNESCO)
was constituted in London on November 16, 1945. Aimed at continuing the work
begun decades before by the League of Nations, UNESCO articulated its com-
mitment to the concept of a common cultural heritage and to the idea of
strengthening and conserving this heritage through international collaboration and
cooperation in its constitution [1]. In 1957 UNESCO was involved with organizing
the First International Congress of Architects and Specialists of Historic Buildings,
which took place in Paris and wherein a recommendation to create an “international
assembly of architects and specialists of historical buildings” had met with
approval. In May 1964 UNESCQO’s executive board adopted a resolution with an
identical goal to that of the 1957 Paris congress and, in the same year, during the
Second International in Venice, Italy, UNESCO put forward a resolution and draft
status providing the basis for the establishment of an international non-
governmental organization for monument and sites, named International Council
on Monuments and Sites (ICOMOS), responsible for providing expertise in the
form of consultants to UNESCO. The resolution was adopted along with twelve
others, the first of which became the International Charter for the Conservation and
Restoration of Monuments and Sites, known as the Venice Charter. In June 1965
the Venice Charter was ratified and the ICOMOS was officially founded in Warsaw,
Poland. From its foundation, ICOMOS has stablished more than twenty-five
International Scientific Committees on various themes and issues related with
cultural heritage, which undertake research, develop conservation theory, guideli-
nes and charters and foster training for better heritage conservation practice [2].
The Venice Charter is the first text wherein the concept of heritage is defined. In
its introductory section it can be read that “Imbued with a message from the past,
the historic monuments of generations of people remain to the present day as living
witnesses of their age-old traditions. People are becoming more and more conscious
of the unity of human values and regard ancient monuments as a common heritage.
The common responsibility to safeguard them for future generations is recognized.
It is our duty to hand them on in the full richness of their authenticity” [3]. In other
words, heritage as concept can be defined as the collection of things which relates
people to who they are, where they have come from, and why they are the way they
are. According to [4], the documents following the Venice Charter focus on two
different issues: (1) the definition of the general principles for the identification of
new fields of conservation (addressed in the 1971 UNESCO Convention on the
safeguarding of wetlands and in the Charter of the Council of Europe in 1972,
wherein as a limited and fragile resource the soil is proposed as heritage); and
(2) the attempt to integrate the principles of safeguarding with the control systems
of the territory and of the economic and social development [4]. In the 1972
UNESCO Convention on the Protection of World, Cultural and Natural Heritage
[5], the expression “cultural heritage” is used to refer monuments and sites of
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“exceptional universal value from the point of view of history art and science”, a
line followed later in the 1987 Charter for the Conservation of Historic Towns and
Urban Areas [6], known as Washington Charter, where the need to protect historic
cities is clearly stated. It is worth adding that the concepts of tangible and intangible
values as the object of protection were recognized for the first time in this docu-
ment. Another worthy highlighting document on this issue is the 1979 Burra
Charter [7], where it is stated that the conservation of the cultural significance of a
site, due to its aesthetic, historic, scientific or social value, must be safeguarded and
protected. Despite its great influence, cultural heritage has not often had the
recognition that it deserves. In fact, throughout history there have been many
theories on the treatment and protection of cultural heritage, particularly to build-
ings, some of those have been considerate and respectful, whereas others have been
destructive and oblivious [8].

1.2 The Safeguard of Cultural Built Heritage

Safeguarding any heritage asset, particularly heritage valued constructions, requires
method, strategy and planning. The cultural built heritage includes and encloses the
historical, ideological, architectural, artistic and material identity of a city and
consequently any conservation, restoration or rehabilitation intervention must
respect, as much as possible, the authenticity and compatibility with the original.
Knowledge on past urban renewal and renovation processes are the basis of the
definition of a methodology and strategy, keeping in perspective that every case has
its singularities and necessary adaptations. The need for survey, through building
appraisal and inspection is a decisive and guiding stage for the success of the
intervention of any singular or collective regeneration process.

It is based on these concepts that the discussion presented in this chapter is
developed, starting with a brief overview on the appraisal, inspection and moni-
toring of heritage valued construction, which is followed by the presentation of two
different but complementary approaches. The first is dedicated to the conservation
of restoration process of the Tower of the University of Coimbra, in Portugal,
wherein non-structural and structural diagnosis and interventions were prepared and
undertaken in the scope of the acknowledgement of University of Coimbra, the
uptown (“Alta”) and Sofia as World Heritage Sites [9]. The second is a comparison
between possible seismic assessment procedures, applied to two different types of
structures: an ottoman palace, the Hassan Bey’s Mansion in Rhodes (Greece), and a
mosque, the Great Mosque of Algiers (Algeria).
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2 Survey Appraisal, Inspection and Monitoring
of Heritage Valued Constructions

The survey is the starting point to assess the condition and identify defects of the
constructions. Survey actions are often inadequate and unfruitful, because they are
not based on a true knowledge of the building stock, from the type of materials
used, construction techniques, possible systematic vulnerability features, etc.
A poor survey can have a negative effect on the way the building is retrofitted and
maintained, compromising its future well-being. Another aspect to take into account
is the scale of appraisal and inspection pursued. This is, choosing the most adequate
approach for inspection, appraisal and diagnosis is a complex task that can deter-
mine the success or the total failure of the survey purpose.

ICOMOS establishes guidelines on several levels [10]. On the survey and
diagnosis level, the need of complete understanding of the structural and material
characteristics of the construction is clearly stated. It recommends, as essential to
collect historical information on the structure, techniques and construction methods
used, subsequent alterations, present conservation state, etc. It further states that the
diagnosis should be based on historical information and on qualitative and quan-
titative approaches and therefore, prior to any decision on intervention, it is
indispensable to determine the causes of damages and degradations, and only then
to evaluate the safety level of the construction based on its present knowledge. As
outlined by [9], the rational approach for the survey stage must keep guided by the
following general principles:

— each traditional building has different and singular aspects that make them
unique, leading to slightly different survey needs, from case to case. The survey
strategy to be adopted must be the most adaptable and sensitive to the building
features;

— the selection of the means of inspection, appraisal and recording must be
adaptable to the nature of the building, physical and in situ limitation of survey
actions and available resources;

— the survey actions should be based on the general scope and most important and
critical aims of the project. Any repair, maintenance, refurbishment action or
intervention strategy should reflect the technical and financial effort made in the
survey phase;

— the survey is a multidisciplinary task. The contribution of surveyor teams
(engineers, architects, historians, archaeologists, etc.) with expertise opinion is
very valuable. The greater challenge is to coordinate these specialists and their
objectives;

— the surveying stage, through inspection, appraisal, diagnosis and recording tasks
could attain very high level of complexity. Nevertheless, the focus on the project
overview and in its general understanding must be always kept;

— the use of other sources of information, such as the documentary information is
also very valuable and should be considered.
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Fig. 1 Survey framework of heritage valued constructions

The surveying task is essentially a combination of complementary tasks:
recording, diagnosis, inspection and testing. As depicted in Fig. 1, generally the
survey process should involve three essential steps: preparation phase; field work
and off-site work. In each one of these phases, several processes are carried out:
organizing activities, research, analysis, recording and reporting are some of the
major procedures.

3 The Tower of the University of Coimbra

With more than six centuries of history, the University of Coimbra was included in
the World Heritage List of UNESCO in 2013. The area inscribed has about 36
hectares and comprises 31 groups of buildings with different ages, considered of
major relevance to the history and the memory of the University [11]. Among those,
the Tower of the Royal Palace, depicted in Fig. 2, is the most well known and one
of the ex-libris of the old town, receiving more than 300 thousand annual visitors.

The 34-meter-high Tower, also known as Tower of the University of Coimbra,
was planned during the reign of Jodo V and it is considered one of the most original
examples of Portuguese eighteenth century Baroque architecture. Started to build in
1728 and finished in 1733, about 22 years before the great Lisbon earthquake,
during its history it suffered no more than a few and limited non-structural main-
tenance and restoration interventions.

Along the ten years of preparation of the dossier for UNESCO, two main
challenges were identified: (1) to improve the conservation state of the buildings
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Fig. 2 Tower of the University of Coimbra and Via Latina

located within the inscription area, assuring simultaneously their adequate and
up-to-date response to the university everyday activities, and the preservation of
their integrity and authenticity; and (2) to contribute for a needed methodological
approach, as a sustainable example, more than just as an administrative acknowl-
edgment, inspiring learning and research activities, and motivating the community
for the preservation and valorisation of this heritage valued asset of national
interest [12, 13].

The restoration project of the Tower followed these guidelines and was carried
out by an internal multidisciplinary team of Engineers, Architects, Restoration
experts, Archaeologists and a large number of other expertise contributions, with
the scientific support of several professors and research groups [14]. The technical
works were carried out by specialized companies (chosen through international
public trends), under the supervision of University technical teams. The terms of
these public trends included specific clauses on the need of compatibility between
the efficient execution and ongoing of the restoration works, and the project of the
pedagogical work site (presented in Sect. 3.5).

3.1 The Conservation and Restoration Project of the Tower

The general aim of the intervention is to preserve an architectural heritage element
of symbolic meaning not only for the University of Coimbra but also for the city,
through the strong physical presence it has in the landscape and for its
socio-cultural meaning. Simultaneously, from the standpoint of a sustainable
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intervention over a cultural heritage asset, this project aims at reintroducing the
visits to the Tower, which had to be suspended due to its poor condition. The
project and the conservation work itself required a specific approach and was
supported by a broad number of preliminary activities [11]:

— historical and architectural research, aiming at cross-referencing historical data
of the 5-year construction of the Tower. This continuous process allowed to get
a better understanding of the existing structure and to consolidate the criteria
used to justify the intervention;

— the graphical base obtained both from the architectural and photogrammetric
survey, as well as the mapping of the defects, provided information on features
and dimensions essential for the restoration project;

— the analysis of the structural behaviour attained through a numerical model
provided important data on the structural integrity of the Tower;

— the prior testing of cleaning methods defined a series of references for the
execution of the project and the intervention, assuring the suitability of the
solutions adopted.

As discussed in the introductory section of this chapter, the existent set along
with the ethical principles inherent to the intervention in this kind of heritage led to
a minimum action, mostly concerning a preventive maintenance and conservation.
Moreover, the characteristics of the several materials implied coherent and sus-
tainable methodologies and strategies of intervention, both in the preliminary works
and in the several stages of intervention. The main purpose of maintaining all the
original materials, establishing the physical and aesthetical balance of the archi-
tectural whole, is to assure that from the design to the execution, safeguarding the
authenticity of the tower for future generations is kept [11].

3.2 State of Conservation

Despite the presence of several defects, the stones materials were in an acceptable
state of conservation. The overall surface presented a heterogeneous colouring
caused by different factors, namely, biological colonisation, films and dark crusts,
oxidation spots of metallic elements and the orange patina resulting from the aging
process of limestone. On the terrace, the abutment rail had several embedding spots
that were causing fractures in the cornices. In addition, several floor slabs were
identified as damaged or broken.

In the interior of the Tower, the plasters were degraded, both by the action of
humidity and nitre, and the layers of whitewash were detached. The stone slabs of
the stairs were fractured and cracked due to erosion and use. In the most fragile
areas, there were also some situations of loss of material. Finally, in the gap of the
clock weights, the surface was damaged and parts of the coating plaster was
missing, leaving the ceramic bricks at sight.
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3.3 Material, Mechanical and Modal Characterisation

In order to rapidly assess the mechanical conditions of the Tower, a numerical
model was constructed and calibrated on the basis of a series of ambient vibration
measurements, which were used to identify the structural modal shapes and natural
frequencies.

3.3.1 Construction of a Finite Element Model (FEM)

Taking advantage of the already referred architectural and photogrammetric survey
of the structure, the numerical model was built using 4 node tetrahedral finite
elements into the software ADINA. Since both the type of foundations and the
characteristics of the foundation soil were unknown, it was assumed that all dis-
placements of the base nodes are restricted in the definition of the support condi-
tions of the model. Moreover, the horizontal displacements of the shared walls
between the tower and adjacent buildings were considered restrained in the normal
direction. Regarding the mechanical properties of the materials, although the Tower
is composed of two leaf masonry, an inner leaf of ceramic bricks plastered and
whitewashed painted and an outer leaf of faced limestone masonry blocks, the
Tower walls were assumed as homogeneous in the analysis by taking an equivalent
Young’s Modulus and an equivalent shear Modulus. As described in [15], such
values were calibrated resorting to a dynamic identification procedure.

3.3.2 Modal Identification

The measurements of the dynamic behaviour of the Tower were performed using a
frequency analyser to record the data acquired from eight accelerometers, four of
them fixed and the remaining four movables, in time frames of 45 min under
ambient noise vibration condition. The model analysis was subsequently performed
by means of peak picking and frequency domain decomposing (FDD) techniques,
implemented in the ARTeMIS Extractor software [16], from which natural fre-
quencies as well as modal damping and shapes were estimated. The measurement
plan included two stages: the first, performed only at the level of the bells and top
terrace of the tower; and the second, on twenty points located at different levels of
the Tower strategically selected on the basis of the comparative analysis between
the measurements performed in the first stage and the results of the initial FEM
[15]. The goal of the measurements consisted in identifying the first five natural
frequencies and corresponding vibration mode shapes (presented in Fig. 3), with
the purpose of calibrating the FEM.
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Fig. 3 First five vibration mode shapes and corresponding natural frequencies measured [15]

3.3.3 Calibration of the Numerical Model

Taking into account the uncertainties existing in the definition of some key
parameters, a two-step calibration methodology, involving (1) the correction of the
support conditions, through the analysis of several models with different support
conditions; and (2) the values of the equivalent Young’s and shear Modulus by
trial-and-error, was iteratively carried out until the first five natural frequencies
present a suitable coincidence. Having calibrated the model, values of 5.5 and
0.34 GPa were found for the Young’s and shear Modulus respectively. It is worth
noting that these values are in good agreement with other published studies, namely
with [17], where a value of Young’s Modulus up to 5 GPa and a shear Modulus of
0.5 GPa were assumed in the modal identification of a 48-meter-high masonry
tower built in the fifteenth century. Figure 4 depicts the mesh and supports of the
calibrated FEM of the Tower.

Finally, Fig. 5 shows the first five vibration mode shapes obtained with the
calibrated model and their corresponding frequencies.

As revealed from the comparison between the results presented in Figs. 3, 5 and
Table 1, the approximation obtained between the measured and the numerical
vibration modes and frequencies reveals a good agreement.

From the results shown in Table 1, it can be concluded that there is no evidence
that the structural integrity of the Tower is compromised. However, as is further
discussed in [15], if inadmissibly lower values of the Young’s Modulus and/or
shear Modulus had been obtained or if a different level of accuracy had been
registered for one or more modal frequencies, one could have been concluded that
the integrity of the Tower might be affected [15].
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Fig. 4 Mesh and supports of the calibrated finite element model (adapted from [15])

Since the planned restoration and rehabilitation works include the correction of
minor structural defects, such as cracking and small movement and displacement of
stone leaf facing blocks (see Sect. 3.4.1), it was decided to carry out a re-assessment
using the same methodology, correcting and adjusting the numerical model, if
necessary, even though no need for deeper strengthening operations [15].

3.4 Catalogue of the Surveyed Information and Description
of the Conservation Works

A more precise analysis of the existent defects was performed after the installation
of the scaffolds. The Tower garland was one of the areas that showed more fractures
and cracks that had remained unperceived until then. Therefore, the existent
architectonical and photogrammetric survey was redone. Throughout the conser-
vation works, mapping information on three important features was regularly
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Fig. 5 Vibration mode shapes and corresponding frequencies obtained from the calibrated finite
element model (adapted from [15])

Table 1 Comparison between the measured and the numerical natural frequencies [15]

Mode Measured frequency (Hz) Numerical frequency (Hz) Error (%)
1 2.133 2.152 —-0.89
2 2.473 2.403 2.83
3 6.557 6.581 —-0.37
4 8.255 8.160 1.15
5 9.709 9.583 1.30

updated: (1) revision of the pre-existent defects survey; (2) record of all the tests
performed during the appraisal works; and (3) record of all the conservation
treatments of restoration performed during the restoration works. All the intervened
elements during the works were also registered through general and detailed pho-
tographs before, during and after the actions of conservation and restoration.

3.4.1 Conservation and Restoration Works

The conservation and restoration works took place from March 2010 to August
2010. Besides the main action of cleaning and treatment of all surfaces, assumed as
ordinary planned maintenance, other reactive maintenance actions aiming at
restoring the stability conditions and the cohesion of the architectural elements, as
well as of ornamentation elements that presented signs of instability and risk of
imminent fall, were also taken. The suppression or mitigation of the action of agents
responsible for the degradation of materials and the attainment of better conditions
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to resist the action of external atmospheric agents were other maintenance actions
carried out [11]. It is worth highlighting that the specific nature of this intervention
entailed the adoption of individual strategies and methodologies, not only during
the preparation works, but also during the accomplishment of the different tasks.
Figure 6 schematises the conservation works performed, which are herein grouped
and described in the following paragraphs.

Disinfection and Elimination of the Microbial Colonisation

The vegetation had developed mostly in the superior part of the Tower, with more
impact in the upper two-thirds. The number and the species found was variable
according to the fagade elevation and orientation and to the exposure to the
atmospheric agents. To revert this process, a herbicide was applied by spraying
directly on the vegetation growth, with particular incidence on the new leaves and
shoots. The first application was performed without packaging the upper vegetation,
and a second one, after a short period of time, with black plastic packaging com-
pletely closed with nylon and/or tape, avoiding this way the vegetation from direct
light and increasing the efficiency of the product. The removal of the existing
vegetation was carried out mechanically and manually. Finally, a biocide was
applied in order to eliminate the microbial colonisation.

Treatment of the Stone Material

The cleansing actions performed sought a balanced and continuous chromatic
reading, avoiding the removal or change the time patina. The methods used for
cleansing were selected in function of the location and type of dirt or chromatic
change, and the results achieved in the previous tests. The exterior cleansing was
carried out resorting to different methods/techniques of water seepage, namely
brushing with soft nylon brushes, cleaning spray complemented with interspersed
soft brushing, water jet cleaning machine at low pressure and mechanical cleansing



38 R. Vicente et al.

of films and old mortar. The interior cleansing was performed mainly with
mechanical methods, namely spatulas and rotary abrasive devices.

Before the intervention, most of the joints were fully or partially open, allowing
the proliferation of plants in their interior. Moreover, in areas of direct access,
namely at the ground level of the Tower and in the bells’ area, the joints were filled
with incompatible and inappropriate materials, such as Portland cement. During the
opening process, all corroded steel and non-functional elements were removed and,
after that, the joints were cleaned with compressed air. When biological colonisa-
tion was still present inside the joint, it was removed resorting to a wet process.

The voids resulted both from the opening of joints and from the cleaning of
stone surfaces were filled with traditional lime mortar. All the mapped cracked and
fractured elements were consolidated, as well as the loose stone elements and
fragments which were assembled resorting to a resin. Stainless steel and fiberglass
bolts were used to ensure stability in cases of excessive volume or weight, also in
cases where there was greater fragility as a result of the adhesive resins used.
Following the mentioned actions, the areas of fractures and cracks were filled with
fine-grained micro-plastering mortar.

After the execution of all conservation and restoration treatments, including the
last application of biocide, a water repellent product was used aiming at reducing
the capacity of water absorption of the stone surface and extending the efficiency of
the final biocide treatment, allowing however water vapor permeability and
increasing the durability of the treatments.

Treatment of the Metallic Elements

On the roof, it were identified: the metallic elements with no structural function,
namely the fitting elements of the metallic railing; the non-structural elements,
resulting from an existent old mechanism; the elements without any defined current
function; and the structural elements of stone block laying and fixing. All metallic
elements were identified and mapped by category and treatment action.

The methodology followed for the treatment of the metallic elements, with few
exceptions, consisted on manual and mechanical removal by using pliers, drills,
chisels and mallet. The non-structural metallic elements detached and with no
identified function, were removed.

3.4.2 A Final Note About the Conservation Works Performed

Concluded the works and dismantled the scaffolds, the impact of the actions per-
formed was notorious. The new Tower that arose from the cleansing operation and
the chromatic contrast with the previous image is clear. The conservation work
performed showed stone material that does not show a chromatic heterogeneity,
allowing a better perception of the sculptures, many of which were imperceptible
due to the existent strong biological colonisation. The maintenance of the natural
aging patina of the stone was assured by tackling the defects causes of degradation
and strong visual impact.
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3.5 The Pedagogical Restoration Work Site Initiative
“Tower-PSite”

Since the early stage of the project, it was understood that the restoration works of
the Tower of the University of Coimbra could be an exceptional opportunity to test
a pedagogical work site based on the permanent information and interaction with
different public-targets, in order to promote, on one hand, the relevance of a
responsible restoration process on the preservation of our collective memory and
built heritage and, on the other hand, to promote the awareness of general public to
both the technical issues and the philosophical concerns of this kind of work.
Additionally, several secondary goals were also identified, namely, the increase on
the scientific and technical discussion about restoration and the promotion of a
public and academic recognition of the multidisciplinary of the knowledge areas
involved. Other positive effects resulting from this initiative were the increase of
external visibility, both national and international, through media and web, as well
as the increasing credibility of the protection strategies proposed to UNESCO
within the nomination to the World Heritage List [14].

Regarding the target public, four main groups were identified and subdivided
into two specific categories: tourists (structured tourism; family tourism), technical
and scientific public (professors and post-graduation students; professionals and
researchers), general public (locals; undergraduate school community) and foreign
non-visiting public (national; international). In this regards, it should be noted that
Coimbra town has about 143.000 inhabitants, where students represent more than
25%, and that University of Coimbra is visited by more than 300.000 tourists a
year.

To fulfil the goals mentioned above and get close to target public, four types of
activities have been organized: Multi-level information outdoors; Website and
follow up “newspaper”’; Guided visits; and Seminars. Figure 7 establishes a holistic
matching between these activities and target public.

Each one of these activities are individually detailed in the next paragraphs.

Multi-level Information Outdoors

As already referred, the Tower is visited by about 300 thousand tourists every year,
who expect to observe it as the ex-libris of the University. For this reason, as can be
seen in Fig. 8, canvas covering of the scaffolds has been adopted with real size
photo of the tower on all surfaces and, at the ground floor level, the bay that protects
the work site was transformed into an outdoor with multilevel information, with a
studied design and a hierarchy of written and graphic information [14].

Website and Follow Up “Newspaper”

A local “newspaper” (wall or outdoor “newspaper” at the work site) and a website
were created in order to provide periodical information about the progress of the
restoration works. This task required a significant volume of work of several
experts, namely designers, technicians, translators, etc. Unfortunately, after the two
first months, this activity had to be cancelled due to a clear lack of human resources.
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Guided Visits

The most visible activity was the guided visits, oriented by different technicians and
researchers, such as engineers, architects, historians, archaeologists, etc., every
week, up and down the 33 m high scaffold, contacting closely to specialized
workers, being part of everyday site discussion and activity. Slight site adaptation
had to be made in order to guaranty safety and space circulation conditions.

Seminars
For a more detailed approach, not only in technical terms but also from a scientific
and philosophical point of view, four thematic seminars were organized with the



Cultural Heritage Monuments and Historical Buildings ... 41

collaboration of the Science Museum of the University of Coimbra, with four
complementary perspectives: (1) history and identity; (2) architecture and perfor-
mance; (3) restoration and integrity; and (4) safety and longevity.

4 Seismic Assessment and Preservation
of Historical Structures

International standards (Eurocode 8-Part 3 [18], ASCE/SEI 41/13 [19]) adopt the
evaluation of the seismic risk to existing buildings the Performance-Based
Assessment (PBA), which considers several Performance Levels (PLs) that must
be fulfilled in the occurrence of corresponding earthquake hazard levels (defined by
the return period). The need to check the achievement of PLs that are close to
structural collapse strongly recommends the use of static nonlinear models and
displacement-based procedures for the assessment, because the use of linear anal-
ysis with the behaviour factor approach is not reliable enough.

The specific case of cultural heritage assets is treated in some recommendation
documents [10, 20, 21], which are not only aimed to seismic vulnerability but
consider all possible causes of damage and deterioration, with the aim of making a
diagnosis and designing a rehabilitation intervention. They point out the complex
configuration of this kind of structures, also due to the relevant transformations that
have usually occurred over the time, as well as the difficulty of adopting a proper
modelling strategy. All these recommendations stress the importance of the qual-
itative approach, founded on the historical analysis, the accurate investigation of
structural details and the interpretation of seismic behaviour, on the basis of
observed damage on the building (due to previous events, if any) or on similar
structures.

As already mentioned in Sect. 1, it is worth noting that a preliminary assessment
is usually sufficient for the diagnosis in many critical situations, such as material
deterioration or soil settlements. On the contrary, the evaluation of seismic vul-
nerability without the support of calculations is overambitious, because the quali-
tative approach can only suggest which is the expected seismic behaviour and the
historical analysis is not sufficient to prove the building safety. This is the reason
why the Italian Guidelines for the seismic assessment of cultural heritage [22]
clearly states that it is not possible to avoid a quantitative calculation of the
structural safety, even if models have to be based on an accurate knowledge and the
results can be adjusted by taking into account qualitative evaluations.

The PERPETUATE project [23], funded by the European Commission, has
developed guidelines that are coherent with the latter cited recommendations but
frame the problem of the seismic assessment of cultural heritage assets and design
of interventions within the PBA approach, outlined by the international standards
for current buildings. The aim is to define, even for the complex case of old
masonry structures, an assessment procedure repeatable and verifiable, which leads
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to the quantitative evaluation of safety levels, taking also properly into account
historical and qualitative information.

In case of historical buildings PLs have to be linked also to cultural relevance
concepts: thus, the use and safety of people, the conservation of the building and the
conservation of artistic assets (if present) have been considered in an integrated
approach. Since pushover analysis is considered the standard tool for the PBA,
detailed acceptance criteria are proposed for the identification of target PLs on the
pushover curve, by considering the displacement u as Engineering Demand
Parameter (EDP) and defining proper thresholds.

Specific PLs are introduced in PERPETUATE taking into account three different
groups of requirements (n = U, B, A): use and human life (U); building conservation
(B); artistic asset conservation (A). The seismic input is defined by the hazard curve,
obtained through a Probabilistic Seismic Hazard Analysis (PSHA), which gives the
selected Intensity Measure (IM) as a function of the annual probability of occurrence
(or the return period). Possible IMs are: peak ground acceleration (PGA), spectral
acceleration for a given period, maximum spectral displacement, Arias intensity,
Housner intensity [24]. In the standard case of nonlinear static analysis, the seismic
demand is represented by an Acceleration-Displacement Response Spectrum (ADRS),
which must be completely defined, for the specific site of the building under investi-
gation, as a function of the assumed IM.

Figure 9 summarizes the basic principles and steps of PBA according to
PERPETUATE guidelines, where the displacement-based approach is adopted as
the standard method for vulnerability assessment of cultural heritage and design of
preventive interventions. In the following the attention is focused only on the use of
static nonlinear analysis (pushover), while PERPETUATE procedure also considers
the use of Incremental Dynamic Analysis (IDA) [25].

The outcome of the assessment is IMp;, which is the maximum value of the
intensity measure that is compatible with the fulfilment of each target PL: it is
computed by nonlinear static procedures with overdamped spectra [26]. Thus,
through the hazard curve, it is possible to evaluate the annual rate of exceedance
Apy of the earthquake correspondent to this performance (or its return period
Tr.pr = 1/Apy). These values are compared with the target earthquake hazard levels
TRpr ~1/ J.p1, defined for the assessment as a function of asset characteristics, in
terms of safety and conservation requirements.

This general methodological path has been particularized in PERPETUATE
guidelines for different architectural assets; a classification is proposed [27], which
is related to the different types of seismic behaviour, considering both building
morphology (architectural shape and proportions) and technology (masonry type,
horizontal diaphragms, effectiveness of wall-to-wall and floor-to-wall connections).
It consists of six architectonic classes: (A) box-type buildings; (B) assets studied by
independent macroelements; (C) slender structures studied by monodimensional
models; (D) arched structures; (E) massive structures; (F) blocky structures sub-
jected to rocking. Different modelling strategies can be adopted for describing the
seismic behaviour of each kind of asset. Moreover, the problem of seismic local
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Fig. 9 PBA of architectonic and artistic assets according to PERPETUATE guidelines [23]

mechanisms is treated, which has to be taken into account in all the
above-mentioned architectural assets classes, in order to assess the vulnerability of
single elements that are not described by the structural models used for the
assessment at global scale. The seismic assessment considers also the presence of
artistic assets that has to be preserved; three different classes have been introduced:
(P) artistic structural elements (e.g. carved stone column); (Q) artistic assets strictly
connected to structural elements (e.g. frescoes, mosaics, stuccoes); (R) artistic
assets that are independent elements (e.g. pinnacles, spires, merlons).

The application of PBA is particularized for each class by analysing also the use
of different modelling strategies and the proper approach to describe the seismic
behaviour of the asset. For example, it is necessary to evaluate if the seismic
behaviour of the building can be represented by a single model or by a set of
different models. The former is the case of assets made by a single element (such as
those belonging to classes C, D and F) or by many macroelements (masonry walls,
horizontal diaphragms etc.) that can be represented by a global model (such as those
of class A, which presents the so-called “box-type” behaviour). On the contrary, the
need to consider different models is characteristic of complex assets, made by
macroelements that behave quite independently; in this case the assessment requires
to develop more than one model, even of different types (it is typical for assets of
class B), and the result of the analyses in each macroelement must be then properly
blended, in order to define the seismic assessment of the whole asset.
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4.1 PBA Procedure of Complex Architectonic Assets

In this chapter the attention is focused on the PBA of complex architectonic assets
belonging to classes A—assets subjected to prevailing in-plane damage (e.g.

palaces, castles, .

..) and B—assets subjected to prevailing out-of-plane damage

(e.g. churches, mosques, ...); the global assessment, in terms of compatible
Intensity Measure (IMpy ), also implies the verification of possible local mecha-
nisms. Despite this, for the sake of brevity these latter are not explicitly treated,
while more details on this issue are illustrated in [28].

In case of Classes A and B, the PBA is faced by applying two alternative
modelling approaches (Fig. 10):

— buildings characterized by box-behaviour: in this case a 3D model of the whole
building is possible (global scale approach);

— buildings made by a set of N,, macroelements, which exhibit an almost inde-
pendent behaviour: each macroelement is modelled independently (macroele-
ment scale approach) and the seismic load needs to be assigned by a proper
redistribution; the assessment of whole asset is then made through a proper
combination of results achieved in each macroelement.
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The global scale approach is typical of buildings of class A but can be sometimes
adopted also for architectonic assets of class B, when macroelements are well
connected and there is a horizontal diaphragms which is able to redistribute inertial
actions among them. The macroelement scale approach is necessary for most of
structures of class B, but also for very few buildings of class A, when horizontal
diaphragms are very flexible and/or internal walls are sparse.

One of the critical issues in the PBA is the availability of reliable criteria to
define the PLs on the pushover curve. To this aim, a multiscale approach has been
proposed that takes into account the asset response at different scales: structural
elements scale (local damage), elements scale (damage in macroelements) and
global scale (pushover curve). It aims firstly to define proper Damage Levels
(DL, k = 1.4) on the pushover curve, which may be correlated by proper criteria to
the PLs [23]. In case of Class A, its application implies to perform checks at these
different scales by considering the evolution of various variables; at the end, the
displacement on the overall pushover curve corresponding to a certain DL is defined
as the minimum among the displacements corresponding to the attainment of those
conditions.

In the case of Class B, once evaluated the IMp; ,, for each macroelement that
composes the asset, it is necessary to define the intensity measure representative of
the whole response (IMp; ). Also in this case a multiscale approach is proposed,
aimed to define a fragility curve of the whole assets by combining the contribution
offered by each macroelement. In particular, it is computed as:

N
Pp(IM) =" p, H(IM — IMpy,) (1)
m=1

where: H is the Heaviside function (0 if IM < IMp, ,,; 1 otherwise); p,, is the weight
that has to be assigned to each macroelement. Finally, the value of IMp; s is
obtained as the minimum of the following two conditions: (1) the lower value of IM
for which the fragility curve has Pp;(IM) > 0.5; (2) the value of IM for which the
fragility curve of the performance level (k + 1) is greater than 0.

4.2 Examples of Application: The Hassan Bey’s Mansion
in Rhodes and the Great Mosque of Algiers

The procedure illustrated in previous sections is applied to two assets, the Hassan
Bey’s Mansion in Rhodes and the Great Mosque in Algiers, which belong to
Classes A and B, respectively. Only the PBA of the global response is considered,
by focusing herein the attention to some specific aspects of the procedure: (1) the
selection of the proper modelling strategy; (2) the definition of performance levels
on the capacity curve; (3) the analogies and differences in applying the proposed
multiscale approach to such different classes. Moreover, the effect of increasing the
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stiffness of diaphragms as a possible strengthening intervention is discussed for
both assets. More detailed information and results on these two buildings may be
founded in [29] and [30] where: in the case of Hassan Bey’s Mansion, the use of
sensitivity analysis for planning the investigation tests and the effect of uncertainties
are also illustrated; while in the case of Great Mosque, an in depth discussion is
present on the integrate use of different modelling strategies and the definition of the
mechanical properties.

4.2.1 Choice of the Modelling Strategy

The Hassan Bey’s Mansion is a typical Ottoman mansion located in Rhodes
(Greece), built at the end of the eighteenth century, which has undergone many
changes during the nineteenth century. It consists of two storeys and an attic at the
South-East corner, with overall dimensions 17.75 m by 15.50 m. The plan is quite
regular; the wall thickness varies between 0.35 and 0.60 m at the ground floor,
while it is thinner (about 0.27 m) at the upper levels (first storey and attic). The
building is a masonry structure formed by sandstones and lime mortar: a rubble
masonry characterizes the ground floor, while a cut stone masonry the other levels
(ashlar masonry). Diaphragms are made by timber floors (with a single boarding),
while the building is covered by wooden ceiling (and the attic by wooden roof and
French tiles). Actually the building is not in use and characterized by a very bad
maintenance state: thus, the PBA carried out refers to the original state of the
building, where “original” means before the ongoing deterioration, in order to
provide information on the original safety level of the structure.

The Great Mosque, also known as El Jedid Mosque, is located in Algeria’s capital
city. It was built in 1097 under the direction of Sultan Ali Yusuf (1106—-1142), and itis
the oldest mosque in Algiers as well as one of the few remaining of Almoravid
architecture. Its architectural features and layout, with naves perpendicular to the gibla
wall, and its rectangular courtyard, bordered on both its narrower sides by a riwag
(gallery), were destined to become a model of much religious architecture, particularly
in al-Agsa Maghreb mosques in Algeria. The building is almost square in plan,
measuring approximately 40 by 50 m. The interior is a series of hallways, passages
and rooms, with the common theme of pillars and archways throughout the building
based on a 9 by 11 grid.

According to the architectonic asset classification proposed in PERPETUATE
[27] and on basis of the specific features and the expected seismic behaviour of
these assets, Hassan Bey’s Mansion belongs to Class A—Assets subjected to
prevailing in-plane damage while the Great Mosque to Class B—Assets subjected
to prevailing out of plane damage. For this latter such assumption is supported by
the fact that the building is characterized by a large hall partitioned by a set of
orthogonal system of arcades, without any intermediate horizontal diaphragms,
except the wooden roof that is not enough stiff to guarantee a “box-behaviour”.
Following this classification, the modelling strategies illustrated in Fig. 11 have
been adopted.
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In particular, in the case of Hassan Bey’s Mansion a global 3D model has been
assumed by adopting a Structural Element Model (SEM) based on the equivalent
frame approach by using the software Tremuri [31]. The choice of such approach is
justified by the quite regular opening pattern; moreover, the use of a software able
to simulate the presence of flexible floors (modelled as orthotropic membrane finite
elements) is essential for the simulation of the original state of the building.
Moreover, a distinctive feature of the building is the presence of many infilled
openings consequent to the various transformations that occurred during the cen-
turies. In the following, results presented refer to a model in which they have been
considered as windows (thus assuming the infill material as not able to interact
effectively with the original masonry panels of the building), while in [29] this
uncertainty has been analytically treated by the logic tree approach.

On the contrary, in the case of Great Mosque, the most suitable modelling
strategy is different for each type of macroelement that constitutes the building in
two orthogonal directions, that is: (1) the system of internal arcades; (2) the four
external walls; (3) the portico (forward the NW facade). In particular, while the
external walls and the portico have been modelled through the equivalent frame
approach, for the arcade system a Macro Block Model (MBM) by using the
MB-PERPETUATE software [32] has been adopted (Fig. 11). Indeed, in the
examined case, the a priori identification of the kinematism to be analysed by
the limit analysis has been supported by the combined use also of a detailed finite
element model (Fig. 12). In particular, the latter has been performed by using
ANSYS software and by assuming the constitutive laws proposed in [33, 34] to
describe the nonlinear response of masonry material. Further details on the models
and mechanical properties adopted are illustrated in [30].

pier spandrel | rigid node

Fig. 11 Modelling strategy adopted in case of Hassan Bey’s Mansion (belonging to Class A) and
Great Mosque (belonging to Class B)
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Fig. 12 Kinematism analysed for the Y5 arcade through the MBM model and inelastic strain
perpendicular to bed joints, obtained by means of the CCLM model, from [30]

4.2.2 Nonlinear Analyses and Definition of Performance Levels

Once selected the most suitable modelling strategies, the PBA proceeds with the
execution of nonlinear static and kinematic analyses in case of SEM and MBM
models, respectively. As aforementioned, one of the most critical issues in PBA is
the adoption of proper criteria to define the performance levels on the pushover
curves. Firstly, it is necessary to specify the PLs selected for the examined build-
ings. For the Great Mosque the considered PLs are: 2U—Immediate occupancy,
3U—Life Safety and 3B—Significant but restorable damage; on the contrary, only
the PL 3B is assumed for the Hassan Bey’s Mansion. Indeed, in the case of Great
Mosque also the verification with respect to the preservation of an artistic asset has
been considered: it consists in a mihrdb constituted by an arched niche decorated by
two spiral column on the both sides, some stuccos and small decorated tiles
attached to South-East (SE) wall.

In particular, the position of PLs has been assumed to be coincident with the
corresponding damage levels (DL). These latter have been computed on basis on
the multiscale approach proposed in [23] in case of SEM models and on basis of the
criteria proposed in [28] in case of MBM ones.

For the Great Mosque, PLs have been defined for each macroelement. In par-
ticular, Fig. 15b) illustrates their position in case of two arcades representative of
the recurring systems in X and Y directions: performance level 2U corresponds to
the intersection between the elastic branch and that from the incremental kinematic
analysis; while, PLs 3U/3B (assumed to be coincident) correspond to a displace-
ment capacity equal to 0.25d,, where d, is the displacement in which the capacity
curve is zero. It is worth noting that the initial branch of the pushover curve (that
correspond to a period equal to 0.55 and 0.6 s in case of Y5 and X11 arcades,
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Fig. 13 Definition of PLs on the pushover curve of SE wall of Great Mosque according to the
multiscale approach (by the strips is indicated the pier which the mihrdb is connected to) (adapted
from [30])

respectively) has been calibrated on basis of results coming from the detailed finite
element model. Figure 13 depicts the application of the multiscale approach for the
SE perimetral wall, in which the variables monitored are: the cumulative rate of
piers (Xp) and spandrels (Xg) that reached a certain damage level at local scale
(where the summation is extended to the elements present in each macroelement);
fixed rates of the base shear of the macroelement examined. In this case, checks at
structural element scale tend to prevail.

The application of the multiscale approach in the case of Hassan Bey’s Mansion
has been extended by monitoring the reaching of fixed values of the interstorey drift
in each wall (see Fig. 14 for those oriented in X direction) and fixed rates of the
overall base shear; moreover, at element scale, the summation has been extended to
all the elements present in the building. Finally, Fig. 15a) shows the final position
of DLs (assumed as reference to define the corresponding PLs) on the overall
pushover curves for X and Y directions, deriving from the minimum among checks
performed at three different scales. Checks performed at macroelement scale tend to
prevail in this case: this is mainly due to the fact that in the original state, the
seismic response of Hassan Bey’s mansion is strongly affected by the presence of
flexible diaphragms that do not allow the distribution of actions among the walls (as
evident from Fig. 14).
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Fig. 15 Definition of PLs on the pushover curves of: a Hassan Bey’s Mansion (circles indicated
the DLs in Y direction, while square for the X direction), b two arcade systems of Great Mosque

4.2.3 Performance Based Assessment and Computation
of the Maximum IM Compatible with the Fulfillment

of Performance Levels

Once the pushover curves have been obtained and the PLs fixed on them, the PBA
consists of computing the value of IMy, s. In both cases, the Peak Ground
Acceleration (PGA) has been assumed as reference IM, being the two assets quite
rigid. In particular, the computation of IM,,,  is based on the use of overdamped
spectra [26], while the conversion of the pushover curve (representative of the
MDOF system) in the capacity curve (equivalent SDOF) is made: (1) through the
participation coefficient (I') and the participation mass (m"), according to the pro-
posal originally illustrated in [35], in the case of nonlinear static analyses
(SEM model); (2) as explained in [28], in the case of nonlinear kinematic analyses
(MBM model).
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In the case of the Great Mosque, the computation of /M,  at global scale passes
from that of each single macroelement (IMy,, ,,). In particular, Fig. 16 shows the
construction of the global fragility curves according to (1).

Table 2 summarizes the resulting values of IM,, ¢ for two examined assets,
where the reference target values of the seismic demand are also reported (in terms
of PGA), which have been computed on basis of the probabilistic seismic hazard
analysis illustrated in [36]. The return periods assumed as reference T}, reflect the
importance coefficients assumed for the two assets, equal to 1 in the case of
requirement related to the building conservation (B) but equal to 1.2 in the case of
that related to the use and human life (U) in the case of the Great Mosque (due to its
condition of use, frequent and subjected to possible crowding). As evident from
Table 2, both assets show some deficiencies in fulfilling the required PLs: very
strong in the case of Hassan Bey’s Mansion in both directions and in particular in Y
direction in the case of the Great Mosque.
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Fig. 16 Great Mosque case study: fragility curves representative of the seismic behaviour of the
whole asset in X (left) and Y (right) directions and computation of IM,,, ¢ [30]

Table 2 IM,, ¢ values and target seismic demand for two examined case studies

Case study PGA (m/s°) (Ti[years)) IMy,, 6 (m/s”) (Ti, [years])
2U 3U 3B 2U 3U/3B
X Y X Y
Hassan Bey’s - - 1.78 (475) |- - 0.55(95) |0.71 (119)
Mansion
Great Mosque 1.96 3.8 3.55 (475) | 1.10 1.23 4.16 (692) |3.23 (383)
(120) (570) (55) (63)
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4.3 Preventive Strategies by Strengthening Interventions

The PBA in the original state of the two examined assets highlighted the need of
strengthening interventions. In the following the effect of a possible intervention
consisting in the stiffening of diaphragms is illustrated. In both cases it could be
achieved by adopting some solutions still based on the conservation of timber floors
(e.g. based on a double boarding), thus more compatible in terms of preservation
and also more effective for the seismic response, because these solutions are not
associated to a significant increase of masses.

While in the case of Hassan Bey’s Mansion such intervention only affects the
capability of floors to redistribute the actions among walls, in the case of the Great
Mosque it modifies more significantly the behaviour, that now involves the inde-
pendent response of each wall/arcade while in the strengthened configuration
consists of a “box-type” structure, passing from Class B to Class A. The change in
the class implies the modelling strategy has to be updated, requiring the adoption of
a global 3D model. Among the different possible choices, the SEM approach has
been considered due to its quite limited computational effort. However, in order to
provide a reliable response not only for ordinary walls but also for the arcade
system, in this latter case it has been necessary to calibrate: (1) the geometry of the
equivalent frame idealization; (2) the mechanical parameters of masonry to be
adopted in order to correctly simulate the damage response. To this aim, results
achieved through the MBM and finite element models constituted as essential
supporting tool. Figure 17 illustrates by way of example the complete 3D SEM
model and a sketch aimed to clarify the rules adopted in the equivalent frame
idealization of arcade systems.

Figure 18 shows the resulting pushover curves for the Great Mosque in X and Y
directions and the final position of the PLs that have to be checked (defined on basis
of the application of the multiscale approach aforementioned). In terms of PBA and
computation of IMy, s, the intervention revealed to be quite effective leading to the
fulfilment of all PLs, corresponding to a value of 2.65 and 3.96 m/s in Y direction
(the most critical one) for 2U and 3U/3B, respectively.
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Fig. 17 3D SEM model of the Great Mosque and rules adopted for the equivalent frame
idealization of the arcade system [30]
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Fig. 18 Pushover curves obtained on the 3D model of Great Mosque and position of performance
levels (adapted from [30])
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Fig. 19 Effect of floor stiffening in case of the Hassan Bey’s Mansion on the positioning of
damage levels on the pushover curve (adapted from [29])

Figure 19 shows the effect of diaphragm stiffening in terms of pushover curves
and position of PLs in the case of Hassan Bey’s Mansion. As evident, the
Y direction is greatly affected in terms of both base shear and global ductility by the
effect of the improved actions redistribution among walls. This is highlighted also
by the damage pattern (Fig. 11), from where it is apparent that the damage is
distributed among the different walls and not concentrated only in some of them.

Although in the case of Y direction the beneficial effect of such intervention is
more evident than in X, it is interesting to note that in this latter case it affects the
DLs position on the pushover curve (Fig. 19). In fact, more rigid floors tend to
produce a more homogeneous behaviour limiting the occurrence of very high
interstorey drift values in some single walls, this latter condition being very critical
for the premature attainment of DL3 and DL4 in the case of flexible floors (see
Fig. 20 and also Fig. 6). Indeed, the multiscale approach adopted revealed to be
quite effective in capturing the effects on modification of such types of local
behaviours. Despite this, in terms of final outcome of the PBA (values of IM},, ), in
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Fig. 20 Effect of floor stiffening in case of the Hassan Bey’s Mansion on the damage pattern and
the overall response (adapted from [29])

the case of Hassan Bey’s Mansion such intervention proved to be not decisive.
Indeed, the building is characterized by some strong structural deficiencies (like as
the presence of very thin walls, numerous openings or of flue that strongly reduce
the seismic capacity of walls), which require a more invasive strengthening.

5 Conclusions

The preservation of cultural heritage assets should consider both the monitoring of
slow processes (material deterioration, anthropic transformations and climate
change effects) and the risk associated with natural hazard (rare catastrophic events
such earthquakes, floods, fire and cascading events).

With reference to the first aspect, the case study of the Tower of the University
of Coimbra has proved the importance of the following steps:

— Diagnosis and appraisal—The importance and influence of the survey and
appraisal must not be underestimated. It is the natural point of interest at which
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all interested and involved parties will focus and discuss, identifying the needs
of the building, understanding the buildings and finally putting forward solu-
tions, demands, decisions and good practices;

— Structural assessment tools—A finite element model of the Tower of the
University of Coimbra was developed and calibrated on the basis of vibration
measurements and modal analysis using modal extraction techniques in the
frequency domain. As is fully discussed in [15], despite the lack of information
in relation to parameters with direct influence on the structural behaviour of the
Tower, such as the supporting conditions and the mechanical characteristics of
the materials, the analysis of the results obtained allows to conclude that the
numerical model satisfactorily reproduces the dynamic response of the Tower;

— Pedagogical and scientific use—The excellent receptivity of all publics, the final
positive evaluation and the reduced costs of the initiative lead to the conclusion
that the process should be studied and organised in order to expand its imple-
mentation, not only in the University of Coimbra, but also in all the places were
built heritage is a relevant resource and should be closer to populations and
carefully protected and promoted.

Regarding the second aspect, related to the vulnerability to natural hazards, the
relevant problem of seismic assessment has been deepened by the description of the
PBA procedure for cultural heritage assets developed within the PERPETUATE
project [23] pointing out as follows:

— Numerical analysis—The procedure has been applied to two different ancient
masonry structures, a building and a mosque. These two structures highlighted
how the choice of the most reliable modelling strategy needs to properly con-
sider the specific configuration and the behaviour expected for the asset under
examination. In some cases the combined use of different modelling strategies
reveals very effective to manage the model uncertainties;

— PERPETUATE procedure—The parallel description of the different steps of
PERPETUATE procedure on two case studies highlights its capability to treat
the problem of seismic assessment within a general common framework.
A distinctive feature of ancient masonry structures is the absence of rigid hor-
izontal diaphragms; to this end, the proposed models appears to be able to
describe the actual behaviour of these structures and the multiscale approach,
differently formulated for “box-type” and macroelement structures, turns out to
be able to define the displacement thresholds correspondent to each Performance
Level.

— Strengthening interventions—Such displacement thresholds revealed to be quite
effective also in capturing modifications in the behaviour induced by strength-
ening interventions not so evident in terms of the overall pushover curve (like as
the case of the Hassan Bey’s Mansion).
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Strengthening of Stone and Brick Masonry
Buildings

Francesca da Porto, Maria Rosa Valluzzi, Marco Munari,
Claudio Modena, Anténio Aréde and Alexandre A. Costa

1 Introduction

The design of structural interventions on existing masonry buildings is mainly
aimed at the identification and interpretation of the possible resistant mechanisms of
the structure and their role in the global structural response, and of potential
weaknesses: this approach allows understanding if it is necessary, and possible, to
intervene for improving the safety level of the structure [1, 2].

In this context, “conventional” design activities, such as the choice of materials
and techniques for the intervention, their design and verification, are involved in a
later phase of the project. Indeed, investigations and analyses, that are part of the
knowledge process, are of basic importance for the correct set up of the design of
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structural interventions [3]. However, as already mentioned in Chapter “Structural
Strengthening and Retrofit; Motivations, Concepts and Approaches”, these aspects
are not within the scope of this book, and in particular of this chapter, that will
focus on strengthening approaches for existing masonry buildings.

In the following sections, after a brief introduction on the possible methodolo-
gies for the assessment of the structural behaviour of existing masonry buildings,
traditional and innovative approaches for their strengthening and retrofitting will be
illustrated. As stated in Sect. 2.3 of Chapter “Structural Strengthening and Retrofit;
Motivations, Concepts and Approaches” [4], considering that earthquakes are one
of the main causes of damage for existing masonry buildings, some parts of the
following text will focus on seismic protection; those considerations are, in any
case, useful for every type of action and damage.

Dealing with these topics, the appropriate division of roles between traditional
and innovative materials and techniques is to be found: technology in itself is
neither good nor bad and there is not a technique that is inherently more suitable
than another one. In particular, in projects that have significant impact on the global
behaviour, it seems that the role of traditional materials and techniques is irre-
placeable, as they will obviously cause the least possible changes to the structural
behaviour, valuing the original constructive features [S]. Technological innovation
and use of “advanced” materials seem to find the right and, in many cases,
potentially decisive role where they allow, thanks to properties that traditional
materials do not have (e.g. unattainable ratios between weight or volume and
resistance; penetration or adherence maintaining adequate porosity and breatha-
bility), executing local and highly targeted interventions on specific resistant ele-
ments and mechanisms, with minimal impact on resistance parameters, on which it
is neither possible, nor necessary, to intervene.

Therefore, the development of innovative materials and systems, that ensure
effectiveness, economic application and maintenance, low-intrusiveness towards the
existing structure, respect of authenticity and of the original structural concept,
collaboration between old and new materials and elements, high structural per-
formance and improvement of structural behaviour, is of basic importance and has
proceeded continuously during the recent years. Some examples are represented by
the use of nanotechnology for mortars and grouts, taking also into account the
substrate they are applied to; the use of Steel Reinforced Polymers/Steel Reinforced
Grout (SRP/SRG) materials; the definition of new application methods and design
rules for Fibre Reinforced Polymers (FRP); the development of compatible tech-
niques for improving horizontal diaphragms and connections; the advance of
innovative dissipative devices for anchors and tying, etc. It is also important to
underline that it is nowadays possible to rely on new and integrated methodologies,
like early warning techniques for intelligent interventions and advanced monitoring
techniques for knowledge-based assessment, that allow progressive implementation
and evaluation of interventions [6, 7].

On the other hand, in some cases, the research for new materials and products and
new techniques for repairing and strengthening masonry buildings did not bring out
real success. It is evident that many intervention techniques that were proposed in
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terms of “technological innovation” after past seismic events (e.g., injection of resins,
reinforced injections, jacketing of masonry walls, indiscriminate replacement of
wooden floors and roofs, and vaults, with heavy reinforced concrete structures) have
not positively exceeded the test of time and of subsequent earthquakes [8—10].
Conversely, it was highlighted the need for revaluating traditional materials and
techniques, and for a consequent recovery of the so-called “rules of art”.

The issues of strengthening existing masonry buildings and of improving the
general safety level can be dealt with starting from the consideration that efficient
protection can only be achieved on the basis of the ‘minimum intervention’
approach. This requires that the potentials of existing materials and components are
as much as possible exploited in terms of strength and that candidate interventions
are validated and optimized under specific, real life conditions.

An important contribution on these tasks was given by the NIKER Project (New
Integrated Knowledge based approaches to the protection of cultural heritage from
Earthquake-induced Risk), which produced two important sets of guidelines on
materials and techniques for interventions, and on the integrated knowledge-based
methodology for the seismic protection of existing masonry buildings. A structured
catalogue of interventions, related to the various structural elements, structural
materials, and possible failure mechanisms, has been also developed [11].

2 General Considerations and Methodological Aspects

As already highlighted in Sect. 2.3 of Chapter “Structural Strengthening and
Retrofit; Motivations, Concepts and Approaches” [4], common masonry buildings
were built following “codes of practice” and traditional rules, according to material
types (masonry materials and arrangement, multi-leaf walls, etc.), structural types
(plan and elevation irregularities, isolated or clustered buildings, etc.), and con-
struction details (in particular, poor connections) which, in some cases, yield to
significant structural deficiencies, particularly in the case of seismic actions. This
has been in many cases surveyed and shown for churches [12, 13] and monumental
buildings [6, 14], but it has been evidenced since the past, until the most recent
earthquake events, also for common masonry buildings [15-18]. In addition, the
continuous changes experienced by existing masonry buildings over time and the
deterioration phenomena produce many uncertainties in the knowledge of the
structural layout and of the mechanical properties of the constituting materials, that
are reflected in the understanding and assessment of their structural behaviour and
safety conditions [19].

The observation and study of structural failure modes of original and repaired
structures, also evidenced that existing masonry buildings are constructions whose
real structural behaviour cannot be assessed through “standard” methods, where
“clustered buildings” in historic centres represent an exemplary case [20]. In general,
in the case of existing masonry buildings, although traditional elastic analysis can
give useful indications for a preliminary overall interpretation of the structural
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behaviour, non-linear static and dynamic analyses, cited in Sect. 3.5 of Chapter
“Structural Strengthening and Retrofit; Motivations, Concepts and Approaches” [4],
are generally preferred for evaluating the ultimate conditions and assessing the
structural safety [21]. However, the sophisticated procedures of analysis used for
modern buildings, applied to existing buildings, can lead to inadequate results. Hence,
the interpretation of the actual building behaviour on the basis of such procedures can
be little reliable, or even misleading. Indeed, this kind of analyses represent the global
behaviour of a structure, but, in the majority of the cases, in existing masonry con-
structions, structural elements are not able to manage an effective load redistribution,
the building will not develop an overall behaviour and the response will be dominated
by the activation of a series of local mechanisms [22, 23].

Indeed, in these buildings, the absence of systematic connections between
intersecting walls and between walls and horizontal diaphragms, the presence of
deformable floors, may cause kinematic mechanisms related to the loss of equi-
librium of individual structural portions rather than to states of stress exceeding the
ultimate capacity of materials [24, 25]. In this framework, new approaches and tools
for the analysis and evaluation of the safety levels are made available. The struc-
tural models, on which they rest upon, represent in a more articulated and flexible
way how existing masonry buildings reach limit conditions. These procedures
calculate the values of horizontal static-equivalent forces (i.e., the values of the
mass multiplier) that trigger specific mechanisms of local failure. The latter gen-
erally consist of out-of-plane overturning of structural macro-elements, composed
by single walls or by wall sub-assemblages (such as intersecting walls, walls and
floors or roof portions, etc.), but also in-plane mechanisms have been proposed.

This limit analysis approach depends on few geometric and mechanical
parameters and therefore it does not require an extremely accurate survey and
time-consuming computation. In addition, these models can easily process the
inevitable uncertainty of the prediction, by the use of appropriate numerical tech-
niques that take into account the lack of sufficient information in calibrating
probabilistic methods (this problem makes often illusory the precision of complex
linear or nonlinear behavioural models [26]).

It is also worth noting that the limit analysis of local macro-elements points out
the need for local strengthening interventions, essentially aimed at the improvement
of connections between local portions of the buildings, and also allow comparative
evaluations prior and after their execution. Conversely, global methods of analysis,
when they are not properly used, could not only lead to misleading interpretation of
the actual building behaviour, but also force the execution of invasive interventions,
which permanently change aspect and structural behaviour of the buildings [27].

Therefore, the conventional concept of structural safety ‘verification’, attained
and satisfied by means of the methods proposed by the modern codes for new
buildings, is replaced by the softer concept of ‘evaluation’, intended as the positive
evaluation on the ratio between the attained safety level [...] and the reference
safety level [28]. This concept is in agreement with the idea of ‘structural
improvement’, which describes an intervention that reasonably increases the safety
level of an existing structure, without necessarily bringing it to same safety level
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required for a new construction. Hence, the specific problem of structural safety and
intervention for existing structures can be dealt with within the framework of
“evaluation-improvement” [29].

3 Traditional and Innovative Structural Interventions

As stated before, the improvement of building performance should not disregard the
beneficial effects of traditional methodologies, although a good balance with the
adopting of innovative techniques and advanced materials can be followed [30].
Indeed, the observation of the performance of existing masonry buildings confirmed
limits and consequences of some types of strengthening interventions, but also
effectiveness and advantages of new methods that will be described in the following
sections.

In general terms, the main aim is the conservation of both materials and struc-
tural features, therefore interventions should avoid, as much as possible, significant
alterations to the original structure [31]. An overall discussion on structural inter-
ventions for repairing and strengthening existing masonry buildings can be found in
Modena et al. [32, 33].

The intervention strategy has to be defined in the framework of the approaches
defined in Sect. 4 of Chapter “Structural Strengthening and Retrofit; Motivations,
Concepts and Approaches” [4], choosing the most appropriate technique, among
the less invasive ones, and those with the greatest compatibility with the original
structure. Several research programs and experimental validations of the various
technological solutions for vertical masonry elements and horizontal diaphragms,
diversified according to the construction material, type of construction, type of
regional environmental conditions, etc., were carried out by developing and
applying special testing procedures and by numerical parametrical assessment. In
the following paragraphs a general introduction of the most important techniques
used to strengthen existing masonry buildings is presented.

3.1 Interventions to Improve Connections

As a pre-requisite to obtain a satisfactory global behaviour of the structure, it is
necessary to improve the connections between intersecting masonry walls and
between masonry walls and horizontal diaphragms (floors and roofs) [27, 34].

This goal may be obtained by: (i) inserting ties in a proper configuration (number
and positions) so that a balanced behaviour on the two main directions can be
achieved (Fig. 1); (ii) positioning confining rings (Fig. 2) or tie-beams (Fig. 3),
with due care to avoid stress concentration at corners.

In particular, reinforced masonry or steel tie-beams should be preferred to
reinforced concrete ones, especially when masonry walls are not sufficient to bear
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(a) (b)

Fig. 2 External confining stainless steel cables: a detail of cable insertion between mortar joints
[31], b view of positioned cables, fagade

the additional loads uniformly, as in the case of multi-leaf walls. Indeed, severely
damaged buildings after earthquakes often showed incomplete (i.e. not-closed ring)
or scarcely reinforced concrete tie-beams. Such a loss of continuity (both for the
structural element and/or steel reinforcement) makes the intervention not only
ineffective but dangerous, due to the increase of mass caused by concrete elements
and their difficult collaboration with masonry. Moreover, avoiding breaches in the
wall (that is instead the way how concrete beams are usually built), which con-
tributes positively for keeping the continuity of masonry sections (and, conse-
quently, improves their stress bearing capacity), and using light strengthening
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(a) (b)

Fig. 3 Stainless steel tie-beam: a view of corner [31], b detail of connections inside thickness of
wall; view of metallic belt from ¢ outside and d inside

solutions, should be considered as general rules for a good practice and proper
choice of interventions [30].

Tying of walls, in concurrence with enough (but not necessarily too high) floor
stiffness, strongly improves box-like behaviour of buildings by preventing out-of-plane
collapses in favour of in-plane response [35]. The combination with confining rings or
metallic belts installed from both sides and connected through the section (Fig. 3b),
especially when applied at the top of the building, may represent a low intrusive and
light solution, which is also able to improve the interaction with the roof.

Effective connections between floors and walls are fundamental to permit a
global behaviour of the building, as they mainly provide a better load redistribution,
according to the layout of walls, and exerts a restraining action towards the over-
turning of perimetral walls [36]. Several solutions are possible; in case of wooden
floors, a satisfactory connection is provided by fasteners anchored on the external
face of the wall (Fig. 4), so that it is also possible to take advantage of the existing
timber beams acting as ties for the building. Local strengthening of masonry in the
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Fig. 4 Strengthening interventions, diffuse wooden floor connections to masonry wall

zone supporting the forces applied by the anchoring devices may be required; to
this aim, bed joints repointing or injections can be implemented on regular brick-
work or irregular and poor stone masonry, respectively [37].

Several innovative intervention techniques for connections (wall-to-wall;
floor-to-wall; roof-to-wall) and different strengthening elements able to dissipate
seismic energy have been recently developed, e.g.: connection between vertical
masonry walls by steel anchors, in series with dissipative anchoring devices;
dovetail halved joints of roof frames strengthened with damping and/or reinforcing
elements; coupled injected anchors placed in polyester tubular sleeves and inserted
in pre-cored holes acting as double shear connections between masonry walls and
timber beams of floors [38, 39].

3.2 Interventions to Increase the Strength of Masonry

Interventions, aiming at increasing the masonry strength, may be used to re-establish
the original mechanical properties lost because of material decay and/or to improve
the performance of low quality masonry. Techniques should be employed with
cautiousness and, to the possible extent, comply with restoration principles [40],
among which the compatibility—at mechanical and chemical-physical level, of
reinforcing materials with the existing ones is fundamental [25, 41, 42].

Several solutions are available, some transmitted and validated by tradition and
history, others introduced with the advent of modern technologies over time and
spread progressively on existing structures [43].

What mainly concerns stone masonry and fired-brick is given in the following.
Some techniques may be more suitable for one or the other type of masonry,
according to the peculiar morphology of the wall or the arrangement of the
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@ . ®

Fig. 5 Example of ‘“scuci-cuci” interventions: a rebuilding in cracked portion of wall
(combination with injections), b replacement of damaged bricks [31]

constituent materials (irregular or regular texture, multi-leaf or monolithic sections),
and the specific structural need.

The “scuci-cuci” techniques (Fig. 5), i.e., the partial rebuilding, aims at restoring
the wall continuity along cracks (substitution of damaged elements with new ones,
re-establishment of the structural continuity) and to recover locally heavily dam-
aged parts of masonry walls. It can be applied to both brick and stone masonry,
paying attention at using materials that are similar, for geometry, dimensions,
stiffness and resistance, to those employed in the damaged wall, to improve col-
laboration among new and existing elements. A further advantage can be achieved
with adequate connections between new and existing portions—orthogonal and in
the plane of masonry, as well as with combinations of injections—in case of
presence of voids as in rubble masonry, to obtain greater homogeneity and
compactness.

The injection of grout admixtures has been proposed since a long time, partic-
ularly for stone masonry walls [40, 45,46]. This typology, often represented by two-
or three-leaf walls with scarcely connected sections, is highly vulnerable, under both
vertical and horizontal actions, and exposed to brittle out-of-plane collapses. The
technique consists in the injection of grouts through a regular pattern of drilled holes
(Fig. 6a), aiming at increasing the connection between the leaves of masonry walls
and filling the voids existing in the inner masonry core. To accomplish compatibility
requirements and improve durability, no cement-based mortar grouts should be
preferred; particularly, natural hydraulic lime or pozzolana binders are suitable to
consolidate regular and irregular three-leaf stone masonry walls [47-50]. In fact, the
use of high-strength materials is not profitable since the main advantage of the
intervention is given by voids’ filling with a bonding material for which binders
similar with the existing ones can be better exploited [47, 51]. Furthermore, grout
injections do not increase significantly the stiffness of walls, as oppositely occurring
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Fig. 6 a Strengthening interventions with grout injections [31], b comparison of structural
behaviour between injections and jacketing [49]

with jacketing, thus also resulting in a mechanically compatible technique (Fig. 6b)
[52]. A recent review can be found in Quelhas et al. [53].

Several compression and shear—compression tests, different types of numerical
analyses have contributed to the understanding of the mechanical behaviour of
injected stone masonry walls, demonstrating the effectiveness of the proposed
technique [54, 55]. Both monotonic compression laboratory tests and cyclic shear—
compression tests carried out on three-leaf rubble masonry panels resulted in a good
increase of strength (about two times between injected and not-injected walls)
(Fig. 7a, b) and a reasonable stiffness increase, due to higher compactness of the
wall (from about 2 to about 4, for compression and shear behaviour, respectively).
However, the best results consist of the changing of brittle mechanism on a more
compact behaviour of the section (increased displacement capacity at maximum
load, better distribution of damage), fostered by the bonding action of the grout.

Diagonal compression tests carried on-site with panels resting after the severe
damage occurred in L’Aquila (as in Casarin et al. [57], Fig. 8a) also showed an
increase ratio in strength similar to the one obtained in laboratory, whereas the shear
modulus seems more scattering, varying of 5-10 times (Fig. 8b). The original
constituents, especially the mortars, were fully characterized from the mechanic,
petrographic, textural, mineralogical and chemical point of view, in order to choose
the most suitable restoration products; six grouts were selected to consolidate 21
panels representative of typical constructions of the area [58].

The behaviour of multi-leaf masonry can be also improved with “diatoni”, i.e.,
masonry units placed orthogonally to the wall plane (the headers). The insertion of
small-sized ties across the wall, also proved to be effective in reducing transversal
deformations under axial loads (see Valluzzi et al. [47]), and noticeably reduces
local problems under out-of-plane actions, as assessed through shaking table tests
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(a) (b)

Fig. 7 Consolidation of rubble stone masonry walls with hydraulic lime-based grouting.
Experimental tests in laboratory: a compression tests [56], b shear—compression tests [54]
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Fig. 8 Consolidation of rubble stone masonry walls with hydraulic lime-based grouting. On site
experimental tests: a diagonal compression setup, b variation of shear modulus for various types of
grouts selected for injection on irregular stone masonry walls [57]

(Fig. 9, [59]). In both cases, the combination of grout injections and transverse ties
results in the largest overall wall strength [47, 59, 60, 61].

Several wide research programs based on shaking table testing of substructures
and reduced scale building models, made with stone masonry, before and after
strengthening with injections, transversal tying, or traditional timber lacing tech-
niques have been carried out [62, 63]. Tests confirmed the effectiveness of injec-
tions, provided that proper connections among components (both in vertical and
horizontal directions) are included, and floors present a good diaphragm action
(Fig. 10, [62, 64]). The overall stiffness between injected and not-injected models is
not increased and, therefore the dynamic performance does not change [65] either.



70 F. da Porto et al.

(a)

09
0.8 - 0.85
074 0.67
0.6 - 0.53
0.5 1
0.4
0.3 0.
02
0.1
0.0

PGA[g]

1 2 3T 4T 51 6l 7IT8IT
Specimen

Fig. 9 Shaking table tests on three-leaf rubble stone masonry walls: a maximum PGA sustained
by panels—examples of wall failures, b unreinforced (panels 1, 2), ¢ with steel ties (3T, 4T),
d with grout injections (51, 6I), e with combined steel ties and grout injections (71T, 8IT) [59]

However, higher values of seismic input can be reached thanks to improved
monolithic performance achieved due to the connection effect provided by the
injection [63].

In order to increase the strength in the out-of-plane direction the use of various
types of reinforced plasters has also proved to be effective on stone masonry walls
[66, 67]. One of the drawbacks of a common solution of reinforced plaster relies on
the use of cement-based mortar to protect the steel reinforcing mesh from corrosion
problems. However, improvements in terms of strength, displacement ductility and
energy dissipation can be significant (respectively, up to 5, 2 and 11 times those of
non-intervened specimens [68], Fig. 11), if that solution is introduced with other
previously mentioned techniques, such as the connections between walls and
floor/roof.
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Fig. 10 Shaking table tests on injected three-leaf masonry wall [62]: a view of building model,
b comparison of base shear trends among models (URM unreinforced, RM repaired and SM
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Fig. 11 Experimental results on original (non-strengthened: S_01 and CN) and strengthened
(S_OIR, S_01R2 and S_03R) specimens with reinforced plaster, under out-of-plane cyclic tests
[68]: a lateral out-of-plane force-displacement envelopes, b global comparison in terms of ratios
relative to non-strengthened specimen S_01

Aiming at minimizing the problem of durability and compatibility, other
approaches were developed resorting to compatible reinforcing mesh types, for
instance materialized with commercial polypropylene grids, and lime-based mortar
[69]. In order to avoid the presence of steel connecting elements in the wall, the use
of zinc screws and polypropylene connectors (as used on ETICS system) attaching
the mesh to stone elements is also a possibility [69], Fig. 12. The improvements
(relative to non-strengthened specimens) are important, namely in terms of dis-
placement capacity, energy dissipation and damage distribution (Fig. 12).
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Fig. 12 Application of strengthening compatible solutions [69]: a mesh and connectors’ detail,
b global wall view prior to lime-based mortar application, ¢ distributed cracking pattern,
d experimental results, where PFIR refers to the retrofitted specimen (two loading stages)

The improvement in terms of strength is not meaningful, comparatively to the use
of cement based steel reinforced plaster, because low strength mesh was adopted
and no additional measures were taken to improve connections between wall
leaves.

Reinforced grids have been also increasingly adopted with composite materials
applied mainly to brick masonry, due to the more regular surface, in comparison
with common irregular stonework, formerly using Fibre Reinforced Polymers
(FRP) [70-72] or Steel Reinforced Polymers (SRP) [73, 74]. Other more com-
patible and removable solutions have been progressively proposed, e.g. Textile
Reinforced Mortar (TRM), Fibre Reinforced Cementitious Matrix (FRCM) or Steel
Reinforced Grout (SRG), with the same purpose of using fibre (or steel wires)
reinforced inorganic matrices for jacketing the walls, and/or increase shear and
flexural capacity [75-78], repair cracks or tying walls [79]. Indeed, this technique
can provide relevant increase in strength (in the order of dozens of times), although
the main advantages, particularly in seismic area, consist of the better distribution of
cracks and the reduction of brittle detachments or collapse [80]. Nevertheless, the
effectiveness of the intervention strongly depends of the bonding properties at the



Strengthening of Stone and Brick Masonry Buildings 73

(a)

Fig. 13 Strengthening with composites: a delamination of glass FRP sheet in laboratory
single-lap shear tests [91], b salt crystallization affecting carbon FRP-to-masonry bond measured
by on site pull-off tests [88], ¢ anchoring of SRG plaster with spikes made of steel wires [92]

composite-to-masonry interface, that can be affected by several aspects (e.g., the
surface roughness and preparation, the presence of mortar joints, or severe envi-
ronmental conditions) which can reduce durability (Fig. 13) [69, 82, 83, 84, 85, 86,
87, 88, 89, 90].

Deep repointing is a suitable technique to repair deteriorated bed joints, adapt-
able both to stone and to brick masonry. Reconstruction of bed joints, 70-80 mm
deep in stone masonry about 50 cm thick, can provide significant increase in shear
strength and improved behaviour, especially if combined with grout injections [93];
this intervention requires particular care in the execution phase, to ensure proper
collaboration between old and new mortar. Bed joints reinforcement is a technique
particularly suitable for masonry with regular courses (as commonly found in
brickwork), since it consists of the insertion of steel bars in the joints [94, 95].
Laboratory tests and numerical models show the usability of composite materials as
FRP small bars instead of steel, to ensure low intrusiveness and to control creep
deformations (Fig. 14).

3.3 Interventions to Improve Diaphragm Action of Floors
and Roofs

The role of diaphragms in the structural behaviour of existing masonry buildings is
fundamental, especially when dealing with horizontal loads (e.g. wind, earthquake,
etc.), as they contribute to transfer lateral actions to the walls parallel to the
direction of the external force. Interventions able to increase the in-plane stiffness of
existing floors contribute in redistributing horizontal actions on the basis of the
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Fig. 14 Reinforced mortar repointing: a on-site strengthening intervention using stainless steel
elements [95], b FE modelling of masonry wall strengthened with CFRP thin strips [96]

masonry wall stiffness, depending on the achieved diaphragm action of the floor
[27, 36].

Several techniques have been developed in order to improve the diaphragm
action, while respecting traditional construction practice and avoiding excessive
mass increase at the floor level. As shown in Fig. 15, these consist in: (i) additional
wooden planking (in orthogonal direction or inclined at 45°, using
tongue-and-groove joints with nails or screws as connectors); (ii) application of
diagonal metallic belts or composite materials strips fixed at the extrados of wooden
floors; (iii) application of wooden diagonal nets [97-99].

Nailing an additional layer of wooden planks at the floor or roof extrados (outer
surface) represents a light intervention, that does not modifies the overall structural
element, but improves the diaphragm action [102]. The use of metallic bracing ties
(strips or bars) can also improve the stiffening effect (Fig. 16).

Nevertheless, connections between floor/roof structures and walls is crucial to
provide proper box-like behaviour under dynamic actions, as highlighted by
shaking table tests performed on two-storey double-leaf stone masonry buildings
with roof strengthened with plywood layers anchored with steel bars and inter-
mediate floor reinforced with a collaborating concrete slab [103], according to
Piazza et al. [104]. Also, the effectiveness of moderate in-plane stiffening of
wooden diaphragms (adding a second layer of diagonal planks to the original one)
and of improving wall-to-diaphragm connections (by means of reinforced masonry
and steel tie-beams, at roof and intermediate floor levels, respectively) on the
overall dynamic behaviour of masonry buildings, is evidenced by shaking table
tests in Magenes et al. [105].
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Fig. 15 a Floor strengthening interventions: double planking, steel diagonals with orthogonal
planking, wooden diagonal nets’ technique based on hardwood pin connections between boards
and beams [100, 101], b in-plane monotonic and cyclic laboratory tests, ¢ comparison of
maximum lateral forces from cyclic tests [97] using different techniques

(b)

Fig. 16 In-plane stiffening of existing wooden roofs: a extrados metallic strips, b steel bracing
bars at the intrados [32]

3.4 Strengthening of Masonry Vaults and Reduction
of Thrust

Among structural components in masonry buildings, arches and vaults deserve
particular attention, being a widespread type of horizontal diaphragm in European
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historical centres. Because of age or for accidental causes (such as earthquakes),
these structures can suffer several types of damage. Strengthening materials and
repair techniques are required to re-establish the performance of such components
and to prevent their brittle collapse in future hazardous conditions.

A traditional intervention consists of inserting tie-rods, to compensate the thrust
induced on bearing walls [106]. Tie-rods are generally inserted at the vault intrados,
but can also be placed at the extrados, with some precautions. Simple techniques to
evaluate the tie-rod force and their effectiveness on site have been implemented [107].

To absorb the thrust of vaults and arches, and to increase their lateral stiffness,
buttresses and vertical masonry diaphragms (‘frenelli’) can be adopted, whilst
jacketing the extrados using concrete or reinforced concrete may have a negative
impact in terms of mass increase and removability in future.

Techniques based on the application of composite materials, e.g., carbon or glass
FRPs, placed at the intrados or at the extrados of the structure (Fig. 17), were
initially developed to control the brittle mechanism of collapse of unreinforced
vaults and increase their maximum capacity under both vertical and horizontal
loads. Several experimental works evidenced quite good performance of these
techniques, namely: (i) the activation of new mechanisms to analyse for design and
assessment [108]; (ii) the higher effectiveness of extrados applications in compar-
ison with intrados ones (as in Valluzzi et al. [109], Barbieri et al. [110], Foraboschi
[111], Baratta and Corbi [112]), unless connection pins or spikes are applied [113]
and (iii) the better exploitation of less strong composites (e.g., GFRP in comparison
with CFRP) by avoiding masonry damage [114]. More recently, the advanced trend
of composites, SRP/SRG or TRM, also applied with basalt nets (BTRM—Basalt
Textile Reinforced Mortar), have demonstrated the advantages of better compati-
bility, water permeability and removability. Static tests (Borri et al. [115];
Girardello et al. [116, 117]; Garmendia et al. [118]) and dynamic shaking table
experiments (Giamundo et al. [119]) confirmed the relevant improvement of the
ultimate capacity of the vault (Fig. 18).

Fig. 17 Collapse mechanism of a vault strengthened using CFRP strips: a extrados reinforcement,
b intrados reinforcement [108]



Strengthening of Stone and Brick Masonry Buildings 71

(a)

Fig. 18 Strengthening of masonry vault with BTRM: a application of basalt grid, b deformation
of vault under testing [117]

4 Conclusions

The choice of suitable intervention techniques to retrofit or strengthen masonry
components in existing buildings cannot disregard the importance of improving the
collaboration among structural components in order to avoid or minimize the
occurrence of brittle mechanisms that can be particularly severe in seismic zones
(e.g., overturning of walls, collapse of vaults). Tying opposite walls or confining
rings are effective to improve the buildings’ box-like behaviour, provided effective
connections exist between walls and with horizontal structures. A further step is
then the opportunity to increase the performance of single components, according
to the specific structural problem, but also evaluating, when needed, the possibility
of integrating techniques and combining the capabilities of various intervention
solutions. Both traditional techniques and modern/innovative materials available
nowadays constitute a quite wide range of possibilities, as long as conservation
principles are taken into account, thus orienting the choice towards compatible,
removable and increasingly sustainable techniques. Although specific protocols for
execution, design and control are still not available for many techniques, the
experimental research (both on site and in laboratory) represents a fundamental
support for their validation and practical use. In this framework, this chapter
resumed the advance of scientific approach to balance tradition and innovation in
the field of conservation of existing masonry building structures.
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Seismic Retrofit of Adobe Constructions

Julio Vargas-Neumann, Cristina Oliveira, Dora Silveira
and Humberto Varum

1 Introduction

Earth is one of the oldest and most widespread construction materials in use
(Fig. 1). The unique properties and accessibility of this material justify its wide
dissemination and continued use throughout the time. In fact, this kind of material
has qualities such as low cost, local availability, recyclability, good thermal
behaviour, and acoustic insulation—qualities which allow a more sustainable
construction practice, with the preservation of the existing natural resources. In
addition, this type of construction is associated with simple construction methods
that require low energy consumption.

According to Houben and Guillaud [2], at the end of the twentieth century,
approximately 30% of the world population lived in earthen buildings and, at
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Areas where earthen
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World Heritage List: &

Fig. 1 Distribution of earthen construction in the world and properties inscribed on the World
Heritage List (adapted from Gandreau and Delboy [1])

present, these figures should not be very different. Nowadays, earth is used mostly
in two ways: (a) in traditional and vernacular earthen constructions, with popular
and long-established techniques used in many developing countries—mainly in
Africa, Latin America, and in some parts of Asia—usually by the poorest segments
of the population; (b) in earthen buildings that combine the use of traditional
techniques with more modern practices, mainly in developed countries such as the
United States of America, some European countries, Australia, and New Zealand;
in these countries, there is a growing interest in earth as a sustainable construction
material and, as a result, numerous earthen buildings were built in the last
decades [3, 4].

In earthen construction, a raw mixture of clay, silt, sand—and, sometimes, larger
aggregates—is generally used. Other materials can also be added to improve the
characteristics of the mixture, such as fibres and stabilisers (e.g. cement, lime) [3].
Rammed earth, adobe, cob, and compressed earth blocks (CEB) are among the
main types of earthen construction methods still in use. Rammed earth consists of
compacted earth in monolithic blocks that form the walls. Adobe is made with a
mixture of earth moulded in prismatic blocks and sun-dried—frequently, straw is
added to control drying cracks. Cob consists of a mixture of clay and a substantial
amount of straw that is applied and moulded by hand in order to make monolithic
layered walls. The compressed earth blocks (CEB)—a more recent earthen con-
struction method, marked by the development of the CINVA-RAM press in the
1950s, in Colombia, and with great dissemination from the 1970s and 1980s
[5S]—are made using a mechanic press. In the production of these blocks, a small
portion of lime or cement is added to the earth mixture for stabilization.

Even though earth is a construction material which has many advantages, it also
presents some disadvantages that cannot be disregarded. In fact, earthen con-
structions are particularly vulnerable to the action of weathering agents, especially
to the action of water and wind. In addition, this material is characterized by low
tensile strength and fragile behaviour, and thus earthen constructions can display a
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deficient structural response, particularly when subjected to seismic loads. Even
though the different types of earthen construction share some of the same charac-
teristics and may show similar behaviour, there are specific problems associated
with each of the different types of construction. In the present chapter, the focus will
be on the structural behaviour of adobe construction. In effect, the seismic beha-
viour of adobe structures is typically characterized by brittle failure [6] and these
constructions can suffer severe structural damage and eventually total collapse, with
significant human losses.

Despite the growing interest in earthen construction as a sustainable alternative
in developed countries, a large percentage of the existing earthen buildings are still
associated with rural populations with low economic resources and, even though
important research has been carried out in the last decades, the existing knowledge
concerning earthen construction is still mainly empirical. Buildings are generally
constructed and rehabilitated by non-specialized staff, normally without the use of
appropriate behaviour improvement solutions. In addition, few countries have
codes and standards for the rehabilitation and building with earth, and the existent
documents are frequently incomplete [7]. It is also important to note that earthen
construction continues to be used in regions with high seismicity, and thus there is
an urgent need to develop means of improving the seismic behaviour of these
structures. Furthermore, there is a vast and valuable architectural heritage stock
which needs to be preserved. In 2012, a detailed inventory identified 150 properties
partially or entirely built with earth which were inscribed in the World Heritage List
(Fig. 1) [1]. It was also observed that, in these properties, adobe is the most
commonly used earthen technique. Considering the total number of cultural
properties inscribed on the World Heritage List in 2016 (814, according to the
United Nations Educational, Scientific and Cultural Organization [8]), the proper-
ties partially or entirely built with earth identified in 2012 correspond to 18% of that
total number. Of the 150 identified properties, 18 (i.e. 12%) are, in 2016, included
in the List of World Heritage in Danger, corresponding to 49% of the cultural
properties included in this list [8].

Considering the importance and vulnerabilities of the existing earthen con-
structions, one of the main questions asked by the technicians working with these
constructions is how to effectively repair and strengthen damaged earthen struc-
tures. The utilization of traditional construction materials and techniques must be
complemented with innovative technological tools, in order to provide adequate
stability and control of displacements, which may reduce the structural vulnerability
of this type of construction. Taking into account the location of these constructions
and the low-income populations that generally build and live in them, the repair and
strengthening techniques should be as inexpensive as possible, in order to be
effectively applied by the populations. However, before discussing the possible
repair and strengthening solutions, one must understand the behaviour of the
materials individually and the performance of the structures with the materials
working together.
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2 Adobe Construction Materials and Structural
Behaviour

2.1 Variability of the Mechanical Properties
of Adobe Masonry

Adobe construction is made by assembling the adobe blocks together using an earth
mortar for bonding. The adobe blocks used throughout the world have a high
variability in composition, which is reflected in a significant heterogeneity in their
mechanical properties [9-11].

A study conducted at the University of Aveiro, in Portugal, using lime adobes
(i.e. adobes made with sandy soil and air lime binder) collected from different
constructions in the region of Aveiro, showed that the mean unconfined com-
pressive strength of the adobes, calculated per construction under analysis, ranged
between 0.66 and 2.15 MPa, with coefficients of variation up to 50% (considering
the variation of results obtained for each construction) [11]. The tensile strength
corresponded to approximately 18% of the unconfined compressive strength, with
even higher coefficients of variation (up to 65%). In a subsequent study, the
modulus of elasticity of adobe specimens collected from existing constructions in
the region was evaluated [12]. The mean modulus of elasticity, calculated con-
sidering all the specimens extracted from each adobe under analysis, varied
between 7609 and 25,000 MPa, with a global mean value of 13,214 MPa. The
coefficients of variation of the modulus of elasticity, determined considering the
results obtained for the specimens of each adobe block, varied between
28 and 45%. The adobe blocks used in this study had mean dimensions of
0.44 x 0.28 x 0.12 m’ and specific weight of approximately 15 kN/m’.

The heterogeneity in the mechanical properties of the adobe blocks and adobe
masonry of existing constructions, in addition to being a result of the variability in
the composition of the adobes and mortars, is also due to other factors. In traditional
construction practices, there is no quality control of the materials and procedures
used in the production of the adobes and earth mortars and in the construction of
adobe structures, and so the earthen construction elements are not built uniformly.

The National Autonomous University of Mexico (UNAM) and the Pontifical
Catholic University of Peru (PUCP) conducted, in the early 1980s, a very relevant
international comparative study sponsored by the Organization of American States
(OAS) [13]. This study concluded, by performing the same full-scale static
experimental test in adobe walls from Mexico and Peru, made with adobes of
similar strength, that there was a 300% difference between the shear strength of the
adobe wall specimens from the two countries. In 1983, in order to investigate the
reasons for this high variability of results, the United States Agency for
International Development (USAID) supported a 1-year research project focused on
the study of the seismic strength of adobe masonry, carried out by the Engineering
Department of PUCP [14]. In this research project, it was possible to study the
relationship of many physical variables with the indirect tensile strength of small
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walls. Some of the variables analysed were the granulometric distribution,
Atterberg Limits, volumetric drying shrinkage, and density of the materials used in
the adobes and mortars. Some of these variables—such as the volumetric drying
shrinkage—showed a stronger correlation with the strength of the walls than others,
but one of the main conclusions reached is that there are many possible causes for
the heterogeneity in results obtained for adobe masonry [15].

More recently, another study was conducted at PUCP, focused on the influence
of the thickness of joint mortars on the strength of small adobe masonry walls
obtained in diagonal compression or indirect tensile tests. This study showed that
changing the thickness of the joint mortars from 20 to 5 mm led to an increase in
tensile strength of about 300%. This may be explained by the fact that the size of
material imperfections is smaller in thin mortars than in thick mortars and so the
tensile strength increases dramatically [16].

2.2 Seismic Behaviour of Adobe Constructions

Adobe masonry walls have low tensile strength and brittle behaviour and thus may
show a poor structural response when subjected to cyclic horizontal forces, such as
those induced by earthquakes. Figure 2 depicts the typical seismic damage
observed in adobe constructions. This damage includes [17]: (a) diagonal in-plane
cracking; (b) cracking near openings; (c) vertical cracking at the intersection of
walls; (d) separation of the walls in the corners; (e) disintegration of the upper areas
of the walls; (f) out-of-plane damage or collapse in gable-end and other walls;
(g) separation between roof and walls; (h) bending damage at half of the walls
height.

The most frequent collapse mode involves out-of-plane movement of the walls
after the formation of vertical cracks in the intersection of the walls and the fall of
gable and other freestanding walls through horizontal cracks, due to out-of-plane
forces [18]. Subsequently to the collapse of walls, the roof may lose its support and
collapse as well. It is important to note that the diagonal shear cracks due to
in-plane forces weaken walls and thus leave them more vulnerable to out-of-plane
forces.

There are several recent earthquakes that affected adobe buildings in a severe
way, evidencing the vulnerability of this type of construction. Some examples are
the El Salvador earthquakes, in 2001 [19], the Bam (Iran) earthquake, in 2003 [20],
the Pisco (Peru) earthquake, in 2007 [21], the Maule (Chile) earthquake, in 2010
[22], and the Gorkha (Nepal) earthquake, in 2015 [23]. In the 2001 El Salvador
earthquakes, for example, more than one million people lost their homes, with
adobe houses being the most severely affected type of construction [19]. The 2010
Chile earthquake and the succeeding tsunami damaged approximately 370,000
buildings, of which about 37% were made with adobe [22]. In the region of Maule,
in Curico, in particular, approximately 90% of the existing adobe constructions
were destroyed [22].
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Fig. 2 Typical seismic damage in adobe constructions [17]

2.3 Research on the Mechanical and Structural Behaviour
of Adobe Constructions

Important research work has been conducted on the characterization of the
mechanical properties of adobe masonry and structural behaviour of adobe build-
ings. Some of the work that has been conducted is briefly described in the following
paragraphs, focusing particularly on the research carried out at the Pontifical
Catholic University of Peru (PUCP) and the University of Aveiro.
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At PUCP, in an initial phase of the research on adobe construction, a series of
tests were carried out to study the mechanical properties and behaviour of adobe
masonry [24, 25]. Ten small square walls were tested in diagonal compression. The
mean shear strength obtained was 0.026 MPa, and the mean modulus of rigidity
(shear modulus) was 39.8 MPa. Adobe prisms with a height to thickness ratio
(aspect ratio) of 4 were also tested in simple compression. A compressive strength
varying between 0.80 and 1.20 MPa—depending on the age of the specimen—was
obtained, and a modulus of elasticity of 170 MPa was computed.

At the University of Aveiro, ten adobe masonry walls, with dimensions of
1.26 x 1.26 x 0.29 m’, were also tested in diagonal and perpendicular compres-
sion to the bed joints [26]. The walls were built using lime adobe blocks from a
demolition in the region of Aveiro and lime mortar formulated in the laboratory
with a composition similar to that traditionally used. From the tests, a mean shear
strength of 0.026 MPa, mean modulus of rigidity (shear modulus) of 413 MPa,
mean compressive strength of 0.331 MPa, and mean modulus of elasticity of
757 MPa were obtained.

At PUCP, at a later stage of the research, a full-scale double-T shaped adobe
wall was submitted to a displacement controlled quasi-static in-plane cyclic test,
with the objective of analysing the cyclic response of the wall and the damage
pattern evolution caused by in-plane forces [27]. The main longitudinal wall (with a
central window opening) was 3.06 m long, 1.93 m high, and 0.30 m thick; the
transverse walls were 2.48 m long. With the transverse walls it was intended to:
(a) simulate the influence of the connection between transversal walls found in
typical buildings; (b) avoid rocking due to in-plane actions. In addition, a reinforced
concrete beam was built at the top of the adobe wall to provide uniform distribution
of the horizontal forces applied to the wall and to represent the loads corresponding
to a roof composed by wooden beams, canes, straw, mud, and corrugated zinc
sheet. The test consisted in applying a horizontal load at the top of the wall, in a
series of increasing load cycles. Each displacement cycle was repeated twice.
During the test, the cracks started at the corners of the windows and advanced
diagonally up to the top and down to the base of the wall. During reversal loads, the
cracks generated the X-shaped pattern that is typical in masonry walls subjected to
in-plane cyclic forces. A maximum lateral load of 38 kN was reached in the test,
with a corresponding shear strength of 41 kPa.

At the University of Aveiro, a double-T shaped wall was also built and tested
[28, 29]. The wall was built using lime adobe blocks collected from a demolition in
the region of Aveiro and mortar formulated with the composition traditionally used.
The wall was subjected to a quasi-static in-plane cyclic test, with a cyclic horizontal
demand of increasing amplitude applied 2.5 m above the base of the wall, until
failure. The wall was 3.07 m high, 3.5 m long, and 0.29 m thick; the two transverse
walls were 1.70 m long. A vertical uniform load was added to the top of the wall
through an equivalent mass of 20 kN to simulate the common dead and live loads
on typical adobe constructions. The maximum lateral force obtained in the cyclic
test was 58.1 kN, for a drift of 0.03%, with a corresponding shear strength capacity
of 57.3 kPa. The failure mode was brittle, as expected for adobe constructions.
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At PUCP, an adobe model representing a typical Peruvian adobe construction
was also tested. The model was built on a reinforced concrete foundation ring beam
and subjected to a unidirectional dynamic test [30]. The model consisted of four
walls 3.21 m long and 0.25 thick (with the exception of one wall, which had a
thickness of 0.28 m, since it was plastered with mud stucco). The full-scale adobe
model was subjected to three levels of unidirectional displacement signals, with the
following maximum displacements at the base: 30, 80, and 120 mm, in order to
represent the effects of a frequent, moderate, and severe earthquake, respectively.
For the first two levels, typical vertical cracks occurred at the intersections of the
walls causing their separation. Afterwards, X-shaped cracks were formed at the
longitudinal walls, and cracks initiated at the transverse walls due to horizontal and
vertical bending. Major damage was observed at the end of the second level of
displacements, and total collapse occurred during the third level.

At the University of Aveiro, a full-scale adobe model was also built in the
laboratory with adobes collected from an existing construction and mortar with
traditional composition. The model was subjected to a monotonic test followed by a
cyclic test, with the load imposed on the horizontal plane, until failure. The model
had a rectangular geometry in plan view with dimensions of 3.00 x 4.00 m?,
height of 2.35 m, and mean wall thickness of 0.35 m; it had three openings: one
window and two doors located in the south, east, and west walls, respectively. The
structure was built on top of a reinforced concrete footing. On the top of the walls, a
reinforced concrete beam, with a weight of approximately 60 kN, was constructed
to simulate the permanent loads that correspond to the weight of the roof and
respective overloads and to allow the transference of the test forces to the walls. The
pushover test led the structure to failure. A maximum shear strength at the base of
45.2 kPa was recorded, for a drift of 0.06%, and the structure displayed a maximum
drift of 0.75%. The model suffered brittle failure, and the damage after the appli-
cation of the cyclic load was typical of adobe structures subjected to seismic loads:
in-plane cracking, X-shaped cracks, cracks near openings, and diagonal cracks in
wall corners.

Other researchers have also conducted experimental work providing valuable
information on the mechanical and structural behaviour of adobe construction (e.g.
[9, 31-35]). In these studies, simple and diagonal compression, direct shear, and
flexural tests were conducted on adobe wall panels, and adobe structural elements
or house models were subjected to monotonic or cyclic horizontal loading tests and
shaking table tests, with in-plane or out-of-plane loading.

All the research that has been conducted on the mechanical and structural
behaviour of adobe construction reflects the increasing interest that this subject has
raised in the scientific community but also highlights the pressing need for more
knowledge on the behaviour of this type of construction. Recent and severe
earthquakes have exposed the fragility of earthen buildings and prompted the
development of research on how to effectively repair and strengthen these
constructions.
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3 Seismic Retrofit of Adobe Constructions

3.1 Introduction

As discussed in the previous section, adobe constructions may experience various
types of damage when subjected to specific actions and are particularly vulnerable
when under cyclic horizontal loads, such as those induced by earthquakes. It is
possible to build new constructions with improved behaviour and also to enhance
the behaviour of existing constructions, by strengthening them either before or after
the damage has occurred. The structural design that defines the repair and
strengthening solutions to be used in existing constructions must be based on the
mechanical characteristics, behaviour, and defects of the structure and its materials,
considering the different actions that may occur in the building lifetime.

The walls of adobe constructions are made with adobe bricks and earth mortars,
while the roof can be made with different materials, such as timber and ceramic tiles
or zinc sheets. The quality of this type of construction is highly dependent on
historical, climatic, and ecological circumstances. The materials used are collected
locally and the construction methods are usually based on the traditional and
empirical knowledge gathered over time. The location of the constructions is a
factor that also influences the type of actions to which they may be subjected.
Regions of moderate to high seismic activity require special attention due to the
seismic vulnerability of this type of construction. Rehabilitation in rural areas, often
with a high degree of dispersion, is also different from rehabilitation conducted in
urban areas. Additionally, the building use may also influence the type of reha-
bilitation and strengthening to be performed. Special use buildings, such as schools,
hospitals, churches, or meeting places, that attract a great number of people, are
evidently at greater risk. The rehabilitation and strengthening process must thus
address all these different factors so that adequate solutions may be defined.

Three design criteria can be used in a process of rehabilitation and strengthening
of adobe constructions. These can be based on the improvement of strength, sta-
bility, and structural behaviour or performance. The design based on improving the
strength of the structures may, for example, help to define the geometry (thickness
and/or number) of the walls to be used in the strengthening. The design based on
improving the stability of the structures may help define the connections between
structural elements (wall to wall, walls to floor, or walls to roof), the introduction of
elements such as buttresses, as well as the geometry of the building. The design
based on improvement of structural behaviour can be achieved by introducing
specific reinforcements with high tensile capacity materials to tie potential cracked
walls and also tie walls and roof, to control displacements and partial or total
collapse, which is particularly important in seismic areas.

Although the great majority of knowledge on earthen construction still lies in
traditional and empirical methods, long years of research on the subject conducted
worldwide, with particular focus on the development of effective seismic
strengthening solutions, have led to important results. In addition, different
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standards and codes have been or are being produced. Nevertheless, the need for
more research on this topic and for the development of more complete standards
and codes is recognized.

3.2 Research and Innovation

Important research has been conducted worldwide for the development of
strengthening solutions for adobe construction, particularly in countries of signifi-
cant seismic activity, since the effects of this activity can severely damage this type
of construction. A research group from Pontifical Catholic University of Peru
(PUCP), in particular, has been playing an important role in the acquisition of
knowledge on the behaviour of adobe construction and development of seismic
reinforcement solutions—part of the significant work developed by this research
group in the last 45 years is reported in detail by Vargas et al. [36] and Blondet
et al. [37]. In the early 1970s, the collapse of full-scale adobe house models with
four walls was characterized through experimental tests using a tilt table, and
different strengthening materials, such as wood and wire, were tested [38]. This
research was then continued during this decade—new reinforcements using natural
materials like cane or bamboo were tested on the same table, and it was concluded
that the use of meshes inside of walls is an effective reinforcement solution [24].
From the 1980s until the present, many reinforcement solutions have been studied
with full-scale shaking table tests [36]. Cane meshes and metallic and geosynthetic
(polymer geogrid) meshes were evaluated for the seismic retrofit of existing adobe
constructions [39]. The use of vertical canes with horizontal ropes and enveloping
plastic meshes was compared and assessed [40]. The performance of adobe vaults
with and without reinforcement was also investigated [41]. More recently, PUCP
has conducted research with the aim of developing solutions to repair cracks in
earthen walls damaged by earthquakes. The procedures for mud grout injection
were assessed in dynamic and cyclic tests on full-scale models [42]. An experi-
mental study for the development of a reinforcement solution using a mesh made
with synthetic ropes tied with manual knots was also conducted [43].

The reinforcement of adobe walls was also investigated at the National
University of Engineering, in Peru, using two different solutions [33]: wooden studs
covered with a mat (manta de Carrizo); and wooden studs covered with a poly-
ethylene layer. Both reinforcement solutions were applied to the corners of adobe
wall specimens and embedded in cement-soil mortar. The wall specimens were then
subjected to a monotonic in-plane test. The two types of reinforcement showed
good results, increasing the lateral load and deformation capacity of the walls.

Another institution that has devoted significant attention to the seismic retrofit of
adobe construction is the Getty Conservation Institute (GCI). In the 1990s, the GCI
launched the Getty Seismic Adobe Project, with the aim of studying the seismic
behaviour of historic adobe buildings and creating effective and low-impact seismic
retrofit solutions. A significant part of the investigation focused on the shaking table
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testing of reduced-scale models of adobe walls and buildings. In the frame of this
project, small-scale building models (1:5 scale) were tested at the Stanford
University, in the USA, and large-scale building models (1:2 scale) were tested in
the Institute of Earthquake Engineering and Engineering Seismology, in the
Republic of Macedonia [44, 45]. In these tests, seismic retrofit solutions, such as
vertical and horizontal straps, vertical centre-core rods, and bond beams, were
evaluated—these solutions proved successful in preventing the collapse of the
building models. More recently, the GCI, with the partnership of other institutions,
created the Seismic Retrofitting Project. The aim of this project is to design and test
retrofit solutions that can be easily implemented, making use of locally available
materials and know-how [46].

Important research on adobe construction has also been conducted in Mexico.
The use of synthetic meshes (geogrids) to strengthen adobe walls was investigated
at the Autonomous University of Mexico State by conducting in-plane cyclic tests
on full-scale adobe walls [47]. In this study, it was concluded that the use of
synthetic meshes to strengthen adobe buildings is an adequate, accessible, and
compatible solution. At the National Autonomous University of Mexico, walls were
tested under cyclic lateral loading, and rural house models (1:2.5 scale), strength-
ened with different solutions, were tested on a shaking table [9]. All the rein-
forcement techniques used improved the strength of the models significantly, and
the solution that proved most effective was a steel mesh applied to both surfaces of
the walls.

In the last 10 years, a research group at the University of Aveiro, in Portugal, has
also conducted research on the evaluation of the structural behaviour and safety
assessment of existing adobe constructions and on the design of repair and
strengthening solutions for these constructions [26, 29, 48-50]. The structural
non-linear response of adobe elements has been investigated in a series of full-scale
tests, in the laboratory and in situ, with constant vertical load combined with
horizontal cyclic displacements. The behaviour of the adobe elements has been
evaluated with and without specific strengthening solutions. A repair solution that
consists in the injection of hydraulic lime gum into the cracks and a reinforcement
solution made with a synthetic mesh applied to the wall surfaces proved very
effective in improving the seismic performance of adobe structural elements [29].

The University of the Andes, in Colombia, has also devoted attention to the
seismic retrofit of adobe construction. Adobe walls without reinforcement, with
steel mesh reinforcement, and with wood reinforcement were tested under vertical
loads combined with in-plane cyclic loads or under out-of-plane monotonic loads
[51]. Adobe house models (1:5 scale) were tested on the shaking table, without and
with reinforcement (steel mesh or wood reinforcement). In these tests, the
strengthening solution with wood confining elements showed better seismic per-
formance than the solution with steel mesh.

At the University of Technology, in Sydney, Australia, research for the devel-
opment of low-cost, low-tech reinforcement solutions for adobe construction has
also been carried out [52]. U-shaped adobe walls and a house model (1:2 scale) with
different retrofit solutions were tested on a shaking table. The use of a system
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composed of stiff external vertical reinforcement (such as bamboo), external hori-
zontal reinforcement (such as bamboo or wire), and a timber ring beam led to a
great improvement in the structural behaviour of the specimens tested.

The research that has been conducted worldwide demonstrates that the
strengthening techniques under consideration have the potential for improving the
structural behaviour of adobe constructions by providing better structural continuity
and confinement, thus reducing structural instability, which is fundamental under
horizontal actions such as those induced by earthquakes. Additional research is
needed, however, in order to better investigate possible strengthening techniques, so
that these can become fully viable and applicable. New performance enhancement
solutions should be developed with the purpose of reducing the seismic vulnera-
bility of adobe structures, thus decreasing the risk associated with historical heritage
and potential human losses.

3.3 Seismic Retrofit Solutions

3.3.1 Introduction

A building that, in the past, withstood some minor earthquakes and suffered many
little visible cracks may experience unexpected and sudden collapse when subjected
to a new earthquake. In fact, the effects earthquakes cause on structures are
cumulative and therefore a structure that resisted before may not necessarily
withstand a new earthquake without being deeply repaired. After the Third UN
World Conference on Disaster Risk Reduction, held in 2015, in Japan, experts and
participants concluded that it is wiser to rehabilitate and retrofit buildings before
than after a future earthquake, during the mitigation time, to save lives and reduce
damages [53]. There are three stages between the occurrences of two earthquakes:
emergency, preparation, and mitigation. The last stage is, in fact, the preparation
stage for a future earthquake (short, medium, and long term) and it is when the
strengthening of structures should be considered, analysed, and applied.

As described in Sect. 2.2, there are several earthquake damage patterns of adobe
construction which have to be addressed in different ways and must be taken into
consideration in the design of effective strengthening solutions. It is also important
to consider that the strengthening of adobe walls should not mainly aim to avoid
cracking but rather to avoid the widening of cracks. The objective is to control the
movement of the elements separated by fissures and thus prevent the collapse and
loss of lives. Seismic forces are extremely strong when compared with the maxi-
mum strength of the structure. Therefore, high deformation is accepted with the
inevitable cracking on the walls or other structural elements. The key factor is to
guarantee a good connection between structural elements and to provide defor-
mation capacity without collapse. Therefore, effective strengthening solutions tend
to confine the adobe walls horizontally and vertically, using tension-resistant
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elements that form a mesh, applied internally or externally, and that can be made
using different materials.

In the following subsections, a description of the steps involved in the repair
stage of damaged adobe structures and a review of the research on different possible
external mesh strengthening solutions to be applied in these structures are
presented.

3.3.2 Repair Stage

An adequate assessment of the damage in the building should be made in order to
evaluate what repair and strengthening solutions are possible and applicable. If the
decision is to repair the adobe construction, the first thing to do must be to repair all
the cracks. Widespread cracking is common after an earthquake, although cracking
may also appear due to other reasons. Before beginning the repair stage, however,
special attention should be paid to unstable walls or roofs. These elements should
be shored up so that their fall can be prevented. In the following paragraphs,
recommendations regarding the steps necessary to effectively repair damaged walls
are provided [54].

In order to better evaluate the cracks, the existing coatings should be removed.
There are different approaches to repair, depending on the size of the opening. For
crack openings under 10 mm, the crack should be widened until 10 mm and filled
with liquid mortar. If the crack opening is more than 20 mm or is accompanied by
out-of-plane deformation, the adobe blocks on that area should be removed and the
wall area reassembled using adobes in good condition and a new mortar. Cracks
with openings between 10 and 20 mm should not be widened but only filled with
liquid mortar.

In the case of horizontal cracks with detachment of the walls that lead to rotation
of the wall along the crack, if the rotation is under 1:30 it is possible to straighten
the wall, provided that there are no other horizontal cracks. Wooden shores should
be placed against the walls by means of small boards supported by a strut on the
ground. The lower horizontal crack must then be cleaned and injected with liquid
mortar with 30% of humidity. The wall is pushed sequentially in the shores by
banging on the floor struts, one by one. This way, the boards placed on the wall
push gently and uniformly, forcing the wall to recover its original vertical position.
If the rotation of the wall is greater than 1:30, the complete reconstruction of the
wall should be considered.

In adobe houses, there are sometimes gable walls as a continuation of two
opposite walls to facilitate the placement of the roof. As these elements are not
braced by the remaining walls, during earthquakes they tend to rotate outwards
causing a horizontal crack on their lower side. This is aggravated by the difference
of vibration frequency between the gable and lower wall. In order to repair this type
of damage, the roofs should be shored and the gable completely removed. A ring
beam should be inserted and a new gable should be built above the ring beam. One
possible solution for the new gables is to use 2 triangles of double-straw thatch
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Fig. 3 Placement of a ring beam on an adobe building [54]

filled with clay (1 volume unit) and straw (6 volume units, for thermal reasons). The
remaining cracks should be repaired as described earlier.

In order to ensure an adequate structural performance of the adobe building under
seismic loads, the existence of a ring beam is desirable. This element connects the
different walls together and leads to a homogenous distribution of loads from the roof
to the walls, allowing them to collectively resist the imposed loads. Therefore, in the
repair stage, a ring beam should be placed on top of the walls. A possible solution for
this beam can be a timber element, consisting of two stringers joined by crosspieces at
a distance corresponding to the wall thickness. In the repair stage, the roof should be
shored up and the upper row of adobe blocks removed. The ring beam is then placed
on the space formed, supported by the walls. Cracks are repaired, the ring beam is
filled with an earth mixture similar to that used in the adobes and the roof can be placed
adjusting the trusses with nails and ropes (Fig. 3).

3.3.3 Strengthening Stage: External Mesh

The reinforcement of adobe constructions using external compatible mesh—i.e. a grid
of interconnected tension-resistant vertical and horizontal elements—has proved
effective in many studies conducted in the last decades. In these studies, various types
of mesh, using different materials, have been tested. In the following paragraphs, some
of the studies carried out and the solutions developed are briefly described.
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In the frame of the Getty Seismic Adobe Project, developed in the 1990s and
previously presented in Sect. 3.2, many shaking table tests on reduced-scale adobe
models were conducted, with the intention of investigating how to effectively
strengthen historic adobe buildings [44, 45]. The external retrofit system tested
consisted of horizontal and vertical nylon straps that formed a loop around the
building or around individual walls. In several of the models tested, these straps
were combined with other strengthening solutions, such as wood bond beams,
wood diaphragms, steel centre-core rods, and local ties. The retrofitting techniques
tested were able to reduce the tendency of the adobe models to collapse. The retrofit
solution using vertical straps, in particular, was very effective in reducing the risk of
out-of-plane collapse. Even though straps could not prevent the initiation of crack
damage, they proved successful in preventing large displacements.

Between 1994 and 1997, at PUCP, different external retrofit methods were
evaluated through seismic tests conducted on U-shaped walls and house models
[55, 56]. One of the reinforcement solutions studied used non-continuous
electro-welded wire grids placed in the corners of the walls and in the area
where the walls meet the ring beam, embedded in a mixture of cement and thin
sand. Figure 4 shows the damage on an adobe model with this retrofit solution,
tested on the shaking table. Although the strengthening solution increased the
global strength of the model, the cracks occurred abruptly causing brittle failure of
the elements. This type of failure should be avoided as it puts human lives at risk.
Thus, it was concluded that this retrofit solution would be effective in the case of a
light or moderate earthquake but not in the case of a severe earthquake.

At the beginning of the twenty-first century, a new line of investigation was
launched at PUCP, focused on the study of the use of different industrial materials
to strengthen adobe buildings [36]. Different reinforcement solutions were tested on
double-T shaped adobe walls subjected to cyclic tests [27]. One of the solutions
tested with success was an external geosynthetic mesh wrapping the walls and

Fig. 4 a Sudden collapse of lintel, b Brittle collapse of the grids [36]
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Fig. 5 Cyclic test and finite element model of an adobe wall strengthened with geogrid [27]

embedded in plaster (Fig. 5). In the frame of this project, two shaking table tests on
adobe models were also carried out [40]. The first experimental test used a mesh
made with natural cane and rope, while in the second test a geogrid was used. In the
first model, canes were placed vertically, spaced by 0.40 m, and connected hori-
zontally by ropes spaced 0.30 m apart (Fig. 6a). This grid was placed on each side
of the walls, tied together with rope inserted through the walls. This strengthening
solution provided better results than a solution using internal cane mesh. In the
second model, the geogrid meshes were applied over the whole surface of the walls,
both in the exterior and interior of the models (Fig. 6b). The results of the second
test showed that the strengthening solution improved the structural behaviour of the
model by controlling the displacements in the cracks, with better results than using
the geogrid mesh as an internal reinforcement. At a later stage, more full-scale
adobe models were tested on the shaking table, using different amounts of plastic
mesh reinforcement [30]. In these tests, all the models showed an adequate seismic
response.

(b)

v

Fig. 6 a Strengthening using canes and rope, b strengthening using geogrid [40]
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In order to provide adequate means and knowledge for populations to rehabil-
itate their own houses, it is desirable that the strengthening solutions be made with
low-cost and readily available materials. Taking this into account, more recently,
researchers from PUCP studied the materials available both in rural and urban areas
in Peru. Different hardware and construction material stores were visited in order to
select the materials to be used. A specific type of synthetic rope was found to be
sold throughout the country as halyard, and so it was decided to study this rope in
detail to understand its strength properties. Simultaneously, simple and efficient
knots to unite the ropes, known by the local populations, were also studied.

For this type of reinforcement, the walls are wrapped with the synthetic ropes
forming a mesh with vertical and horizontal elements, which confine the whole wall
(Fig. 7). It is recommended that the diameter of these ropes be 5/32" (=4 mm). The
distance between vertical layers should be less than 40 mm. Horizontal layers
should be placed at the middle of the height of adobe blocks, every two rows. At the
intersection of the horizontal and vertical layers, a perforation in the wall is made in
order to pass the connecting rope—with a diameter of 1/8” (=3 mm)—transversally
through the wall. The transversal rope is then connected to the inside and outside
mesh with simple knots. The knots selected to be used in this type of reinforcement
are knots used by fishermen and shepherds, known from the Andean population,
and have several advantages: they are simple and fast to tie, consume little material,
and fit in any direction.

Fig. 7 Strengthening with synthetic ropes (adapted from MVCS [54]): I vertical ropes, 2
transversal ropes, 3 horizontal ropes
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An adobe model using this kind of rope as reinforcement was constructed and
tested [43]. The original model, unreinforced, was initially tested in the shaking
table for a moderate earthquake. The module was then repaired using liquid clay
injected into the cracks and strengthened with the rope system (Fig. 8). The ropes
were applied by making knots around all walls, tied with manual tension (about
150 N-200 N), with a distance of about 0.25 m between layers of rope. The model
was then tested again, this time considering a severe earthquake. After the occur-
rence of cracks, the ropes were able to control in a satisfactory way the movement
between the different elements. The wooden ring beam on top of the walls allowed
a very efficient connection between walls and roof.

A manual entitled “Fichas para la reparacion de viviendas de adobe” was printed
by the Ministry of Housing of Peru [54] based on the ongoing research on adobe
construction. This manual includes the strengthening solution with synthetic ropes
that was just described, developed at PUCP [43].

A research group at the University of Aveiro, in collaboration with other
institutions, has also been developing work to study the seismic behaviour and
retrofit of adobe construction. With this objective, a full-scale double-T shaped
adobe wall was built in the laboratory, using traditional techniques and adobe
blocks from a demolition site in the region of Aveiro (as previously described in
Sect. 2.3) [29]. An in-plane cyclic test was carried out on the wall, and the damage
was then repaired by pressure-injecting hydraulic lime gum into the cracks
(Fig. 9a). The original plaster was removed, and a polymer mesh was applied to the
surface of the wall. The mesh was fixed to the wall with angle beads and angle
profiles in PVC, using highly resistant nylon thread (Fig. 9b). In order to evaluate
the efficiency of the strengthening technique, an in-plane cyclic test was performed
again, following the same procedure used in the first test (Fig. 9c).

The maximum shear strength of the retrofitted wall was approximately 70.7 kPa,
with a corresponding force of 71.8 kN, and the shear strength obtained at a drift of

(a) _ - (b)

Fig. 8 Adobe model with synthetic rope as strengthening solution, placed with manual knots
[43]: a before the test, b after the test
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(b)

Fig. 9 Full-scale adobe wall strengthening [29]: a repair of cracks, b external mesh placement,
¢ damage on the wall

1% was approximately 45 kPa (i.e. 70% of the maximum shear strength of the
wall). The maximum imposed drift was 1.6%, with a corresponding displacement
of 45 mm. After the repair and strengthening, the stiffness of the wall improved,
becoming equivalent to that of the original wall (Fig. 10). The shear strength
capacity of the wall increased by 23.4% after the retrofit, and the maximum
deformation tripled. The fragility of the wall decreased after the peak force was
reached, thereby increasing its ductility and energy dissipation capacity. In con-
secutive cycles, a lower degradation of strength was observed in the retrofitted wall.
The inexpensive repair and strengthening solutions used on the wall thus proved to
be very effective [28, 29, 57].

With the aim of exploring alternative strengthening techniques with minimal
cost, using materials for different uses than the ones primarily assumed, an external
strengthening solution with straps from used car tires was developed in a project
that involved researchers from the Victoria University of Wellington and the
Pontifical Catholic University of Peru [58, 59]. The tire straps were prepared by

Fig. 10 Comparison 80 -
between the force-drift curves 60 4/
of the original wall (without f
reinforcement) and 40 A

strengthened wall [29] == 20 4/
Z :
§ T T 8 F T 1
Q.2 -1 1 2
o -20/ 4
w
40 ——Original wall
60 Strengthened wall

Drift (%)



104 J. Vargas-Neumann et al.

Fig. 12 Shaking table test on an adobe model strengthened with tire straps [58]

spiral cutting a tire into a continuous strap (Fig. 11). The tire straps were then
placed horizontally and vertically on the adobe walls and tied through holes in the
walls. An adobe model using this strengthening solution was tested in the shaking
table (Fig. 12). The results obtained showed a significant increase in the defor-
mation capacity of the model, without collapse, thus proving the effectiveness of
this strengthening solution.

3.4 Standards and Codes

There are several standards and codes available for earthen construction. However,
few countries have standards or codes officially recognized. Furthermore, many of
the existing documents are incomplete and not all of them address the seismic
design issue. In general, there are very different typologies of standards and codes.
Some are entirely dedicated to only one construction technique. For example, the
standard NTE E.080, from Peru, is directed to the seismic design of low-cost adobe
construction [60], while in Zimbabwe there is a specific code for rammed earth
structures [61].
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Only five documents were found that address the seismic design of earthen
buildings. These documents, briefly described in the following subsections, are
from Peru, Chile, New Zealand, Morocco, and India.

34.1 NTE E.080, Peru

The technical standard from Peru [60], applicable only to adobe structures, includes
a recommendation for the composition of adobe blocks, indicating a range of
percentages of clay, lime, and sand. It estimates the total seismic horizontal force,
which depends on the type of foundation soil, use of the construction, seismic
coefficient, and total weight of the construction. It also gives indications on how to
build foundations, walls, horizontal and vertical shore systems, slabs, ceilings, and
seismic reinforcements. The following reinforcement solutions are referred, with
specific rules for their application: internal cane mesh, wire mesh, reinforced
concrete beams and columns, and geogrid.

3.42 NTM 002, Chile

The NTM 002 Chilean standard [62] provides indications regarding structural
projects for the alteration, restoration, rehabilitation, renovation, repair, or structural
consolidation of earthen constructions. This document is applicable to adobe,
rammed earth, daub (quincha), and also stone masonry with clay mortar. The
rehabilitation recommendations clearly state that, along with the seismic rein-
forcement, adequate repair of cracks, reconnection of corners, and restitution of
verticality of the structure should be conducted. The following strengthening sys-
tems compatible with earthen construction are indicated: adobe buttresses, steel
connectors for timber, timber structures, steel/synthetic cables or strips, polymer
meshes, and steel meshes.

3.4.3 NZS 4299:1998, New Zealand

New Zealand has the most complete set of norms for earthen structures [63—65].
However, in terms of seismic reinforcement solutions, only three systems are
described: steel wire mesh, synthetic geogrid with a minimum specific tensile
strength, and steel reinforcement bars. The application of reinforcement solutions
using mesh and geogrid is described as a horizontal reinforcement in intersections or
joints between walls. The steel reinforcement bars system is the reinforcement solu-
tion most addressed and thoroughly explained with comprehensive schemes [65].
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3.4.4 RPCTerre 2011, Morocco

In 2011, the standard from Morocco [66] introduced important notions of the
seismic behaviour of earthen constructions with detailed calculations of the seismic
action. This standard is applicable to structures made with adobe, rammed earth,
cob, and rubble stone masonry with earth mortar. Regarding reinforcement tech-
niques, vertical and horizontal solutions are presented using different materials such
as timber, reinforced concrete, and synthetic meshes.

3.4.5 IS 13827:1993, India

The Indian standard [67] expresses recommendations about the height of earthen
buildings and other geometric properties depending on the seismic zone. Regarding
the seismic strengthening, the placement of timber ring beams with proper con-
nections at the corners and junctions of walls is recommended, along with the use of
diagonal struts at corners. A mesh of bamboo or canes is also referred for vertical
reinforcement of walls for the highest seismic zone defined. Strong detailing is
given on the construction of earthen buildings with wood or cane structures,
indicating diagonal bracing frame systems to include before applying the plaster.

4 Numerical Analysis

Adobe masonry consists of a composite material made of adobe units and mortar
joints. As the seismic performance and structural behaviour of adobe construction
highly depends on the type of materials used and their properties, a lack of
knowledge on the material characteristics and behaviour often compromises an
adequate numerical analysis [68]. Adobe masonry has a mostly brittle behaviour,
which means that an elastic analysis is only able to provide information related to
the areas where cracking initially occurs and not to the cracking development
process. In addition, depiction of the non-linear behaviour of adobe masonry is
especially complex, as its characterization is difficult to carry out and its properties
and behaviour are highly variable [57].

The numerical modelling of masonry may use three main approaches [69]:
macro-modelling, simplified micro-modelling, and detailed micro-modelling.
Macro-modelling uses an isotropic, homogeneous, and continuous material to
represent adobe units, mortar, and unit-mortar interface. In simplified micro-
modelling, the units are represented by continuum elements, and the behaviour of
the mortar joints and unit-mortar interface is lumped in discontinuous elements. In
detailed micro-modelling, units and mortar joints are represented by continuum
elements, and the unit-mortar interface is represented by discontinuous elements.
As expected, macro-modelling is less time-consuming than the other two types
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mentioned. However, micro-modelling is a more adequate means to understand and
translate the full behaviour of adobe masonry.

The constitutive models to be used are the main concern in numerical analysis
[68, 70]. In the study of the behaviour of unreinforced brick masonry, Page [71]
assumed elastic bricks and concentrated the non-linear behaviour on joints, with
shear and tensile bond failures modes. Lotfi and Shing [72] and Lourenco and Rots
[73], focusing on unreinforced masonry structures, in general, proposed other
interfaces using plasticity and fracture mechanics. In Tarque et al. [68], three
numerical models of the in-plane behaviour of adobe walls were developed, the first
one considering nonlinearity at the mortar joints and the other two smeared non-
linearity. The results were calibrated with experimental tests and it was possible to
observe that the tensile strength controls the global behaviour of the adobe structure
and that there is stress distribution when the maximum tensile strength is reached in
one element. In Banadaki et al. [70], the interfaces were modelled by a contact with
sliding and separation capability in tension. The results of the numerical analysis
were compared with those obtained in experimental tests, and a good correspon-
dence between the crack patterns was obtained.

In general, there is still a lack of experimental work on adobe construction that
may allow the adequate characterization of the material and the representation of
the behaviour of the walls, with and without reinforcement. More research is
needed to gather sufficient information to support the development and calibration
of reliable models for numerical analysis.

5 Concluding Remarks

Adobe is a traditional construction material that is still used in many parts of the
world. Although this material has strong benefits and advantages, adobe masonry
has a fragile behaviour and very low tensile strength. Moreover, the construction
and rehabilitation of adobe structures is generally made by non-specialized staff,
based on empirical knowledge passed through generations. For these reasons, these
structures may have important structural problems that need to be prevented,
especially in areas with relevant seismicity.

In this chapter, different strengthening techniques, developed from the
mid-seventies to the present time, were presented. These techniques focus on
improving the structural resistance, stability, and behaviour of adobe constructions.
Given that adobe construction is massively used by no-income and low-income
families and communities, there are several inexpensive retrofit solutions among the
techniques presented and explained. Before electing the type of retrofit to perform,
however, it is fundamental to understand the existing problems and issues. Once the
adequate type of retrofit solution is selected, improvement of the structural beha-
viour of an adobe construction is possible and can be easily performed. In fact,
simple solutions proved to be extremely effective in increasing the strength,
stability, and deformation capacity of structures, and thus the adequate
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implementation of these solutions can save lives and prevent important social,
cultural, and economic losses.
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Repair and Strengthening of Traditional
Timber Roof and Floor Structures

Jorge M. Branco, Thierry Descamps and Eleftheria Tsakanika

1 Introduction

Nowadays, the increased sensitivity towards the conservation of cultural heritage
leads to the adoption of restoration techniques which guarantee as much as possible
the preservation of the building authenticity and integrity, the conservation of the
materials, the construction technology, the original structural system, the minimal
interventions, their reversibility and compatibility with the existing parts of the
buildings [1-4]. Current knowledge assumes the need to preserve and to protect as
much as possible of the authentic material (e.g. minimization of replacements of
timbers) using either simple techniques or more precise and sophisticated ones.
Moreover the original and authentic structural systems, must be protected and
preserved too, even if they will not be visible after the restoration works, as a
cultural value with important advantages for the overall behaviour of the building
especially in seismic areas.

In many cases, all over the world, traditional buildings involve timber structures
at least as timber floors and roof systems. Damage in these structures can have
different sources:
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— natural defects of wood;

— biological degradation;

— fire;

— environmental and atmospheric agents in particular, transient moisture content;
— original design, execution, maintenance or intervention errors;

— excessive loading.

Before any intervention, the first step is the assessment of the existing timber
structure according to the materials, the elements, the joints (strength and stiffness)
and its overall behaviour. Proper assessment of the material (risk of decay or insect
attack) with appropriate techniques is obviously of major importance and therefore
the study of recent state-of-the-art concerning the diagnostic procedures, is highly
recommended [5, 6]. Techniques are in profusion. They provide huge support for the
structural understanding of the whole load bearing system, however their use and
choice must be discussed among all scientists involved in the assessment process to
ensure the right agreement between the aim and the diagnostic or intervention
techniques that will be used. This assessment may lead to the replacement of a
portion or the whole member. On the other hand, in the case that the member or joint
is kept in service and reinforcement is needed, an accurate assessment of the state of
conservation of the structural elements (timber or metal ones) is crucial too.

Many retrofitting techniques have been developed and several of them have been
reported in relevant manuals, books and scientific papers. However, while some
applications were largely used and taught, others have been slowly left aside, with
the risk of forgetting them and losing an important and valuable part of our heritage
concerning the construction technology. For instance, the retrofitting of historical
timber elements with prestressed systems has been performed several times in the
past, but still there are many uncertainties and difficulties that discourage new
applications and limit their development. For new constructions or for restoration
projects, the post-tensioning with steel elements has been proposed since the
beginning of the 19th century [7] as a specific way of applying the prestresses.
Some inspiring cases, realized on historical timber trusses by Italian conservators,
have already shown the potential of this strengthening method, as the roof structure
of the theatre of Sarteano [§], or the one of Savona [9]. Regarding existing timber
single elements several studies on post-tensioning methods have looked for the
optimal layout to improve the load-bearing capacity of these timber elements.
Different configurations are still under analysis and the application are very broad
from the strengthening of simple short-span beams [10, 11], to the retrofitting of
wooden bridges [12].

Old timber floors as timber roofs suffer mainly from decay problems at their
support areas (timber parts of the beams embedded in the external walls) and from
excessive in-plane bending deflections since they are usually one-span beams
designed to bear moderate loads, compared to current uses or a new use with heavy
load requirements. The structural refurbishment of traditional/historic timber floors
can be achieved, in order to increase the bending stiffness and strength of the main
elements, by using steel or FRP plates or bars or by using and activating as
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structural members other elements, such as a concrete slab, timber planks or timber
wood-based panels (plywood). The structural behaviour of the resulting timber
composite structure is governed by the strength and stiffness of the mechanical
fasteners that connect the existing timber beams to the new elements. Another
important aspect to be keenly considered is the timber floor diaphragm effect, which
may affect the structural performance of a traditional masonry building subjected to
lateral seismic loads: the common configuration of existing timber floors or ceilings
with a crossly arranged single layer of wooden planks or the use of plywood panels
consist a common solution for an in plane shear strengthening, in order to ensure a
redistribution of lateral seismic loads and an efficient connection of the load bearing
walls improving the seismic performance of the whole building (box-behaviour)
[13-16].

It must be highlighted that this paper will focus mainly on reinforcement
methods of traditional roof and floor structures and not on intervention techniques
used for replacing timber elements that suffer from biological attack.

2 Timber Roofs

Three major pathologies may affect timber roofs: first decay problems usually at the
support areas (see timber floors), damage or a lack of strength or stiffness of joints,
damage or a lack of strength or stiffness of a single element or of the whole timber
structure.

2.1 Timber Joints

It is important to be mentioned the huge amount of different types of joints that
exist, a testimony of the diversity and richness of the timber cultural heritage and in
parallel, the difficulty of studying, repairing and reinforcing them. Timber joints
depend on the structural system that support, on the limited lengths of the lumber,
the possibilities and requirements for transportation and erection, the local traditions
and the state of technology and craftsmanship of each period and area.

In the past, the actions taken by carpenters to strengthen joints were based on
experience and precise observations of failure modes encountered in real structures
and a good understanding of their behaviour and their weakest points. In some cases
this led to an improvement in the designing of the joints and one can say that many
carpentry joints are an evolution or a “reinforcement” of older primary joints. For
example, a notched joint with a tenon can be considered as a “reinforcement” or an
improvement of a tenon joint because the notch increases the load bearing capacity
of the joint (Fig. 1).

In the past, joints were not designed to transfer loads through shear, with metal
fasteners such as nails, screws or bolts. Their ability to carry the loads was achieved
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Fig. 1 Notched joints with tenons

through friction and mainly the direct contact of special cuttings and notches
formed usually at the end of the connected members. The few metal fasteners that
were used in parallel with carpentry joints, were ensuring the good fitting and
contact of the members at the area of the connection (see Fig. 8). These types of
joints are called carpentry joints. The last years, various new reinforcement tech-
niques such as the use of screws (including self-tapping-screws), metal elements
(plates, strips, stirrups), glued composites (glass or carbon fibres, weft knitted
textiles) and glued-in rods and bars, or even full injection with fluid adhesives
among others have been proposed.

Feio et al. [17] have tested full-scale notched and skewed tenon joints under
compression in order to assess the local failure in compression at an angle to the
grain and the slipping of the joint. Failure modes observed in the tested joints are
damages due to compression in the brace which are localized at the tenon end or
distributed along the full contact length. An out-of-plane bulging of wood under the
contact length was observed. In some cases, damages in compression associated
with shear failure were observed too (Fig. 2).

When observed on-site, this type of failure mode mainly highlights a poor design
of the joint (too small contact areas) or unexpected compression forces in one
element. No reinforcement can repair a damage in compression perpendicular or at
an angle to the grain and usually the replacement of a part or the whole elements is
required.

(a) (b)

Fig. 2 Typical experimental failure patterns of notched and skewed tenon joints under
compression: a joint collapsed in compression, with uniform distribution of damage, b joint
collapsed in compression, with out-of-plane bulging, ¢ combined failure in compression and shear
parallel to the grain at the tenon [17]
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Whatever the joint is, in order to ensure the transmission of the loads from one
member to the other and the required strength and stiffness, it is important to keep
all the surfaces of the joints in close contact. In the case of reverse loads, uplift,
poor construction (Fig. 3c), or high shrinkage of the wood elements, joints may
develop gaps between connected elements, reducing the contact areas. One tradi-
tional reinforcement technique consists in placing a wooden wedge or a piece of
timber to ensure perfect contact between the tenon and the mortise or the timber
elements (Fig. 3). This wooden wedge should be made of hardwood (for strength
and stiffness) and its moisture content (MC) should be as close as possible to that of
the reinforced wooden elements in order to avoid any shrinkage of the wedge.

Pinned tenon joints also have a very low bearing capacity in tension since only
the wooden pin acts. If it is possible (e.g. replacement of the member), a traditional
technique can be used which consists in fashioning the new joint with a dovetail
tenon increasing the strength in tension. If the element remains in place and in
service, a binding metal strip may be used as reinforcement in tension. In order to
avoid cracks, the strip can be screwed or bolted under the supporting beam and the
spacing, the distances from the end and the edges of the connected timbers must be
respected (Fig. 4).

Fig. 3 a Tenon and mortise joint: additional wooden wedge used to ensure a tight contact
between the tenon and the mortise, b additional wooden piece to ensure the contact of the timber
elements, ¢ proposal for the reinforcement of a poorly constructed heel joint. Addition of a new
wedge and screws

(a) (b)

-, Broken pin

b Dowel

Compression perpendicular

Fig. 4 Reinforcement of a tenon joint in tension adding metal elements
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The strengthening of existing notched joints, the most common connection in
traditional roofing systems, mainly aims to avoid shear failure in the front portion of
the notch. Most of the time, an end beam repair is required too because of decay and
a wooden prosthesis must be used to replace the degraded material (Fig. 5).

The prosthesis can be made using timber elements (solid or glued-laminated
timber) [15, 18] (Figs. 5, 6 and 7), steel elements or resin mechanically jointed to
sound wood with steel fasteners or different types of glued-in rods (see timber
floors).

As mentioned before, in past times, binding strips, stirrups, nails and bolts were
used to ensure the contact of the connected timber members and to avoid their
dismantling under reverse loads in severe wind or seismic events (Fig. 8).
The intervention concerning the metal elements that were used in the original
construction of the joints, or, added later, usually included the substitution of the
old type metal connectors (gypsy nails, binding strips, etc.) by new ones (screws,
bolts, new type strips etc.) and either the treatment of the original metal or the use of
a new one.

Fig. 5 Notched joints (connection of the rafter to the tie-beam) reinforced to shear stresses in the
frontal part of the notch with a screwed prosthesis
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Fig. 6 Intervention on the historic roof of Valentino Castle (17th century), Torino. Italy.
Prosthesis at the end of the tie-beams using glued laminated timber connected to the sound wood
by fiber-glass rods [19]



Repair and Strengthening of Traditional Timber ... 119

g roursomn oo

FRCaTLL 8 TR INTION

Fig. 7 A prosthesis proposal built up from timber boards (thickness 2 or 4 cm), of the same
species as the sound wood, connected to each other and to the sound timber with a mechanical
system (self-threading stainless steel screws) and a bi-components resin [15, 18]

Fig. 8 Examples of original metal elements used in notched joints

The strengthening techniques used nowadays try to reproduce the old techniques
even when using new metal plates, strips and fasteners like screws and self-tapping
screws (Fig. 9). These kinds of interventions can affect the stiffness of the joint, and
they should be checked too and designed accordingly.

Strengthened joints with metal devices were tested by Branco et al. under
monotonic and cyclic loading [20]. The purpose was to uncover any advantages and
drawbacks in the behaviour of the joint and of the strengthening as well as to look at
different types of strengthening. The four types of strengthened joints tested are
modern implementations of traditional techniques. All the tests conducted have
concluded that all the strengthening techniques are efficient and the metal devices
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Fig. 9 Contemporary strengthening interventions on notched joints reproducing old techniques

carry a part of the loads too, improving the load-carrying capacity of the joint.
However, the improvement in terms of strength and stiffness may varies substan-
tially for different technics. The least efficient regarding both maximum force and
stiffness is the solution with the external tension ties (Fig. 10).

In dovetail-lap joints loaded in tension, the splitting of timber is a common
failure mode. The traditional reinforcement of those joints consists in adding fas-
teners (bolts, nails, screws, etc.) restoring the shear mechanism provided by the pin
(Fig. 11). The design of this strengthening technique is based on the calculation of
the shear resistance of the new fasteners. This intervention affects the stiffness of the
joint (displacement of the centre of rotation). Binding strips or steel wire may also
be used.

The easiest way to reinforce a scarf joint in tension or realize a prosthesis
connecting the new member with the sound old part (Fig. 12) can be achieved by
adding metal fasteners (screws or bolts). On the contrary, the compression forces
must be transferred by the contact areas of the timber elements. The addition of
metal fasteners must secure the contact of these timbers. For the same reason, in

(a) (b) P
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Fig. 10 Traditional strengthening techniques of notched joints: a metal stirrups, b internal bolt,
¢ binding strip, d external tension ties

Fig. 11 Traditional reinforcement of dovetail-lap joints under tension loads by adding wooden
dowels
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previous historic periods, wooden pegs were used. In case of high loads, lateral
metal, timber or wood-based plates can be added to improve the load-bearing
capacity of the joint and to increase the stiffness. Both types of reinforcements are
used in restoration works (Fig. 12). In both cases the distances between the fas-
teners and between the fasteners and the ends or edges of the timbers must be
followed according to relevant rules usually found in modern standards. Otherwise
failures may occur.

Under bending, the rule of thumb that the weak point is the risk of premature
splitting of wood is encountered here too (joints cut with right angles are less
suitable due to the concentration of stresses at the corner of the cuttings).
Self-tapping screws can also be used to strengthen splittings at the area of a scarf
joint (Fig. 13a). From this point of view, scarf joints are better than halved-scarf
joints. Under tension only, reinforcement screws can be driven only in the over-
lapping area (Fig. 13d). This reinforcement can be checked using Johansen’s
equations assuming that the tensile load is completely carried by the screws.

In the case of the Trait-de-Jupiter joint it is common to add metal connectors
passing through the joint depth to reinforce the joint (Fig. 14d). Another solution
with glued in rods is presented in Fig. 14.

It is important to be mentioned that the reinforcement method depends on the
loading condition of the joint and the type of stresses that need to be transferred to
the connected members (tension, compression, shear, or/and bending).

Fig. 12 Scarf joints reinforced with metal fasteners and plates. Prosthesis with scarf joint and
bolts realized at the heel joint of a roof
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Self-tapping screws =7

Fig. 13 a Scarf joint reinforcement perpendicular to the grain with self-tapping screws,
b reinforcement of bending strength (weak axis) with a cog (half cogged scarf joint),
¢ face-halved scarf joint, d multiple scarf joint with under-squinted ends

Fig. 14 Scarf joint reinforced with glued in rods: steel rods are glued in both timber members and
connected with a long nut. Credits Pascal Lemlyn. Restauration du Moulin de I’abbaye de la Paix
Dieu, Institut du patrimoine Wallon, Belgique

2.2 Timber Roof Members

When large deflections are observed on timber roof members, interventions mostly
consist in increasing the stiffness of the element (and consecutively its strength) to
control the deflection and prevent the bending failure that may occur at the end.
Pre-stressing emerges as a global reinforcement technique. One may notice that
these techniques described below could of course be applied to timber floor ele-
ments In the bibliography produced since the second half of the 19th century, it is
possible to appreciate how the empirical work of many engineers has created such a
broad selection of layouts and structural solutions (Figs. 15 and 16).
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Fig. 15 Typologies for strengthening existing timber beams using pre-stressing techniques [7]

Fig. 16 Reinforced beams with metal tendons, by A.R. Emy [7]

Technical manuals refer to this kind of reinforcements with mild opinions,
mainly pointing out the difficulties of installing the outer tendons at the head of the
beam (due to the fact that they are embedded into the walls [7]. Of course,
improvements of the technics to be used have been done since the early beginning
giving confidence to the use of this kind of reinforcement. The major issue that still
has to be clarified is how the shrinkage, the deformation of timber under loads
perpendicular or at an angle to the grain and the rheological behaviour of the
material may affect the loss of pre-stressing (influence of the environmental and
material initial conditions) [21]. An advantage of these reinforcements is their
reversibility.

In order to find a systematic approach to post-tensioning restoration for wooden
structures (floors or roofs) it is necessary to wait until the second half of the 20th
century. All the main actors belong to the Italian school, which is known as a very
active centre for restoration theories and application developments. Some examples
were reported in manuals, written in the second half of the 20th century, which are
still a reference for present professionals (Fig. 17).

|
<
|

Fig. 17 Technical details for the strengthening of a beam through post-tensioning [8]
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Similarly, real case of studies of restoration offer to practitioners an opportunity
to apply some improved reinforcements and develop the empirical knowledge of
the 19th and 20th century which is sometimes far to be fully understood and
definitely need further studies (Figs. 18, 19 and 20).

The most common type of roof in Byzantine and post Byzantine buildings is a
spatial “post and beam” system, which functions in a completely different way
from the well-known types of king post trusses, which seem to be more common at
Italy and other European countries than they were at countries around Eastern

Fig. 19 Detail and design schemes of the project of Savona Theater. Courtesy of the designer,
Ing. L. Paolini

Fig. 20 Full view of the truss, and realized project of Savona Theater. Courtesy of the designer,
Ing. L. Paolini
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Fig. 21 Post and beam type of roofs of Post-Byzantine mansions in Greece [14, 16]. Excessive
deformation of the longitudinal horizontal beams that support the rafters. Reinforcement by adding
just new timber struts

Mediterranean (Byzantine and Ottoman empire). The loads are transferred from the
rafters through a three-dimensional (spatial) system of beams and posts (vertical or
inclined) on the horizontal timbers, which rest not only on the outer walls, but
mainly on the internal ones (Fig. 21). In the “post and beam” system, the con-
nections of the vertical and inclined posts are capable of transferring compression
forces but not tension. A typical failure of these roofs is the deformation of the
longitudinal horizontal beams that support the rafters (Fig. 21), because of the
absence of adequate posts. The improvement of the original load-bearing system
can be accompliced by the addition of new struts (more dense supporting) (Fig. 21),
an easy to apply and reversible intervention maintaining the original beam at its
position [13, 14, 16].

3 Timber Floors

Traditional timber floors are composed mainly by timber boards nailed on the
beams (Fig. 22), in few cases laterally restrained by secondary elements (see
Fig. 24). Ceilings may exist too (Fig. 22). To allow the interruption of the main
beams at singular points, like stairs and fireplaces, secondary beams were intro-
duced, forming the so-called stair shaft (Fig. 22).

The main beams are simply supported or fully supported on the walls, most of
the time made of masonry in old buildings. As a practical rule, it has been seen [22]
that the beams are supported in the entire wall thickness or at 2/3 of that dimension,
but this is not always the case. Natural slate may be placed as a support under the
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Fig. 22 Simple (vernacular/traditional architecture) and more elaborate timber floors (historic
buildings/monuments). Stair shaft in timber floor [22]

timber beam. Its rough surface is suitable to prevent moisture. To guarantee an
adequate connection between the floor slab and the walls, especially in seismic
areas, metal devices are used. Those metal devices can present various forms but
the main purpose is to use flat steel bars nailed or screwed to the timber beams of
the slab, having in the opposite edge a special geometry to improve the connection
with the masonry wall (Fig. 23). On the contrary, in many countries eastern than
Greece, floor beams are connected on a system of timber ties (lacings), embedded in
the masonry walls, for the seismic improvement of the building [13, 14, 16]
(Fig. 24).

To prevent any biological degradation, the beams ends are normally painted with
oil, leads solutions or tar.

In some cases, beams ends are placed over wall plates, in particular over
light-framed timber partition walls, with the aim to ensure the uniform distribution
of the load over them. The lateral restraining of the main beams is usually made by
strutting that can be herring-bone or solid (see Fig. 21).

3.1 Damages and Strengthening Techniques

Despite the presence of structural damage in timber floors, it is unusual to observe a
failure on these structures. This can be explained by the system effect given by the
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Fig. 23 Examples of metal devices used to ensure the connection between the main beams and
the masonry wall [23]. Timber ties that connect the floor beams to the masonry walls [13, 14, 16]

Fig. 24 Examples of floor strutting. a Herring-bone and b, ¢ solid

floor boards and in some cases, mainly in important buildings by the high safety
level normally applied in the past in the design of those structures. In domestique
architecture (traditional buildings, houses) the dimensions of timber are usually
small). Very often, as in roofs, intervention on timber floors involves end-beams
repairs. End-beams, embedded in masonry walls, are the more exposed zones to
biological agents. If a high level of humidity is present in masonry e.g. due to
infiltration, when disconnections or damages occur in roofing elements (tiles etc.)
and the adsorbed moisture cannot be evaporated because of lacking in ventilation,
the suitable conditions for biotic attacks are established and therefore degradation of
end-beams can be expected (Fig. 25).

This fact is well known among structural restorers and engineers familiar with
timber. The first considerations about the effects of moisture content onto the
end-beams were due to Vitruvio [24], whereas the suggestion of preparing aerated
supports for hosting beam heads were firstly attributable to Alberti [25].

Nowadays, several examples of techniques and methods can be found in liter-
ature for the repair and reinforcement of timber end-beams [8, 15, 26]. Since the
early seventies, many companies have developed materials and techniques to repair
decayed timber elements (design of a prothesis) (Figs. 6, 7 and 26). All of them aim
to restore the load bearing support that has been lost because of the material decay.
Fire damage, may cause a reduction in the member cross-section too, resulting in
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Fig. 25 Examples of decayed old timber end beams that can be found both in floor and roof
systems

inadequate strength and stiffness. The elements that substitute decayed timber can
be recognizable, visible or not and the elements that connect them to the sound
wood can be either external or internal too.

It is possible to identify two distinct groups of techniques according to the
material to be used:

Timber, wood based materials and steel elements (steel sections, plates, rods
etc.). The intervention consists in the substitution of the decayed part by a new
element which can be made of wood (solid or glued-laminated) (Figs. 6, 7 and 26a)
or in steel (Fig. 26b). Any new timber should be of the same species as the original
one and have the same moisture content. The cuttings of the timber prosthesis and
its on-site application may vary depending on the used method and on many other
parameters that have to be taken into account (aesthetics, presence of decorative
elements, access, fire protection etc.).

(a) New timber elements connected to the sound part  (b) New steel elements replacing the
with steel straps, plates and steel fasteners decayed timber

o~

~
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|

(¢) Glued-in plates connecting the prosthesis (d) Glued-in rods connecting the prosthesis
to the sound part made either of wood or resin

Fig. 26 Examples of end-beams repair techniques
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Resin and so-called fibre reinforced polymers (FRP). The decayed part of the
beam is replaced by a resin prosthesis connected to the remaining part of the beam
element using glued-in plates (Fig. 26¢), horizontal or inclined rods of different
types (Fig. 26d).

When the aesthetic value is of low importance and no fire resistance is required,
the resin part can be visible or the connection of the prosthesis can be external.
However, usually the prosthesis is connected to the sound part of the element with
glued-in plates or glued-in rods. Plates and rods can be in FRP (glass, carbon or
aramid) but the steel ones (stainless usually) are the more appreciated due to their
reduced cost. The use of prosthesis became well accepted mainly due to its low
intrusion level, simplicity and the good aesthetic value that can be provided from
some of the used techniques. The use of timber prosthesis compared to resin or steel
elements is considered closer to the principles concerning the conservation of
historic timber structures.

The design rules for this kind of repairs are based on simple and empiric design
rules and technical data provided in the cases that resins are used by resin manu-
facturers (European Technical Approval). Those rules are probably simple and
conservative. For example, the one used for the Beta-System considered a strain
distribution in repaired beam similar to that one of sound wood, and moreover
imposed that the moment of resistance of the sound timber is equal to that one of
rods used for the intervention. In such a way the total area of rods could be
calculated. The length of anchorage is simply calculated from the resin-to-rods
allowable bond stress and from the shear strength of sound timber (so, rigid bond
between resin and wood is assumed as related to the design safety value of shear
strength for wood). Apart from these empirical approaches, based on the allowable
stresses, the adoption since 1994 of Eurocode 5 (EN 1995-1-1:2004) [27] changed
the way to handle the design approach of this kind of interventions. The common
approach is substantially similar to that described in the former standard
1995-2:1997 [28], and not appearing in the current version of 1995-2:2008 [29].
European countries have obviated to this normative deficiency through National
Application Documents (e.g. the Italian CNR-DT 206/2007 [30]).

When the load-carrying capacity of the whole floor has to be increased or if the
vertical deflection of the beams is too high, the introduction of additional elements
is a common technique (reinforcement) (Figs. 27 and 28).

Steel plates, timber or wood based boards nailed or screwed to the main beams is
an effective way to repair or strengthen timber beams. In most of the cases, those
new elements are made of wood, wood-based products or steel. In these cases,
additional elements are introduced between the main beams (placed parallel to
them) with or without any connection to them or placed perpendicular to the main
beams with the aim to reduce their span. In this last case, the new elements present
significant cross section as result of the considerable load that they have to support
(Fig. 27).

The reinforcement techniques commonly adopted in the practice consist in
coupling the existing beams using concrete or wooden slabs placed usually over
them: different configurations are possible depending on the slab material and
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Fig. 27 Examples of reinforcement techniques of timber floor beams

a) Application of pultruded profiles in the
compression zone connected by mechanical
devices

¢) Application of external plates in the tension
zone

¢) Application of internal plates in the tension  f) Application of internal plates in the tension
zone and compression zones

£) Application of bars in the compression zone h) Application of bars in the compression zone

Fig. 28 Examples techniques for flexural strengthening using FRP bars and plates bonded to the
external surface of the beams possibly with the addition of mechanical connectors or inside special
slots cut into the beams (CNR-DT 201/2005) [31]
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Fig. 29 Examples of reinforcement techniques of timber floors [32]

connection system (Fig. 29). In this way, it is possible to rely on a composite
T section beam.

One of the most widely used and effective techniques for strengthening floors is
based on the connection of a new 40-50 mm height concrete topping on the
existing timber joists. Different types of metal fasteners, notched shear keys or
slotted-in perforated plates generally assure the effective collaboration between the
two different materials [33—40]. The new composite section ensures a significant
floor stiffness upgrade, while the concrete topping connected with the vertical walls
is able to give an effective diaphragmatic action to the floor improving the lateral
load resistance of masonry buildings in seismic areas. The use of concrete also
allows load distribution to take place, provides acoustic and fire insulation and
increases the natural frequency of the floor. On the other hand, a concrete slab must
be thin since it adds undesirable additional weight on the floor, and consequently
increase the seismic and the foundation loads. This technique, while simple and
very efficient, is now often considered not sufficiently reversible: particularly in
Italy it is frequently not approved by the Cultural Heritage Offices to be used in
buildings of historical value.

In timber-to-timber composite sections, the use of traditional materials and dry
assembly methods are in agreement with the restoration issues of compatibility,
reversibility or recoverability of the intervention. Moreover the additional loads are
quite small. For all composite sections the mechanical characteristics of the con-
nection are the main factor which influences the structural response. Design of
composite sections requires the consideration of partial composite action, due to the
impossibility of achieving an extremely rigid shear connection between web and
flange (deformable shear connection between web and flange). Analysis can follow
the Eurocode 5 [27] approximate ‘gamma method’, where an effective flexural
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stiffness (EI).¢for the composite section is calculated as a function of the stiffness of
the shear connection, taking into account the slip between the flange and the joist.
Also the ‘shear analogy method’, where the composite beam is divided into two
virtual components coupled with stiff bars can be used to determine internal forces
[41-43].

The type of prosthesis or reinforcement method may vary depending on many
parameters that have to be taken into account (cultural values, aesthetics, presence
of decorative elements, access, fire protection, on-site application, cost etc.).

3.2 In Plane Structural Behaviour

It is important to assess the floor or the roof (usually at the ceiling level),
diaphragm’s in-plane stiffness, as it can affect the structural performance of a
traditional masonry building subjected to lateral loads.

The common configuration of existing timber floors with a crosswise single
layer of wooden planks might need an in-plane shear strengthening and mainly a
connection mechanism to the vertical load bearing elements (masonry or
timber-framed walls) especially to the ones that are parallel to the floor or roof
beams in order to ensure an efficient distribution of the lateral seismic load through
all bearing walls [16, 18, 32].

In Italy, Spain and Portugal, the connection to the wall is achieved using metal
devices (Figs. 23 and 32b). In Greece and in most of the countries eastern than
Greece, for thousands of years a horizontal continuous system of timber
ties/lacings, a timber grid, running around all masonry walls, is tying the building as
a belt in several levels (Figs. 23 and 30). On these timber ties the floors and the
roofs were nailed improving the connection and the collaboration of the walls (box
behaviour). The improvement of the diaphragmatic action of the timber roofs and
floors is considered a successful reinforcement of the buildings against severe
earthquake events [13-16].

Fig. 30 Roofs nailed on timber ties that connect the vertical load bearing walls of the buildings
(masonry or timber-framed) improving their seismic resistance [15, 16]
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As mentioned before, there are several techniques for strengthening existing
timber floors. Their effectiveness in terms of in-plane stiffness too differs depending
on the strengthening technique used [44—-47]. The most effective ones, in terms of
in-plane stiffness, are those which reinforce the compression side of the floor
cross-section. The basic idea is to improve the in-plane stiffness of the floor system
by implementing a more efficient T-section as for vertical loads. Among the various
possibilities, the addition of a concrete layer over the timber structure is common
practice [45, 48]. Another possibility is to use timber or wood-based materials
(e.g. plywood) (Fig. 31), instead of a concrete slab to enhance the in-plane stiffness
[16, 32, 46, 47].

In fact, an old technique for strengthening timber floor systems is the addition of
a second layer of wooden boards perpendicular to the existing ones (Fig. 32). This
second layer is used to recover part of the existing deformation (as a false floor) to
increase the bending stiffness and contribute to the in-plane stiffness of the floor.

An alternative to the traditional technique of adding a second layer of floor-
boards to strengthen the floor placed transversally to the existing ones consists to
place either floorboards placed diagonally or plywood panels, over the existing
planks and under the new ones, since the last layer has to be made by boards, At the
level of the roof, the plywood panels can be added between the horizontal tie-beams
and the planks of the ceiling (Fig. 31) [16]. CLT (cross laminated timber) panels
can be used over the floor beams too and screwed onto them. It must be noticed
that, thanks to the enhanced mechanical performances of CLT, namely good in- and
out-plane load bearing capacities and two way action capability, it is possible to

Fig. 31 Use of plywood panels over the existing floor boards and under the second layer of
boards for the pavement. Use of plywood panels between the horizontal tie-beams of the roof and
the boards of the ceiling for the improvement of the diaphragmatic action of the floor and the roof
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Fig. 32 Stiffening intervention with dry hardwood pins to connect planks and/or boardings to
original timber floors (a, b) and detail of connection to walls (b), distribution of dowels along
a main beam (c), and different working of connections depending on contribution of boarding
(d), combined flexural and shear (leff), bending (centre), pure shear (right)

replace an entire timber floor system composed of beams and boards with CLT
panels. However, the techniques more promising and more compatible to the
principles of conservation of traditional/historic buildings is the ones that keep the
existing beams or in general the original structural system. Five full-scale timber
floors were tested in order to analyse the in-plane behaviour of these structural
systems [49]. The main objective was an assessment of the effectiveness of in-plane
strengthening using cross-laminated timber (CLT). The use of CLT panels is
revealed to be an effective way to increase the in-plane stiffness of timber floors,
through which the behaviour of the composite structure can be significantly
changed, depending on the connection applied, or modified as required.
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4 Conclusions

When working on old timber structures, the fact that the structure has survived for
decades or centuries without failure it may be sufficient proof of its load bearing
capacity if the use is not changed and it has to be taken into account if any or what
kind of intervention is needed. On the other hand, this maybe not be sufficient proof
for the future when new use and new imposed loads are introduced. If the decay of
timber elements is too large, then local replacement of the decayed part is clearly
the only solution. If repairs are necessary, specific reliable on-site assessment
techniques are required to determine the appropriate level of intervention needed.
This point remains very important to evaluate the replacement, repair and
strengthening solutions along with the cultural significance of each case, the
know-how and the associated project costs. Evaluation of the durability of the
intervention works carried out with new innovative techniques is necessary too.
Reinforcement may help to achieve several aims, for example, increasing the load
bearing capacity (strength and stiffness) when is needed, or increasing the ductility
of timber members or timber structures.

For joints, reinforcements help to reduce gaps in order the mechanisms of
transmitting the loads to work properly, overcome timber weaknesses by increasing
the shear strength and the tensile strength perpendicular to the grain, also helping to
reduce the propagation of cracks. It is important to be pointed out that the inter-
ventions in joints (repairs or reinforcements) must not change their stiffness and
consequently the overall original behaviour of the original structural system.

For timber beams, reinforcements help to restore the load bearing capacity that
has been lost because of the material decay at the support area, to increase the
moment of resistance (and so limit the deflection too) or to increase the in-plane
stiffness for lateral loads.

The study of reinforcement techniques is not yet included in European standards
as Eurocode 5 but only, for specific aspects, in the National Annexes of some
countries. Investigations on that promising topic have helped to figure out how to
overcome timber weaknesses and have resulted in the proposal of design models
and reinforcement methods. Some of the most important and applicable outcomes
will probably be integrated in the revision of Eurocode 5 to help engineers to restore
timber floors or timber roofs. But since existing structures and mainly historic
structures are not covered by the new standards suitable for mainly new built
structures, it is urgent and of great importance relevant European Standards to be
developed too. These Standards have to provide the necessary tools for structural
engineers, members of a multi-disciplinary team that have to work together in a
restoration project, to evaluate the existing condition of a historic timber structure
and moreover to select the proper interventions using innovative and/or simple
techniques that will save the authenticity of our architectural heritage, including the
authenticity of the “invisible” in many cases load bearing system.
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Strengthening of RC Buildings with Steel
Elements

J.M. Castro, M. Araitjo, M. D’Aniello and R. Landolfo

1 Introduction

In Europe, especially in the Southern part and in Mediterranean basin, existing
reinforced concrete (RC) buildings are often affected by a number of structural
inadequacies and deteriorated conditions. Therefore, structural engineering con-
sultants and practitioners are oftentimes faced with a rather challenging situation of
having to assess and strengthen an existing building for a number of different
reasons, such as the need for extending the dimensions of the building, changing of
its use, repairing visible damage and deformations or improving seismic resistance.
Nevertheless, despite these various reasons for strengthening, most codes, such as
the Eurocodes, simply address the structural assessment and strengthening prob-
lems from an earthquake-resistant perspective, as discussed in detail by Romao
et al. [1], and little guidance is provided to deal with more general cases, such as
low-rise gravity buildings located in areas of low or very low seismicity. As a
result, practitioners are usually forced to rely on engineering judgment [2], com-
monly resorting to codes that have been developed to address the design of new
buildings, which, for instance, do not cover structural condition inspection issues,
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or to a number of handbook guidelines and existing bibliography. Moreover, even
the most recent versions of codes dealing with the seismic assessment and
strengthening of buildings, such as Part 3 of Eurocode 8 (EC8-3) [3], reveals a
number of inconsistencies in the assessment procedures [4-8] and provides scarce
information with respect to the design of the strengthening techniques. For instance,
in the case of RC buildings, EC8-3 solely provides guidance for the strengthening
of RC members using jacketing approaches [1] and no further reference is provided
regarding strengthening interventions at the storey or global levels. Although this
might be related with the fact that EC8-3 simply defines its compliance and
acceptance criteria at the member level, the European code does not consider the
eventual unfeasibility, disruptiveness and cost of implementing such local
strengthening techniques. The preparation of a future generation of codes, partic-
ularly of EC8-3, that specifically address different strengthening solutions suitable
to deal with different local and global performance requirements seems to be
therefore necessary. This chapter aims, on the one hand, to address this issue by not
only discussing various strengthening needs commonly associated to existing RC
buildings, but also by contextualizing their design from a code perspective. Hence,
most of the observations regarding code-based performance requirements are based
on the prescriptions of the current set of Eurocodes.

Concerning the strengthening interventions and seismic retrofitting solutions,
several techniques and design strategies have been deeply investigated and adopted
in the past, either to improve or to retrofit RC buildings, such as bonding and/or
jacketing with composite materials, using special devices, modifying the structural
scheme by adding RC shear walls, adding steel elements and sub-systems, etc.
Among the wide range of upgrading options, the use of steel elements offers a
diversity of strengthening applications and might be considered as a rational
alternative to other strengthening techniques due to their ease of design and
detailing and cleaner, less intrusive and disruptive implementation. A number of
studies and research initiatives have been conducted in the past with the aim of
providing specific information in terms of the performance of RC buildings sub-
jected to different strengthening techniques involving the use of steel elements
[9-13]. Among the various existing guidelines, FEMA 547 [14] is one of the very
few documents that provides thorough guidance to practitioners in terms of the
most common structural deficiencies found in RC buildings with different typolo-
gies (e.g., moment resisting frames, shear walls or precast buildings). The FEMA
guideline proposes strengthening techniques for each structural deficiency and
makes considerations on construction, cost, disruption and proprietary concerns.
Still, despite the pertinence of presenting general strengthening techniques per
specific building weakness, it is important to highlight that the effectiveness of each
retrofitting solution is case dependent and varies with the level of seismic hazard, as
discussed by Asteris et al. [15]. A recent study based on the assessment of a typical
existing RC building constructed in the 50s in Lisbon, carried out by Furtado et al.
[16], showed that strengthening RC buildings using steel elements is a very efficient
solution. Indeed, the rational design of steel systems allows minimizing structural
demands, by implementing conventional steel bracing systems, and also improving
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the cost-efficiency, through the use of steel bracing systems with energy dissipation
devices. The latter solution was demonstrated by Furtado et al. [16] to be as efficient
as concrete jacketing of RC columns or as adding RC shear walls, although costing
four times less and around 10% of the property value of the building. Thus, those
Authors [16] proved that steel elements are a rational solution from a strengthening
standpoint and are highly worth to be considered by structural engineering con-
sultants and practitioners. Hence, this chapter also aims at presenting a
state-of-the-art review on different strengthening techniques using steel-based
solutions, from traditional local and global interventions using bolted or bonded
steel plates and jackets or concentric steel braces to more innovative dissipative
systems based on eccentric braces, buckling-restrained braces or metal shear panels.

2 Assessment and Strengthening Needs in Existing
RC Buildings

2.1 Code-Based Assessment Approaches and Common
Practices

Seismic strengthening of existing RC buildings is one of the most common and
challenging strengthening problems that designers might have to face. Past earth-
quake events have dramatically tested the seismic performance of the existing RC
building stock of many different countries, revealing not only the high seismic
vulnerability of pre-code buildings designed to simply withstand gravity loads [17],
but also, and critically, the lack of guidance to designers in the repair and
strengthening process [2]. Codes that specifically address the seismic assessment
and strengthening of existing buildings are relatively recent and unknown to many
practitioners, introducing new performance-based concepts that might imply the use
of advanced and complex nonlinear methods of analysis. Searer et al. [18, 19] have
alarmingly demonstrated a clear distrust and lack of confidence of American
practitioners in the American seismic assessment and strengthening code [20].
Similarly, a survey recently conducted among Portuguese practitioners by Aradjo
and Castro [21] has shown that although half of the respondents have previously
dealt with a seismic safety assessment problem, only 8% of those respondents used
EC8-3, 37% used Part 1 of Eurocode 8 (EC8-1) [22] and the vast majority still
applied the former national code (RSA [23]) that defines seismic actions in com-
bination with Eurocode 2 [24] or other design and detailing national codes. Among
the reasons for not applying EC8-3, 35% of the participants responded to be
unaware of its existence, while 36% consider it too complex to be applied in
practice. For what concerns the use of nonlinear static and dynamic procedures, it
was seen that half of the respondents are not familiar with those type of procedures
and only 12% have actually applied them in practice.
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Therefore, it is clear that, when dealing with the assessment and strengthening of
RC buildings, structural engineering consultants and practitioners commonly resort
to: (i) linear elastic analysis procedures; (ii) codes that prescribe general design and
detailing rules; (iii) and, seismic codes that aim at the design of new buildings. Such
practices are conceptually different from the approaches followed by assessment
and strengthening codes [1] and should be implemented with great caution as they:
(i) do not recognize the level of knowledge of the structural condition of the
existing building; (ii) rely on safety factors that only account for the uncertainty in
the properties of materials produced under known quality specifications, which may
not reflect those of existing buildings; (iii) imply the pre-selection of a certain
ductility class (e.g., seismic design to EC8-1) which is associated to a behaviour
factor, g, that has been derived for new buildings with known and controlled
dissipative mechanisms. Further validation studies using nonlinear analysis should
be carried out on the strengthened building to assess its overall ductility and
compliance with the requirements of the selected ductility class; (iv) are based on
the g-factor approach and linear methods of analysis that may not provide the exact
picture of the most probable failure mechanism of the existing building; (v) and,
finally, when Eurocode 2 or other design and detailing national codes are adopted in
combination with national standards that define seismic actions, do not consider
specific seismic detailing that assures the achievement of acceptable levels of
ductility at the member or joint level. The latter point is in fact critical when
strengthening techniques at columns are employed, which might aim at avoiding
the formation of possible soft-storey mechanisms by relying on beams to control the
performance of the existing building.

A brief overview on the differences between the conceptual principals that set
the basis of the various assessment approaches followed by Portuguese practitioners
is presented in Table 1. It may be readily drawn from Table 1 that assessing
existing buildings to EC8-1 might be too demanding for the structure, as more
stringent performance requirements are prescribed by the European code, particu-
larly related with the serviceability limit states. In fact, the aim of EC8-3 is not to
attempt upgrading an existing building to comply with design code provisions,
since the strengthening costs would be prohibitive, but rather to ensure acceptable
levels of damage [21].

Furthermore, whilst EC8-3 establishes acceptance criteria at a member level that
consist of controlling deformation demands in ductile members and strengths in
brittle members, EC8-1 establishes global criteria, e.g. control of second-order
effects, that might imply significant lateral strength and stiffness requirements for
the structure [27]. These global criteria could easily result in over-strengthened and
more expensive solutions. In turn, the Portuguese RSA [23], which may be rep-
resentative of other seismic codes in use since the 80s, does not refer to any
serviceability verifications and defines a seismic action that is associated to a return
period twice that of ECS8-1.

Besides seismic strengthening, other issues, such as the change in usage of the
existing building, the need for extending the building dimensions or the develop-
ment of visible damage, may imply the implementation of further strengthening
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Table 1 Comparison between different seismic assessment approaches

National code
(RSA) with Eurocode 2

Part 1 of Eurocode 8

Part 3 of Eurocode 8

Knowledge * Not applicable * Not applicable * Definition of three
of the knowledge levels and
structure confidence factors
[5, 7, 21, 25, 26]
Performance |+ Ultimate limit state: + No-(local-) collapse + Near collapse limit
requirements | safety of people and/or | limit state [26]. state. Heavily damaged
of the structure. Internal | Prevention of collapse | structure with low
failure or excessive of any structural residual strength and
deformation of the member and retention of | stiffness
structure or members structural integrity and |« Significant damage
residual load capacity in | limit state. Significantly
the event aftermath damaged structure with
* Damage limitation some residual strength
state. Mitigation of and stiffness
property loss by limiting |+ Damage limitation limit
non-structural damage. | state. Lightly damaged
Structural elements structure with structural
should retain their full | elements prevented from
strength and stiffness significant yielding
and need no repair [26]
Global * Analysis including + Structural regularity * Not applicable
criteria geometric imperfections |+ Ductility class

and second-order effects

+ Control of
second-order effects and
inter-storey drifts at the
damage limitation state
* Weak beam-strong
column condition

Local criteria

+ Force-based design
and detailing of
members

* Force-based design
and detailing of ductile
and brittle members

+ Control of deformations
(chord rotations) in
ductile members

[4, 21, 26]

+ Control of strengths in
brittle members

measures. However, as mentioned above, Eurocodes do not provide general
assessment and strengthening specifications, leading practitioners to rely on their
engineering judgment. A rational approach would be to apply the concepts intro-
duced by EC8-3 in the collection of the information necessary for structural
assessment and to follow, for instance, the general rules provided by each specific
Eurocode (e.g., EC2) by taking into account the mean values of material properties
divided by the EC8-3 confidence factor and specific partial factors, as well. Issues
related with the sustainability and life-time of the strengthened building should be
equally addressed [28, 29], as for example the eventual capacity deterioration due to
environmental effects or fatigue and their consequent costs.
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2.2 Structural Deficiencies and Strengthening Needs

Older non-ductile gravity-load designed RC buildings oftentimes conform to
irregular architectural layouts, and are known to be potentially vulnerable to
earthquakes [30]. The lack of ductility and lateral stiffness and strength, the absence
of resistance hierarchy criteria, the poor detailing (e.g. lack of stirrups and insuf-
ficient amount of reinforcements) are some of the most common structural defi-
ciencies found in this type of buildings. The seismic strengthening of older RC
buildings located in seismic prone-regions is a critical issue and it should be taken
as a first priority by public authorities and stakeholders.

As noted by Fardis [26], the aim of strengthening is to assure that all relevant
elements fulfil the general verification inequality E; < R, where E, refers to
demands and Ry to capacities, which could be achieved either by reducing demands
or by increasing capacities. Different strengthening measures can be implemented to
verify this inequality depending on the deficiencies exhibited by the structure. An
overview of the most common structural deficiencies and subsequent strengthening
measures is presented in Table 2. These measures may be grouped into: (i) local
strengthening measures; (ii) removal or reduction of irregularities and structural
discontinuities; (iii) global structural stiffening and reinforcement measures;
(iv) and, finally, mass reduction measures. The strengthening systems should be
equally designed to comply with the general code prescriptions presented in
Table 2.

Although ECS8-3 does not explicitly define lateral stiffness and strength
requirements, the inter-storey drift limits proposed by EC8-1 to control
non-structural damage at the serviceability limit state and the criterion prescribed by
EC8-1 to assess second-order effects might be adopted. Also, in those cases where
the capacity of columns is increased by relying on beams to govern the seismic
response of the existing building (e.g., avoid a soft-storey mechanism), the weak
beam-strong column condition (clause 4.4.2.3 of EC8-1) should be assured.
Obviously, the reliability of such condition will depend on the quality of the
information collected from the members framing into that same joint. Moreover, it
should be importantly emphasized that the seismic assessment of existing buildings
should only be conducted employing linear analysis if the EC8-3 applicability
criterion is verified using a limit value for p; (the ratio between the demand D;
obtained from the analysis and the corresponding capacity C; for the i-th ‘ductile’
primary element of the structure) in the range of 2-3, and if the EC8-1 weak
beam-strong column condition is assured. Otherwise, nonlinear analysis or g-factor
analysis using a ¢ factor value equal to 1.5 should be employed, as suggested by
ECS8-3. These considerations are made following a recent study conducted by
Aratjo and Castro [21], wherein it was shown that linear analysis can result in local
deformation demands with errors greater than 60% if vertical regularity in the
distribution of demands is not assured. Finally, it should be noted once again that
the structural deficiencies and strengthening needs presented in Table 2 are oriented
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Table 2 Common deficiencies, strengthening needs and code-based compliance criteria

Structural deficiencies

Strengthening needs

Code-based compliance
criteria

* Lack of member or joint
ductility under seismic
conditions

* Lack of local and/or global
strength and stiffness

* Insufficient in-plane wall
shear strength or flexural
capacity

+ Insufficient reinforcement

* Selective local strengthening
at a member level

+ Add new dissipative
elements to provide stable
failure mechanisms or
increase lateral stiffness and
strength

* Reduce seismic demand by
removing upper stories or
adding seismic isolation or
supplemental damping

» Remove components
creating short columns

* Structural irregularity in plan
and elevation

* Presence of a weak storey

+ Change in failure
mechanism (e.g.,
development of soft-storey) as
a result of falling down of
non-structural components
(e.g., coupled infill walls)

* Add strength and stiffness at
storey levels to achieve
vertical regularity in demands
* Ensure diaphragm effect and
sufficient connection between
elements to guarantee the load
path

+ Use of expansion joints to
transform a single irregular
building into various regular
ones

» Add new balancing elements
to reduce torsional effects

+ Uncouple infill walls or use
them as structural walls

* Verify local deformation
and strength capacities by
fulfilling the general safety
inequality (E; < Ry) at all
limit states

+ Skip ductility verifications if
sufficient reinforcement and
detailing is provided
according to EC8-1

+ Control and inclusion of
second-order effects in
structural analysis (e.g.
EC8-1 and EC2)

+ Control of inter-storey drifts
at the serviceability limit state
according to EC8-1

« Verify the weak
beam-strong column
condition as proposed in
EC8-1

* Consider the EC8-1
structural regularity criteria
for good practice

* Verify the EC8-3 linear
analysis applicability
criterion [4, 21]

towards seismic strengthening. More general cases would most probably require
local or global increase in stiffness and strength.

3 Traditional Structural Strengthening Techniques
Using Steel Elements

3.1 Increase of Member Capacities Through Bonding
or Bolting Steel Plates and Steel Jacketing

The enhancement of member capacities is oftentimes a cost-effective option when
only a reduced number of members in a structure are deficient and when columns
within weak storeys or at a certain side of the building are to stiffened and
strengthened to correct vertical irregularities or torsional imbalance in plan [26]. In
general, the strengthening of members should be conducted with the aim to correct
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its inadequate shear, flexural and axial compression capacities, as well as its
irregular plastic hinge confinement and lap splice [31].

A common strengthening technique that aims at achieving such objectives
consists on the use of bonded external steel plates applied to the soffit of the
existing member. This strengthening measure is usually adopted due to its ease of
application, limited disruption and low price of the materials involved in the pro-
cess. However, despite the fact that external plating of RC elements may be seen as
a rational approach to enhance RC members’ ductile flexural capacity, a number of
previous studies [32-34] have shown that such strengthening technique is highly
prone to premature plate peeling failure before the development of the members’
full flexural capacities, if not properly designed, as a result of diagonal shear cracks
and vertical flexural cracks at the plate curtailment location. To address this issue,
Aykac et al. [32] have recently conducted an extensive experimental test campaign
on a number of RC beams strengthened with soffit steel plates anchored with the
help of bolts or side plates (collars) with different heights. The bottom plate was
epoxy-bonded to the beam in every specimen. For illustrative purposes, Fig. la
presents the layout of some specimens. Design aspects were discussed by Aykac
et al. [32] and further recommendations were provided, namely: (i) external plates
terminating at the shear spans are more susceptible to shear peeling; (ii) thin plates
are less liable to peel off and do not need additional anchorage; (iii) thick plates
anchored with collars were seen to be the most effective strengthening solution,
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Fig. 1 Strengthening of RC beams by means of: a bonded steel plates (adapted from Aykac et al.
[32]), b bolted side-plates (adapted from Su et al. [37]), ¢ and U-shaped bars welded to steel
angles (adapted from Monitorul Oficial al Romaniei [39]). Dimensions in mm
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which may be further enhanced by including discrete collars along the length of the
member, as represented in Fig. la. The side legs of the end collars should be
extended at least to two-thirds of the height of the beam. Likewise, Zhang et al. [35]
investigated the feasibility of strengthening two-way RC slabs by externally
bonding steel plates. It was concluded that not only such strengthening technique
can greatly increase both cracking and ultimate strengths, but also plate peeling
failure does not occur as opposed to plated beams. To facilitate the implementation
of such technique on site when the plates are too large to be handled, orthogonally
placed steel strips may be used to achieve the same amount of external reinforce-
ment in the plated region. The suitability of designing steel plate bonding to slabs
based on yield line analysis was equally verified by Zhang et al. [35].

Another commonly adopted and attractive solution that aims to increase the
strength and shear capacity of existing RC beams consists on the use of bolted
side-plates. Contrarily to bonding external plates at the soffit of the beam, anchoring
bolted side-plates, as represented in Fig. 1b, might be a logical approach as it does
not require the removal of infilled walls and allows propping up the existing RC
member. This technique works by relying on the slip between the RC beam and the
steel plates, which mobilizes anchor bolts and transfers forces to the steel plates.
Significant differential deformation between the steel plates and the RC beam can
still occur, particularly when plastic hinging initiates [36], and thus the effect of this
partial interaction in the composite behaviour of the beam should be accurately
accounted for as it could lead to unsafe design. The mobilization of this partial
interaction between the steel plates and the RC beam depends on the strengths of
the bolts and plates and controls the most probable failure mechanism. According to
Su et al. [37], three failure mechanisms may develop: (i) a concrete-controlled
mechanism; (ii) a bolt-controlled mechanism; (iii) and, a plate-controlled mecha-
nism. The first mechanism occurs when strong bolts and strong plates (see speci-
men SBSP in Fig. 2b) are used. Members develop their full strength capacity by
exploiting the coupled behaviour between the concrete and the steel plates and
brittle failure is expected to occur due to concrete crushing. The second mechanism
occurs when weak bolts (see specimens WBSP and WBWP in Fig. 2b) are
employed. The members reach their full strength capacity similarly to
concrete-controlled members and fail when the ultimate deformation of the bolts is
reached. Finally, the third mechanism is observed when strong bolts and weak
plates (see specimen SBWP in Fig. 2b) are used. Steel plates are expected to yield
before the achievement of the member’s full strength and to govern the post-peak
softening behaviour. Su et al. [37] concluded that, although a significant strength
enhancement is achieved when the SBSP arrangement is adopted, the SBWP
arrangement is recommended due to its ductile failure mode. The use of bolted
side-plates in the strengthening of existing RC coupling beams was equally
assessed and validated by Su and Zhu [38]. Finally, it should be referred that the
Romanian P 100-3/2008 code [39] is one of the very few normative documents that
provide guidance and detailing in terms of the strengthening of existing members.
In addition to the detailing of bolted side-plates with height equal to the clear web
of the RC beam bonded with epoxy resin (special attention should be paid to this
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strong plate solution according to the results obtained by Su et al. [37]) or bonded
U-shaped steel plates that embrace the beam’s soffit with pressure-injected cement
or epoxy mortar, the Romanian code also proposes a simple strengthening tech-
nique that consists of embracing the beam’s soffit with U-shaped steel bars
anchored to the slab and welded to steel angles, as represented in Fig. 1c. The
anchor plates should have a thickness greater than 5 mm and should be spaced by at
least 200 mm.

For what concerns the strengthening of existing RC columns using steel ele-
ments, steel jacketing is the most rational and widely adopted solution. Although
being more expensive than concrete jacketing, this technique is simple, familiar to
the industry and readily available [26]. As briefly defined in EC8-3, this technique
consists of caging existing rectangular RC columns with four corner angles to
which continuous steel plates or discrete steel strips are welded (see Fig. 2a). The
corner angles may be epoxy-bonded to the concrete or simply made to adhere to the
concrete without gaps along the height of the column. The 10-20 mm gap between
the plate and the surface of the column should be grouted with non-shrink mortar
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[26] (see Fig. 2a) and the steel strips can be pre-heated in the range between 200
and 400 °C prior to welding, to enhance the confining effect. Alternatively,
thin-walled steel jackets may be used. This solution is particularly relevant for the
case of circular columns and consists of semi-circular halves fitting closely around
the column and field-welded along two vertical seems. Clearly, this strengthening
technique aims at adding up additional confinement to that already provided by
transverse hoops, increasing the member’s shear capacity and correcting deficient
lap-splices [40]. Moreover, as thoroughly discussed by Montuori and Piluso [41],
the confinement effect may equally enhance the member’s deformation capacity
and laterally as well as restrain steel rebars from buckling. The corner steel angles
may also provide an effective increase of longitudinal reinforcement. An extensive
experimental campaign was carried out at the Technical University of Valencia
[42-45] to investigate the various parameters that influence the effectiveness of
steel jacketing. The following conclusions were drawn: (i) the type of mortar
adopted (cement or epoxy) does not affect the behaviour of the column; (ii) un-
loading the column prior to strengthening improves its behaviour, although not
significantly; (iii) the addition of strips of smaller size at the column ends (Fig. 2b)
considerably improves its axial strength and ductility [42]; (iv) the inclusion of
capitals (Fig. 2b) in axially loaded members may enhance their axial capacity,
although it may also cause local failure at the joint. Capitals connected by means of
steel bars through the joint (Fig. 2b) can be used to ensure a convenient transfer of
forces between the angles located on both sides of the joint [43, 44]. This solution
enhances both flexural and deformation capacities; (v) and, finally, if the influence
of the beam-column joint is eliminated, e.g., using capitals connected with steel
bars, the capacity of the member could be accurately estimated from Eurocode 4
[46]. In turn, as noted by Fardis [26], if a 25-50 mm gap between the end of the
jacket and the member end exists, the yield and the moment resistance of the
strengthened member should be taken equal to that of the original member. EC8-3
provides guidance for quantifying the increase in the member’s shear capacity and
for detailing regions where deficient lap-splices are present. Moreover, the benefits
evidenced by Garzon-Roca et al. [45] in continuing the steel angles along the joint
may also enhance the shear capacity of the joint itself. Some detailing is provided
by the Romania P 100-3/2008 code, as represented in Fig. 2c.

Finally, it should be referred that, according to Nagasprasad et al. [47], the use of
an end strip at the column base with height equal to 1.5 times the height of
intermediate strips allows the achievement of a desirable moment capacity in
strengthened columns. A design procedure has also been proposed by those
Authors [47].

New strengthening techniques have been recently investigated to increase the
capacity of existing RC columns and joints. By recognizing the negative
stress-lagging effect between the original column and the new jacket due to
pre-existing load, Wang and Su [48] presented a novel pre-cambered steel plate
strengthening approach that aims at alleviating such negative effects. In turn, Said
and Nehdi [49] proposed a strengthening technique for RC joints that consists of
using local steel braces. This technique was shown to significantly delay brittle joint
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shear failure and moved plastic hinging away from the face of the column, thus
enhancing the anchorage of beam bottom reinforcement.

3.2 Reduction of Demands Through Lateral Strengthening
and Stiffening with Concentric Steel Bracing Systems

As opposed to local strengthening, global interventions can be considered a
cost-effective solution when disruption of occupancy and damage to partitions,
architectural finishes and other non-structural components are of concern [26].
Previous earthquakes have shown that business interruption, non-structural com-
ponents and contents losses oftentimes overcome structural losses. Current
assessment codes, such as ECS8-3, do not explicitly address this issue, simply
limiting the level of damage to structural components subjected to frequent
earthquakes.

A commonly adopted technique that aims at increasing the lateral stiffness and
strength of a specific storey or overall structure consists of adding steel bracing
systems to the existing RC building. One advantage of this strengthening technique
is the reduced impact on foundations [14, 26], especially if compared to other
design solutions such as the use of RC shear walls. The braces are typically
designed to provide earthquake resistance [26], although Sousa and Castro [10]
showed that allowing the existing building to undergo inelastic deformations may
be beneficial from an economical and structural stand point. In practice, structural
engineers tend to adopt different approaches and structural analysis procedures
when faced with the design of the bracing system [14]. According to Fardis [26], if
linear analysis is adopted, two independent gravity- and seismic-alone analyses
should be conducted for the existing and retrofitted buildings, respectively, and the
results should be superimposed afterwards. Instead, if nonlinear analysis is used,
both actions should be taken as acting simultaneously. Typically, steel bracing
systems consist of concentric X-diagonal, V or inverted-V braces placed within
(Fig. 3a) or outside the plane of the existing RC building (Fig. 3i). Whilst the first
solution facilitates the composite behaviour of the final system, the latter could be
beneficial for architectural and disruption reasons. Youssef et al. [S0] demonstrated
the benefits of concentric steel bracing systems in increasing the seismic perfor-
mance of existing RC frames and provided further insights on design
methodologies.

A major concern that has been the focus of extensive research in the past is
related with the transfer of forces between the bracing system and the existing RC
frame. Massumi and Tasnimi [51] experimentally tested five types of connections
between the gusset plate located at the end of the brace and the RC joint, con-
cluding that: (i) braces simply bolted at the end of columns (see specimen BF12 of
Fig. 3b) exhibit significant cyclic strength deterioration and do not allow the new
system to achieve its maximum potential strength capacity; (ii) bolted connections
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to both column and beam ends (see specimen BF11 of Fig. 3b) were seen to
provide good results, similarly to those found by Youssef et al. [50]; (iii) connec-
tions based on caging the column end without any bonding adhesive (see specimen
BF21 of Fig. 3b) were seen to be prone to slippage, thus not being able to transfer
conveniently the forces between the braces and the existing structure, and should be
avoided; (iv) and, higher strength capacities and energy dissipation were obtained
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when epoxy-bonded jacketing solutions (see specimen BF22 of Fig. 3b) were
adopted.

A comprehensive discussion on the design of this type of connections is reported
in [53]. Nevertheless, despite the less intrusive character of these local connections,
they might be insufficient when high lateral (e.g., inertia) forces are expected to
develop. A common alternative solution consists of installing the diagonal braces
within a steel frame made of steel profiles (i.e. beams and columns) firmly attached
to the surrounding concrete members [14, 26]. This connection is usually done by
means of epoxy-grouted post-installed fasteners, as shown in Fig. 3c—f, consisting
of three phases: (i) drilling of partial-depth holes using the annuli of the steel
members as template (Fig. 3c); (ii) removal of the steel member and finishing and
cleaning of the holes (Fig. 3d); (iii) and fixing of the new member (Fig. 3f) after
grouting the holes with epoxy and inserting the fasteners (Fig. 3e). Other tech-
niques to attach the new steel elements to the existing RC frame have been studied
by Ishimura et al. [54], wherein existing procedures to design this type of
strengthening intervention have been equally assessed and validated. It should be
referred that the installation of new braced frames within the existing RC frame, as
adopted by Varum [11] (Fig. 3c—j), might be preferable when a single storey is to
be strengthened, since it does not allow continuity along the height of the building
[14]. Otherwise, the new braced frame should be placed alongside the existing RC
frame, as illustrated in Fig. 3g, h, or externally at the fagades of the buildings, as
represented in Fig. 3i, for which some detailing in the connections may be found in
the Romanian P 100-3/2008 code. Finally, experimental testing conducted by
Ozcelik and Binici [52] has demonstrated that strengthening deficient pre-code
existing RC buildings with infill steel frames alone is still a technically sound
solution. The experimental setup adopted by those Authors is schematically rep-
resented in Fig. 3j. Based on the strengthening of an existing five-storey RC
building located in Istanbul, the Authors have demonstrated the adequacy of this
technique.

4 Innovative Structural Strengthening Techniques
Using Steel Dissipative Systems: Outcomes
from the ILVA-IDEM Project

The topic of strengthening existing RC buildings is rather pertinent and has been
the focus of significant research in the last decades. Traditional concentric steel
bracing systems were seen to provide a satisfactory enhancement of the seismic
performance of deficient buildings by relying on steel braces to dissipate the energy
input by the ground motion. However, conventional steel braces exhibit a complex
behaviour triggered by local and global instability phenomena and fracture.
Therefore, to overcome this issue from both structural and economic point of view,
innovative strengthening techniques that incorporate energy dissipation devices,
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such as friction, viscoelastic or metallic dampers, have been developed [9]. These
innovative solutions have the advantage of reducing the level of demands in the
original structure by concentrating the energy dissipation on devices that can be
easily replaced following the seismic event. To better demonstrate the features of
some of these innovative solutions, the outcomes from the experimental cam-
paigned carried out by the University of Naples “Federico II” group within the
ILVA-IDEM project [55-60] are herein briefly presented. The ILVA-IDEM project
represented a unique research opportunity to conduct full-scale testing of various
strengthening techniques implemented in a real two-storey RC building destined for
demolition [55, 56]. Three innovative strengthening techniques using metal ele-
ments were adopted: (i) eccentric braces; (ii) buckling-restrained braces; (iii) and,
shear panels in steel or pure aluminium.

4.1 Eccentric Braces

Strengthening systems using eccentric braces (EBs) typically consist of an inverted
Y-shaped assembly wherein a dissipative link is attached to the existing RC slab or
beam [57, 58], as shown in Fig. 4a, b). A key aspect in the design of eccentric
braces is related to the definition of the cross-section and length of the link, which
determines the shear plastic strength of the storey and the stiffness of the bracing
system, respectively [57]. Three eccentric bracing solutions were investigated in the
ILVA-IDEM project by designing the link according to different criteria. In the first
case, the braces were designed according to EC8-1, but neglecting capacity design
criteria. The shear strength capacity was estimated based on the first-yielding
definition provided by Popov and Engelhardt [61] and a link length that satisfied the
conditions of being the shortest, achieving the maximum inelastic link shear rota-
tion with the first plastic hinge forming in the existing building. The EC8-1
inter-storey drift limit at the serviceability limit state was also considered in the
design [9]. An end-plate bolted connection between the link and the slab was
adopted (Fig. 4c), whereas the braces were connected to the frame by means of
gusset plates bolted to the beam-to-column joint (Fig. 4d, e). In the second case, the
link end-plate connection was additionally designed using capacity design princi-
ples, leading to an increasing in its thickness. Finally, in the third case, the link was
designed to increase the system ductility by forcing the plastic deformations to be
confined within the links. A steel built-up section without web stiffener was
designed so that the shear strength of connections would be two times greater than
the average yield strength of the links. This solution resulted on the need of
increasing the steel grade of the bolts. The following conclusions were drawn [57,
58]: (i) the three tested eccentric bracing systems were seen to provide promising
results, substantially increasing the lateral stiffness and strength of the existing RC
building; (ii) although the link designed under capacity design principles lead to the
highest increase in the lateral strength of the system, it failed suddenly due to shear
failure of the bolts connecting the link to the braces. In turn, the most dissipative
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Fig. 4 Strengthening of the existing RC building studied in the ILVA-IDEM project with
eccentric braces: a the adopted solution, b the strengthened building, ¢ link-to-slab connection,
d brace-to-RC beam-column joint, e brace-to-RC column base connection

built-up link provided the best performance enhancement both in terms of
increasing the system’s lateral stiffness and strength and the energy dissipation
capacity; (iii) and, finally, the link’s shear over-strength was found to play a critical
role on the overall strength of the system and to be significantly larger than pre-
viously expected. Recently, Della Corte et al. [62] have shown that the link shear
over-strength mostly depends on the combined effect between tensile axial forces,
developing due to axial deformation restraints and nonlinear geometrical effects,
and the link geometrical properties, namely the ratios between the flange and web
areas and between the link length and the cross-section depth.

4.2 Buckling-Restrained Braces

Buckling-Restrained Braces (BRBs) have been the subject of extensive research
and consist of a core axial load-bearing steel element, subdivided into a central
yielding part and two non-yielding segments at the core ends, involved by a casing
buckling-restraining element that aims at preventing global brace buckling and
restraining high-mode core buckling [59]. This advantageous ability of preventing
overall buckling phenomena allows designing BRBs for yielding at low inter-storey
drift levels, anticipating dissipative action and providing substantial and stable
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energy dissipation capacity to existing RC buildings. Two types of BRBs were
largely investigated in the scientific literature, whose main difference consists in the
adopted casing, namely: (i) unbounded braces, in which the restraining tube is filled
with either concrete or mortar and an unbounding layer is added to the contact
surface between the core and the filling concrete with the aim of allowing the core
to freely slide inside the casing element and expand in compression [63]; (ii) and
all-steel braces, which typically consist of two or more restraining tubes placed in
direct contact with the yielding steel core. In both types of device, an air gap
between the brace and the restraining tube is present to allow relative deformations
between both members [59]. All-steel BRBs have the advantage of being lighter
than unbounded braces and can be designed to be detachable, facilitating inspection
and maintenance. Further details on the seismic design of this type of elements can
be found in [63-65].

Figure 5a, b show the overall arrangement of BRB system implemented in the
ILVA-IDEM project RC building. Bolted connections were adopted to connect the
braces to the RC beam-column joints (see Fig. 5c). Two BRB solutions have been
investigated in the test campaign: (i) a first one, represented in Fig. 5d, that consists
of two buckling-restraining rectangular steel tubes in contact with an internal core
element and a couple of internal plates welded to the tube walls to complete
restraining action; (ii) and a second one, shown in Fig. S5e, composed by a core
tapered in a more gradual manner, thus reducing the buckling length of the end
portion of the core, to provide extra flexural stiffness for out-of-plane buckling
strength and to allow full axial yielding of the core element. The second BRB was
conceived to be fully detachable by joining the two buckling-restraining tubes
together using bolted stiffened elements (see Fig. Se, f). The following conclusions
were drawn [57-59]: (i) the available theoretical models were seen to provide
adequate design and performance control of BRBs; (ii) BRBs with a core tapered
more sharply (see Fig. 5d) were seen to be more susceptible to local buckling at the
brace ends, producing strong flexural deformation and failure of the closing plates.
Although ensuring the expected increase in the lateral stiffness and strength of the
existing building, this type of BRBs was characterised by a rather limited ductility
capacity; (iii) detachable BRBs with a core tapered in a more gradual manner were
seen to provide, not only the expected lateral stiffening and strengthening of the
existing frame, but also a substantial increase in its deformation capacity, which
was around two times that of the bare RC structure. However, local buckling of one
end plate was still observed, even satisfying capacity design criteria, which resulted
from strong local geometrical imperfections and a flexible end-restraint; (iv) at last,
the brace-to-RC joint connections were seen to influence the loading/unloading
stiffness of the system. Still, it was not possible to derive a general conclusion since
these effects depend on the technique adopted to drill the holes required to fill in the
mortar on site. Further design recommendations to BRB systems have been pro-
vided within the Steelretro project [13].
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4.3 Metal Shear Panels

Innovative strengthening systems using metal shear panels (MSPs) offer a rational
and innovative strengthening solution as they combine significant strength, stiffness
and ductility enhancements with limited weight, low erection costs and space
constraints. However, contrary to steel bracing systems, MSPs still require deeper
attention and further research investigations [60]. MSPs typically consist of a series
of steel plates located around a certain service area or within perimetral frames with
the aim of creating a stiffening core capable of resisting horizontal demands. They
are essentially sub-divided into two main categories: (i) compact shear panels;
(i1) slender shear panels. The former type aims at dissipating the energy input by
ground motions through the development of a pure shear-resisting mechanism [60].
In such cases, shear buckling phenomena should be avoided by using low yield
strength steel or pure aluminium materials, properly endowed with flexural stiff-
eners. The slender shear panels are made of thin steel plates connected to the
members of a surrounding steel frame by means of welded or bolted connections
that aim at improving the strength and stiffness of the original structure. This type of
MSPs are expected to buckle under elastic regime and to activate a tension field
mechanism characterized by diagonal (i.e., parallel to the direction of the principal
stresses) tensile bands at the web that transfer the lateral shear forces. This
mechanism produces a hysteretic behaviour characterized by a pronounced
pinching effect [57, 60]. A design procedure that relies on the participation of the
original RC building in addition to that of MSPs for resisting external horizontal
actions has been proposed by De Matteis [60]. Extensive numerical analysis on the
behaviour of slender MSPs has also been conducted by Formisano et al. [66]. If the
strengthening system is to be designed as a dual system, particular attention has to
be paid to the assessment of the capacity of the existing RC frame to accommodate
the forces resulting from tension field mechanism developing in the MSP.
According to the Steelretro project report [13], load transfer beams can be a
favourable solution to enable transferring the forces to parts of the structure with
sufficient capacity. This was the solution adopted in the ILVA-IDEM project, as
depicted in Fig. 6a, wherein two shear panels with a DX56D steel (Fig. 6b) and an
EN AW1050 A aluminium alloy (Fig. 6¢) were adopted [60]. The performance of
the strengthened RC building was seen to be significantly improved by both MSPs
[57, 60], although the aluminium MSPs provided a more satisfactory dissipative
behaviour. Both cases relied on a dual system, in which a combined plastic
mechanism characterized by hinging at the RC beam-column joints and plastic
deformation of the tensioned diagonals of the MSPs (Fig. 6b, c) was developed.
Mazzolani [57] carried out a comparison between the efficiency of the three
innovative strengthening techniques herein briefly presented (i.e., EBs, BRBs and
MSPs) and the response of the original bare RC building. Overall, the interpretation
of the results presented by [57] allowed concluding that each single strengthening
technique leads to a substantial increase in the lateral stiffness and strength of the
existing building. The increase was more pronounced when EBs were adopted,
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Fig. 6 Strengthening of the existing RC building studied in the ILVA-IDEM project with shear
panels: a image of the strengthened building, b and ¢ plastic mechanisms developed in the
aluminium and steel panels, respectively (image taken from Mazzolani [57])

although these systems, as mentioned before, were more prone to brittle behaviour
due to shear failure of the bolts connecting the link and the braces. BRBs and
MSPs, in turn, provided a similar enhancement in the lateral stiffness and strength
of the building, although, still, the highest increase in the deformation capacity of
the original building was achieved using detachable BRBs with a core tapered in a
more gradual manner. Interestingly, a multi-criteria decision making analysis
recently carried out by Formisano and Mazzolani [67], that accounted for various
optimization conditions (i.e., intervention costs, vulnerability reduction, interven-
tion feasibility, disturbance to occupiers, functional-to-aesthetic compatibility,
reversibility and protection from damage), has shown that, for the specific case of
the RC building investigated in the ILVA-IDEM project, MSPs seem to be the
optimum strengthening solution, followed by BRBs and EBs.

5 Final Considerations

The strengthening of existing RC buildings is an issue of paramount importance to
which most structural engineering consultants and practitioners are oftentimes
exposed to, particularly when major topics such as Urban Rehabilitation or Disaster
Risk Reduction are opened for debate by public authorities, scientific community
and stakeholders. However, despite the relevance that strengthening of the existing
building stock has in the economic, social and cultural environment of a region,
very few guidelines and codes addressing this specific subject are available in
Europe, and those that have been issued simply focus on the seismic assessment and
strengthening of existing buildings. This lack of clarity and guidance from current
Eurocodes lead practitioners to commonly rely on their engineering judgment and
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to resort to assessment procedures that are conceptually suitable to design new
structures, but not for the assessment of existing ones. Therefore, this chapter aimed
at providing a brief and concise discussion on the assessment procedures most
commonly adopted by practitioners and at clarifying the adequacy of such
approaches. Nevertheless, despite the brief recommendations provided herein, the
use of approaches that are not specifically dedicated to the assessment of existing
buildings should be employed with caution. The revision of current codes and the
proposal of a future generation of documents that more clearly address this issue are
significantly needed. Such activities have been recently set as a first priority by
many scientific committees, such as the ECCS-TC13 seismic design committee.

This chapter has also discussed the use of steel elements as a rational,
cost-effective and efficient strengthening solution. A number of strengthening
techniques, from traditional to more innovative approaches, have been presented,
alongside with a brief discussion on some relevant issues that influence their design
and performance. Notwithstanding the information provided in this chapter, the
Authors highly encourage the Reader to seek for further information on the
specificities of each strengthening technique. In spite of the numerous numerical
and experimental studies already carried out in the past focusing on the assessment
of each strengthening technique, guidelines and codes that systematize this infor-
mation and provide guidance on the design and detailing of those techniques still do
not exist in Europe. Nevertheless, due to the nature and creativeness of the engi-
neering community, it is expected that new strengthening and retrofitting techniques
will be proposed in the coming years and decades that will surely represent further
advances in finding the most cost-effective solutions to adopt in the intervention of
existing RC buildings.
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Strengthening of RC Buildings
with Composites

Giorgio Monti and Floriana Petrone

1 Introduction

Still today the number of existing structures designed without considering seismic
action or poorly designed/constructed is significantly larger than the number of
structures conceived and built to resist seismic loads. For this reason, the research in
the field of earthquake engineering of the last two decades has directed its focus
towards the development of effective and efficient strengthening techniques of
existing buildings.

As a first consideration, there is a substantial difference between methods for
designing new buildings and the development of approaches for retrofitting existing
structures. If on one hand well-established procedures are available for designing
new structures according to the capacity design principles, on the other hand no
unified or official methods for providing the existing structures with a sough duc-
tility level are available. In addition, any retrofitting process is based on the
assessment of the current capability of the structural system to dissipate energy.
This requires a detailed analysis of the structure, aimed at identifying the actual
material properties and geometry as well as deficiencies/mistakes and then at
determining the optimal way to fix them. Therefore, the retrofitting process should
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be interpreted as an original process, specific to each structure: as such, it does not
(and cannot) consist in checking the compliance of the structure with Code pro-
visions, but in a more comprehensive performance assessment, before and after the
strengthening.

In this framework, FRP composites represent one of the technologies employed to
locally strengthen structural elements (beams, columns, walls and joints). The first
studies in this field date back to the beginning of the 1990s and still researchers strive at
finding new solutions for enhancing the safety of existing constructions, seen as valid
alternatives to more usual techniques, such as, mortar injections, concrete jacketing,
steel tying and plating, base isolation and integrative (dissipative or not) bracings.

2 Materials

Continuous fibre-reinforced materials with polymeric matrix (commonly known as
FRP) are composite, heterogeneous, and anisotropic materials with a (prevalent
linear) elastic-brittle behaviour, widely used for strengthening civil structures. Their
main advantages can be summarized in: light weight, high strength and
corrosion-resistance. Composites for structural strengthening are available in sev-
eral geometries, from laminates used for structural members with regular surface to
bi-directional fabrics easily adaptable to non-regular shapes.

This chapter gives an overview on composite materials, with an in-depth anal-
ysis of the main constituents (fibre, matrix, and adhesive), and their main physical
and mechanical properties along with a documented reference to the principal
design equations for flexural, shear, torsion and axial strengthening of RC mem-
bers. A full understanding of pros and cons is necessary to optimize the use of FRP
and mitigate their disadvantages; this is of particular relevance to ensure durability
of FRP strengthening applications where traditional materials, such as concrete and
masonry, are paired with high technology materials.

2.1 Characteristics of Composites

In general composite materials are made of two or more basic-components (phases)
of different nature and “macroscopically” distinguishable. At least two of the phases
have different physical and mechanical properties, so to provide FRP composites
with features different from those of the single component.

FRPs are made of (i) organic polymeric matrix and (ii) reinforcing fibres, whose
main characteristics are summarized in Table 1. The matrix can be considered an
isotropic material, whereas the reinforcing phase, with the exception of glass fibres,
an anisotropic material. As shown in the table, Young’s modulus and tensile
strength of carbon fibers can be significantly higher than those of typical con-
struction materials, making FRPs more effective from a structural point of view,
especially when the weight of the structure becomes a critical issue.
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Table 1 Comparison between properties of fibres, resin, and steel (typical values)

Young’s Tensile strength | Strain at | Coef. of Density

modulus failure thermal exp.

E o, & o p

[GPa] [MPa] (%] [10°°°Cc™ |[g/em?]
E-glass 70-80 2000-3500 3.5-4.5 5-54 2.5-2.6
S-glass 85-90 35004800 4.5-55 1.6-2.9 2.46-2.49
Carbon 390-760 2400-3400 0.5-0.8 —1.45 1.85-1.9
(high modulus)
Carbon 240-280 4100-5100 1.6-1.73 | -0.6to —0.9 |1.75
(high strength)
Aramid 62-180 3600-3800 1.9-5.5 -2 1.44-1.47
Polymeric matrix |2.7-3.6 40-82 1.4-5.2 30-54 1.10-1.25
Steel 206 250400 (yield) 20-30 10.4 7.8

350-600 (failure)

In general, FRP composites can be synthetically described by the following

properties:

— Geometry: shape and thickness.
— Fibre orientation with respect to the symmetry axes of the material.
— Fibre concentration (volume fraction).

In most cases, composites are non-homogeneous and anisotropic materials.
Fibre-reinforced composites can be conveniently divided into two categories:

— Fabrics
— Laminates

Fabrics are usually single- or multi-layer strips/sheets, very flexible in bending

and few tenths of a millimetre thick. They usually come in rolls as dry materials to
be later glued to the elements. Laminates are stiff in bending and few millimetres
thick, made of several layers already glued. They usually come in long and narrow
plates.

Structural failure of FRP composites is often due to lack of bond between matrix
and fibres. Therefore, the FRP material manufacturer or suppliers should take
special care in choosing the most appropriate component to ensure bond.

2.2 Fibres and Matrices Used in Composites

The most common fibres used in composites are glass, carbon, and aramid. Their
unique mono-dimensional geometry provides FRP laminates with stiffness and
strength higher than those of three-dimensional FRP. This is due to the density of
defects, which is lower in mono-dimensional configurations than in
three-dimensional ones.
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As for the matrices, thermoset resins are the most commonly used in the pro-
duction of FRP materials. They are usually available in a partially polymerized state
with fluid or pasty consistency at room temperature. When mixed with a proper
reagent, they polymerize to become a solid vitreous material. The reaction can be
accelerated by adjusting the temperature. Thermoset resins have several advantages,
including low viscosity that allows for a relative easy fibre impregnation, good
adhesive properties, room temperature polymerization characteristics, good resis-
tance to chemical agents, and absence of melting temperature. The main disad-
vantages are: limited range of operating temperatures, with the upper bound limit
given by the glass transition temperature, brittle behaviour, and sensitivity to
moisture during field applications. The most common thermosetting resins for civil
engineering are the epoxy, polyester and vinylester resins. Considering that the
material is mixed directly at the construction site and achieves its final structural
characteristics through a chemical reaction, it should always be handled by spe-
cialized personnel.

2.3 FRP Strengthening Systems

FRP systems suitable for external strengthening of structures may be classified as
follows:

— Pre-cured systems: manufactured in various shapes by pultrusion or lamination.
Pre-cured systems are directly bonded to the structural member.

— Wet lay-up systems: manufactured with fibres lying in one or more directions,
e.g. FRP sheets or fabrics, and impregnated with resin at the construction site.

— Prepreg (pre-impregnated) systems: manufactured with unidirectional or mul-
tidirectional fibre sheets or fabrics pre-impregnated at the manufacturing plant
with partially polymerized resin. They may be bonded to the member to be
strengthened with (or without) the use of additional resins.

2.4 Mechanical Properties of FRP Strengthening Systems

In FRP composites, fibres provide both capacity and stiffness, whereas the matrix
ensures the distribution of the load among the fibres and protects the same fibres
from corrosion/deterioration. Most FRPs are made of fibres with high strength and
stiffness, and fail at strains lower than those of the matrix.

Figure 1 shows the stress-strain relationship of fibre, matrix and FRP. The
resulting FRP composite has a stiffness lower than that of fibres and fails at the
same strain of the fibres, &5 max-

Table 2 summarizes the mechanical properties of a pre-cured laminate compared
to the average values of the corresponding fibres.
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Fig. 1 Stress-strain relationship of fibres, matrix and FRP

Table 2 Comparison between mechanical properties of a pre-cured laminate and fibres

Pre-cured systems Modulus of Ultimate strength Ultimate strain
elasticity [GPa] [MPa] [%]
FRP Fibre FRP Fibre FRP Fibre
Ef Ezp fr Siv Efu &fib,u
CFRP (low modulus) 160 210-30 2800 3500-4800 1.6 1.4-2.0
CFRP (high modulus) 300 350-500 1500 2500-3100 0.5 0.4-0.9

The values of the Young’s modulus, Ej, and the strength, f; of FRP at failure are
lower than those of the fibre itself, whereas the ultimate tensile strain is essentially
the same, since the failure of the fibre determines FRP’s failure.

3 Basis of Design for FRP Strengthening

The design of any structural strengthening through FRPs must meet the require-
ments of serviceability, durability and resistance to ordinary loads and exceptional
actions. For example, in case of fire, the strengthening has to be designed to resist
for the prescribed exposure time.

The design working life of the strengthened structure is the same as that of new
structures, meaning that the design actions are those of the current Codes for new
constructions.

Safety verifications are performed for Serviceability Limit State (SLS) and
Ultimate Limit States (ULS), following the format of the partial safety factor method,
established in EN 1990 [3], where the design properties of materials and products are
derived from the characteristic values, divided by the appropriate partial safety factor.

A fundamental aspect in assessing the safety of existing structures is the treat-
ment of all uncertainties, mainly related to (1) materials mechanical properties,
(2) geometry of the structure, and (3) evaluation of possible materials deterioration.
As per EN 1990 [3], the design properties X,; of the materials used in the structure
are calculated as function of the number of tests performed to acquire information
on them:
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Xg =L my(1 ~ k,V) (1)

m

where 7 (<1) is a conversion factor, accounting for special design conditions, y,, is the
material partial safety factor, my is the mean value of the property X resulting from
n experimental tests, k,, is a factor that accounts for the epistemic uncertainty of each
X property depending on n, and Vy is the coefficient of variation (CoV), usually
available for most common materials (e.g. 0.10 for steel, to 0.20 for concrete and to
0.30 for masonry and timber). For Ultimate Limit States verifications, the partial factor
vm of FRP takes on different values depending on the failure mechanism: in case of
FRP rupture, y,, = 1.0; whereas in case of FRP debonding 7,, ranges between 1.2 and
1.5 in consideration of the possibility that debonding can actually occur, based on tests
performed by the FRP supplier and as-built conditions.

Equation (1) deserves some additional comments regarding the determination of
the parameters. Concrete mechanical properties, usually affected by the highest
uncertainties, may be estimated using non-destructive tests (for example by mea-
suring the ultrasonic pulse speed in conjunction with rebound tests). The reliability
of these measurements largely depends on the correlation between the indirect
quantity actually measured (speed, rebound, etc.) and the mechanical value sought
(strength, modulus, etc.). Additional information gained by comparison to
destructive tests carried out on the same structure can be used to better calibrate
such correlation, thus reducing the risk of systematic errors; however, the number
of destructive tests should be kept low, both for economic reasons and to limit any
damage to the structure.

A similar situation arises when determining quantity and arrangement of rein-
forcement. In existing structures, built in the absence of rules imposing detailed
working drawings, it is very unlikely that any direct information be available on the
geometry as well as on the distribution of the reinforcement. In such cases, the amount
of reinforcement can be estimated on the basis of a simulated project developed
according to the Code in force at the time. It is acknowledged that such estimate is
highly uncertain and needs to be validated by means of in-situ investigations, which
can be either direct (clear exposure of the steel reinforcements by elimination of cover
concrete and any other material covering them) or indirect (for example by magnetic
inductance measurements using pacometer). Since direct measurements are partially
destructive and imply damage to the structure, the considerations reported above
about the limited number of tests for assessing the material properties hold also for the
number of test needed to characterize the reinforcement.

Once the material properties of the existing structure are assessed and the materials
adopted for strengthening are selected, the design capacity of the strengthened
structure is given by:

1
Ry = —R{Xy;;a4;} (2)
VRd
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where R{-} is the function describing the relevant mechanical model considered
(e.g., flexure, shear, confinement, etc.) and yrq is the partial factor acounting for
uncertainties in the above capacity model, set equal to 1 for flexure, to 1.2 for shear
and to 1.1 for confinement. The arguments of the function are sets of mechanical
and geometrical properties, X,;; and a,;, respectively, representing the design value
of the i-th quantity (for geometrical properties, nominal values are usually adopted).

Another aspect is related to the safety assessment in case of exceptional actions,
as fire. If the strengthening is designed for a predefined fire exposure time (i.e.
E; # 0, where Eq is the design value of the indirect thermal action due to fire), the
service actions of the frequent combination, instead of quasi-permanent combi-
nation, have to be considered. However, the capacity of the structural elements,
appropriately reduced to account for the fire exposure time, should be computed
with the partial factors relevant to the exceptional situation.

4 Reinforced Concrete Structures

4.1 Anchorage

When strengthening RC members with FRP composites, the role of bond between
concrete and FRP is of great relevance due to the brittleness of the loss of adhesion,
the so-called “debonding” failure mechanism. According to the capacity design
criterion, such failure should not precede flexural or shear failure of the strength-
ened member.

In general, debonding may involve different components of the strengthened
structure and may take place: (1) within laminates and sheets applied to concrete for
flexural/shear strengthening, (2) within the adhesive, (3) between concrete and
adhesive (4) in the concrete itself, or (5) within the FRP reinforcement with dif-
ferent fibre inclination angles (e.g., at the interface between two adjacent layers
bonded each other). When proper installation is performed, since the adhesive
strength is typically much higher than the concrete tensile strength, debonding most
likely takes place within the concrete itself.

Debonding failure modes for laminates or sheets used for flexural strengthening
can be classified in the following four categories, schematically represented in Fig. 2:

[
== e
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Mnd;.- 1 \ / \
Mode 3 Mode 2 Mode 4

Fig. 2 FRP flexural strengthening: debonding failure modes
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Mode 1: Laminate/sheet end debonding

Mode 2: Intermediate debonding, caused by flexural cracks

Mode 3: Debonding caused by diagonal shear cracks

Mode 4: Debonding caused by irregularities and roughness of concrete surface

In the following, reference is made to Modes 1 and 2 only, as they are the most
frequent in ordinary design situations.

Before any flexural or shear strengthening design takes place, the evaluation of
the maximum force that can be transferred from concrete to FRP and the calculation
of shear and normal stresses at the concrete-FRP interface are required. The former
is necessary when designing for ULS, and the latter when designing for SLS.

With reference to a typical bond test, as represented in Fig. 3, the ultimate value
of the force transferred to the FRP system prior to debonding depends on the length,
I, of the bonded area. The optimal anchorage length, /., is defined as the length
corresponding to the maximum force F that can be transferred, meaning that even if
this length was increased, there would be no increase in the transferred force.

The optimal anchorage length (in mm) is given as:

2Et
log = 0.10y | =2 > 200 mm (3)
2T kg

where Ef and #; are Young’s modulus and thickness of the FRP, respectively, and:

kpk,
Crg = 22 fomfem (4)

CF
is the design value of the specific fracture energy, expressed as function of f,, and
Jfetm» Which are the mean values of the concrete compressive and tensile strength,
respectively, CF, which is an appropriate confidence factor that depends on the
attained knowledge level of the existing structure, kg, which is equal to 0.023 mm
for preformed composites and to 0.037 for on-site impregnated composites, and k;,

given as:
2 — (bs/b
ky = M >1 (5)
1+ (bf / bw)
Fig. 3 Maximum force e |p= lgg ———
transferred between FRP and ¢ F -
concrete e ﬂ,br*
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However, if the ratio between the FRP and concrete width, b/b,, < 0.25, see
Fig. 2, then k;, = 1.18.
The design debonding strength for mode 1 is:

1 RETg
Jaag = — | ———
Vra Iy

where 7, is the partial factor for debonding, ranging between 1.2 and 1.5.
The design debonding strength for mode 2 is:

Jraap = 1.25fq (7)

where in the computation of f;4, kg = 0.10 mm should be assumed.

4.2 Flexural Strengthening

Flexural strengthening is necessary for structural members subjected to a bending
moment that exceeds the flexural capacity. Only the case of uniaxial bending (i.e.
when the moment axis coincides with a principal axis of inertia of the cross-section)
is addressed here.

Flexural strengthening with FRP materials may be carried out by applying one or
more laminates/ sheets to the tension side of the element.

The flexural capacity is attained when either the concrete compressive strain or
the FRP tensile strain reaches its ultimate value, that is & = min (7.£4/v fj/Ep,
where the first value corresponds to concrete crushing and the second to FRP
debonding, as previously defined. The flexural capacity is then expressed as:

M, = lﬁbxfcd(d - Ax) +AS20's2(d — dz) +Af0fd1 (8)
where the neutral axis position x is found by solving:
0=y bxfu+Anon —Anfya — Aroy )

where {y and / are non-dimensional coefficients representing the magnitude and the
position of the compressive concrete resultant, respectively.

However, the capacity after strengthening cannot be greater than twice the initial
capacity. Moreover, according to the capacity design approach, flexural strenght-
ening should be designed to avoid the activation of shear failure mechanisms.

Because a member strengthened with FRP is generally loaded at the time of FRP
application, the existing strain state in the structure should be taken into account.
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4.3 Shear and Torsion Strengthening

Shear strengthening is necessary when the shear demand is greater than the member
shear capacity, evaluated considering the contributions of both concrete and steel
transverse reinforcement. It may also be necessary after designing a flexural
strengthening, in order to re-establish the strength hierarchy between bending and
shear failure mechanisms.

Shear strengthening shall be verified at ULS only. Shear strengthening is usually
realized by applying one or more layers of FRP, externally bonded to the surface of
the structural member to strengthen. External FRP reinforcement can be applied in a
discontinuous fashion, with gaps between following strips, or continuously, with
strips next to each other.

Figure 4 shows two allowed FRP strengthening configurations: U-wrapped, and
completely wrapped beams.

For U-wrap strengthening of rectangular or T-sections, delamination of the end
portions of FRP reinforcement can be avoided by using laminates/sheets and/or bars
installed in the direction of the member’s longitudinal axis. In such case, the
behaviour of U-wrap strengthening can be considered equivalent to that of a
completely wrapped member, provided that the effectiveness offered by these
technological solutions is demonstrated by the applicator.

The design shear strength of the strengthened element is based on the variable
angle truss model and is expressed as:

Via = min{ Vgas + Vraf, Vrae} (10)

where Vg, and Vg, are the contributions of transverse steel and FRP to
shear-tension capacity, respectively, and Vg, is the contribution of concrete to
shear-compression capacity. A method for evaluating the actual contribution of
each component to the shear strength can be found in [4].

The FRP contribution to the overall strength is based on the selected strength-
ening configuration. For U-jacketing and wrapping:

1
Vrif =—+0.9d - frea - 217 - (cot 0 + cotﬁ).ﬂ (11)
VRd Py
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with d = cross-section effective depth, # = thickness of the FRP strip/sheet with
angle 5, 0 = crack angle, p;, wy = FRP strip spacing and width, respectively,
measured orthogonally to the fibre direction B and f;,, = the so-called “effective
debonding strength”. For the case of U-jacketing and wrapping, respectively, fieq is
given by:

1 lsinf
od =frag - |1 —= ——————— 12
Jiea = fa [ 3 min{0.94, hw}} (12)
1 l,sin 8 1 l,sin

ot =fug- |1 —> ——L | 4~ S — R [l

Jiea = Jyaa 6 min{0.94, hw}] + 3 (@r St = faa) { min{0.9d, r,,}
(13)

where f;, is the FRP design strength, £, is the beam web depth and:
re . re

Pr =02+1.6 ™ with ogb—go.s (14)

w w

is a coefficient that depends on the ratio of the rounding radius r, to the beam web
width b,,.

With regard to the strengthening in torsion, it is achieved through the application
of wrapping strips/sheets at an angle of 90° to the element axis. The design torsional
strength of the strengthened element is given as:

Tra = min{ Tra,s + Tra,> Tra,max } (15)

where Ty, and Ty, are the transverse steel and FRP contribution, respectively,
and Tryg max 15 the torque producing collapse in the compressed diagonal concrete
strut. The FRP contribution to the torsional strength is given as:

1 .
TRdf:_‘—'szed'l‘f'b'h'ﬁ~COt9 (16)
YRd pr

where f,, is given by Eq. (12) or (13).

4.4 Confinement

Appropriate confinement of RC members may improve their structural perfor-
mance, by increasing the ultimate capacity and strain of structural members
subjected to axial -or slightly eccentric—loads.

Ductility and capacity under combined bending and axial force, when FRP
reinforcements are placed with the fibres lying along the longitudinal axis of the
member, should be verified.
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Confinement of RC members can be realized with FRP sheets arranged along the
member perimeter as either continuous or discontinuous external wrapping.

The increase of axial capacity and ultimate strain of FRP-confined concrete
depends on the applied confinement pressure, which is function of the member
cross-section and FRP stiffness.

FRP-confined members (FRP is linear-elastic up to failure), unlike steel confined
members (steel has an elastic-plastic behaviour), exert a lateral pressure that
increases with the transversal expansion of the confined members.

In case of elements with circular cross-section of diameter D, the
confined/unconfined concrete strength ratio is:

N\ 2/3
%’zwzﬁ (f}f) (17)

while the ultimate concrete strain is:

fl-eﬂ

cd

been = 0.0035 +0.015 (18)

where both depend on the confinement pressure exerted by the FRP sheet, given as:

. 1
Jier = ke - fi with fi = 3 Pr Er & ria (19)

where k. is an efficiency factor (< 1), Eyis, again, the FRP modulus of elasticity,
&q1,ria 18 the FRP reduced design strain, defined in the following, and py is the
geometric strengthening ratio, which is function of the cross-section shape (circular
or rectangular), that is:

b, . .
;= # circular sections
" (20)
_ 24 (b+d)by

= rectangular sections

being #r and by the thickness and the width of the generic FRP strip, ps the
centre-to-centre distance between strips, D the diameter of the circular
cross-section, and b and d the dimensions of the rectangular cross-section.

The efficiency factor is given as:

ke = ki - ky - ky (21)

where ky is the horizontal efficiency factor, equal to 1.0 for circular sections and to:
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b/2 + d12

hy =1 ————
f 3. A,

(22)

for rectangular sections, with b'=b — 2r., d'=d — 2r. and A, = area of the
cross-section; and ky is the vertical efficiency factor, calculated as:

2
Py >
ky=(1-— 23
v < 2dmin ( )
where p) is the edge-to-edge distance between adjacent strips and d;, is the
!

minimum transverse dimension of the element; when the fibres are wrapped at an
angle oy with respect to the element axis, the angle efficiency factor, k,, is:

1
= 24
© 1+ (tanoy)? @)

Finally, the reduced design strain is:
&fd rid = min{nasfk/yf; 0.004} (25)

where &g is the FRP characteristic strain, and 7, and y, are the environment con-
version factor and the partial factor of the FRP strengthening, respectively.

5 FRP Strengthening in Seismic Zones

Composite materials can be used effectively to seismically retrofit reinforced con-
crete structures. The objective is that of strengthening buildings that do not meet the
safety requirements defined by the current seismic Codes under the design seismic
action, with respect to one or more limit states.

Once a preliminary seismic assessment is performed on the existing structure,
the strengthening intervention is designed based on its outcomes. The entire process
goes through the following steps: (a) identification of safety requirements, (b) def-
inition of protection levels (which yield the intensity of the seismic action),
(c) choice of analysis methods, (d) choice of verification criteria, (e) assessment of
the seismic safety, (f) definition of the material properties to use in the safety
verifications.

Regarding the criteria for selecting the FRP strengthening method, it is widely
recognized that stiffness irregularities cannot be solved by applying FRPs. In fact an
intervention performed with FRP is classified as a selective technique, since
strength irregularities can be adjusted by strengthening a selected number of ele-
ments. However, attention should be paid to ensure that the global ductility is not
reduced.
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The design of a strengthening intervention with FRP should include the fol-
lowing activities: (a) justification of the intervention type, (b) selection of tech-
niques and/or materials, (c) preliminary design of the strengthening intervention,
(d) structural analysis of the upgraded structure.

As mentioned above, from the seismic standpoint, FRP strengthening is regarded
as a selective intervention technique, aiming at: (a) increasing the flexural capacity
of deficient members through the application of composites with the fibres placed
parallel to the element axis, (b) increasing the shear strength through the application
of composites with the fibres placed transversely to the element axis, (c) increasing
the ductility (or the chord rotation capacity) of critical zones of beams and columns
through FRP wrapping (confinement), (d) improving the efficiency of lap splice
zones, through FRP wrapping, (e) preventing buckling of longitudinal rebars under
compression through FRP wrapping, (f) increasing the tensile strength of the panels
of partially confined beam-column joints through the application of composites
with the fibres placed along the principal tensile stress direction.

In general, the inspiring principles of the intervention strategies should be the
followings: (a) all potential brittle failure mechanisms should be avoided, (b) all
potential “soft story” collapse mechanisms should be eliminated, and (c) the global
deformation capacity of the structure should be enhanced, either by (c1) increasing
the ductility of the potential plastic hinge zones without changing their position, or,
(c2) relocating the potential plastic hinge zones by flexure-strengthening the col-
umns, with the aim of transforming the frame structure into a high dissipation
mechanism with strong columns and weak beams.

For principle (a), as well-known, brittle failure mechanisms such as shear in
beams and structural joints, lap splicing, and bar buckling should be avoided. For
shear, the same criteria apply as for the non-seismic case, with the exception that
side bonding is not allowed and FRP strips/sheets should only be applied orthog-
onally to the element axis. When avoiding potential brittle failure mechanisms, the
relative strengthening modalities are quite straightforward. The most common case
is that of potential shear failure either in beams or structural joints: in this case a
strengthening of the regions of the structural member where shear mechanisms take
place should be designed. More peculiar cases are those of longitudinal bars lap
splices and buckling: in the former case, due to either bond degradation in splices or
insufficient splice length, the relevant regions of potential plastic hinge formation
should be adequately confined through an FRP wrapping; in the latter case, the
strengthening intervention should consist in confining the potential plastic hinge
zones where the existing transverse reinforcement cannot prevent the bars
post-elastic buckling.

For principle (b), specific consideration should be given to potential “soft story”
collapse mechanism, which can occur in the absence of walls, due to the simul-
taneous formation of plastic hinges at top and bottom of all columns at a certain
story. In such cases, the strengthening intervention should aim at increasing the
flexural capacity of these zones, with the objective of inhibiting the hinges
formation.
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For principle (c), when all possible brittle and soft story mechanisms are pre-
vented, one could ascertain the extent to which the structure could exploit its
ductility. This can be done, for example, through a nonlinear pushover analysis,
included in the most modern seismic Codes. Usually, one is requested to check if
the structure can actually exhibit a given ductility: this is expressed either by a
pre-selected behaviour factor or by an attained target displacement obtained from
the displacement spectrum. Such analysis allows to identify all those elements
whose local collapse prevents the structure from exploiting its global ductility and
from reaching the target displacement.

At this stage, one could face two different situations: (c1) the number of local
collapses is not significant, or (c2) the number of local collapses is significant.

In the former case (cl), it is necessary to increase the deformation capacity of
only those elements that collapse before the global target displacement is attained.
The deformation capacity of beams and columns can be measured by the chord
rotation ¢, that is, the rotation of the chord connecting the element end section with
the contra-flexure section (shear span). Generally, the plastic deformation capacity
is controlled by the compressive behaviour of concrete. An intervention of
FRP-confinement on such elements (usually columns) increases the ultimate
compressive strain of concrete, thus determining a ductility increase of the element.

In the latter case (c2), local collapses are so numerous that a different strategy
should be pursued: the request of ductility should be spread over a larger number of
elements. This can be achieved by relocating all potential plastic hinges in the columns
to the framing beams, according to the capacity design criterion, which implies the
elimination of all potential plastic hinges in columns. In “weak column-strong beam”
situations, typical of frame structures designed for gravity loads only, the columns
sections are under-designed both in size and reinforcement. In such cases, it is nec-
essary to increase their flexural strength with the objective of changing the structure
into a “strong column-weak beam” situation. It should be noted that, pursuing this
strategy implies an increase of shear demand on columns due to the flexural capacity
increase. It is therefore necessary to perform the required shear verifications and to
increase the shear strength in order to avoid brittle failure modes.

As amatter of fact, the evaluation of the deformation capacity of FRP-strengthened
existing RC elements under cyclic loads, has been a primary research for the past two
decades; as a result, a relatively large number of analytical models describing the
“axial load - bending - shear” cyclic response of RC structural members with FRP
have been proposed, together with empirical formulas derived from experimental
observations. However, such large number of available models and related research
work denote also the difficulties that exist in finding a unified and undisputed
assessing/design approach, which should include both a mechanics-based view of all
FRP-strengthening techniques and a reliability-based framework. This stems from the
relatively limited accuracy shown by some of the proposed models, as well as from the
difficulty in extrapolating results from a limited number of experimental tests that, by
their nature, cannot cover the full range of peculiarities of the response of
FRP-strengthened RC elements under cyclic actions.
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Structural Repair and Strengthening
of RC Elements with Concrete Jacketing

H. Rodrigues, P.M. Pradhan, A. Furtado, P. Rocha and N. Vila-Pouca

1 Introduction

Structural intervention in reinforced concrete (RC) buildings is an important topic
for structural engineers, and recent years have shown an increase in interest from
the technical and scientific community seeking information regarding an adequate
technique for repairing or strengthening existing structures. Typically, the cause for
these interventions can be related to accidents (e.g. fire, collisions, explosions),
naturals hazards (e.g. extreme winds, earthquakes) or may occur due to design and
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construction problems or even due to the change of the functionality of the building
or in rehabilitation of the demand for new code requirements [1].

Several techniques are usually proposed for the repair and retrofitting of RC
elements; the possibility of using RC jackets is usually considered, traditionally
involving the addition of a thick layer of reinforced concrete in the form of a jacket
with cast-in-place concrete or shotcrete, using longitudinal reinforcement and
transverse ties. Recently, a new technique based on the use of thin jackets made
with high performance fibre-reinforced concrete has been developed [2] with the
advantage of reducing the thickness of the new concrete layer.

This technique has been used in the strengthening of slabs and beams on the
bottom and, in some cases also on the top, used especially to increase the flexural
and shear strength, stiffness and ductility of the elements, and in many cases in the
strengthening of columns, especially in the cases of seismic strengthening of
existing buildings.

This study offers a brief overview of the experimental tests conducted by other
workers; the main conclusions will be presented as well as a brief literature review
of numerical modelling of the behaviour of RC elements retrofitted with the RC
jacketing technique. Thus, the construction procedures related to RC jacketing will
be described for repair or for strengthening purposes. Finally, two case studies will
be presented to evaluate the efficiency of RC jacketing to improve the original
seismic performance of a soft-storey building and a university.

2 Experimental Tests Using RC Jacketing Technique

Some experimental tests can be found that were performed on original and damaged
RC columns retrofitted with RC jacketing to improve their original capacity, or to
restore them, in the case of damaged ones. Rodriguez et al. [3] noted that RC
jacketing is labour-intensive compared to other jacketing methods; however, the
results are satisfactory. Ramirez [4] tested 10 repair methods and concluded that
concrete jackets are easy to construct and are the most interesting cost-efficient
method; the obtained ratio of failure load between the repaired column and the
original one is greater than 1. Julio et al. [5] tested seven RC columns, six using RC
jacketing under different interface adherence conditions between the original sec-
tion and the additional one, concluding that a monolithic behaviour can be achieved
without increasing significantly the roughness of the interface surface by designing
RC jackets’ thickness to be less than 17.5% of the original column width for cyclic
monotonic or cyclic loading [5, 6]. These workers also verified that even if the
strengthening operation was performed with or without an axial load applied, it did
not significantly influence the results. The resistance and stiffness of the retrofitted
specimens were higher than those of the original; however, the transverse rein-
forcement strain was higher in the original. Using this technique to repair damaged
RC columns could restore some 80-90% of the original column capacity and
50-90% of their stiffness. Some jacketing procedures are presented in [1].
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Konstantinos et al. tested three alternative methods of concrete jacketing [7], i.e.
welding the jacket stirrup ends together, placing steel dowels across the interface
between the original column and the jacket in combination with welding the jacket
stirrup ends together, and connecting the longitudinal reinforcement bars of the
original column to those of the jacket. Concrete jacketing increased considerably
the columns’ strength and stiffness, while placing CFRPs considerably increases
their ductility. Krainskyi et al. [8] tested 10 strengthened RC columns with the same
design but under different loadings equal to certain column strength limits, and
observed that, by doubling the columns’ cross sections, an increase in capacity of
around 290% was achieved.

The RC jacketing technique was also tested to repair and/or strengthen existing
non-damaged and damaged beams and beam-column joints to the original specimen
state [9-16]; a good performance was achieved through the increase of the strength
capacity, energy dissipation and displacement ductility of the retrofitted compared
to the original specimens. RC jacketing can also change the failure mode of the
specimen, depending on the retrofit design criteria.

3 Numerical Modelling of RC Jacketing

Different modelling approaches can be adopted to represent the behaviour of RC
jacketing, since the simplified approach was based on fibre models until the use of
finite element (FEM) models. There are some studies of numerical modelling that is
calibrated with experimental tests [17-20]. Lampropoulos et al. [20] demonstrated
that monotonic FE analysis with appropriate assumptions can simulate both
monotonic and cyclic loading conditions to a reasonable degree of accuracy.
According to the results of this study, simulation of the interface between the old
and the new concrete is vital and cannot be ignored by simply considering a perfect
bond at the interface. In the case of strengthened RC columns subjected to cyclic
loading, strength degradation at the interface has to be included and can be effec-
tively modelled by reducing the coefficients of friction and adhesion using a pro-
posed formula. Finally, the effect of jacket concrete shrinkage is simulated, leading
to a reduced maximum load and stiffness of strengthened columns. The results
showed that RC jacketing increases significantly the element stiffness and strength.

Others have tested this technique to improve the seismic behaviour of existing
buildings [21, 22]. Chaulagain et al. observed that, with RC column jacketing, the
building had a significantly increased deformation capacity. RC jacketing was
confirmed to be a very effective strengthening technique, leading to uniformly
distributed values of strength and stiffness of the strengthened column that are
considerably higher than those of the original column.
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4 Construction Procedure of RC Jacketing

Different procedures can be adopted for the execution of RC jacketing, depending
on whether it is used for repair or strengthening purposes [1]. If strengthening is
intended for a damaged or deteriorated element, this process must be preceded first
by a repair and then the strengthening process. In this case, the first step is to
remove the concrete from the deteriorated zones, which can be made by any method
that causes micro-cracking of the substrate, which should then be followed by the
sand-blasting or water demolition techniques (Phase 0). Regarding non-damaged
elements, there is no need to improve the roughness of the interface surface, except
for short RC columns, where water demolition or sand blasting or similar tech-
niques should be used. The improvement of the surface roughness can be obtained
through the application of epoxy resin in the case of original undamaged elements.
For the situation described before, that the water demolition or sand blasting
methods are sufficient to guarantee an efficient surface roughness (Phase 1). The
element should be temporary shoring to guarantee that the RC jacket will resist a
part of the total load, and not just the incremental one (Phase 2). Subsequently holes
have to be executed on the adjacent structural RC members (columns, beams or
footing) for the anchoring of the longitudinal reinforcement that can be efficiently
anchored with the application of two-component epoxy resin, after having been
properly cleaned. The holes must be drilled to allow longitudinal bars to pass, in
order to achieve continuity between the floors (Phase 3). Additional attention
should be given to the position of the longitudinal reinforcement and distributed
uniformly for the entire section. Others [1] have suggested that, if the objective is
only to increase the shear and ductility capacity, continuity is not needed, and gaps
should be provided before. It is recommended to adopt half the spacing of the
original transverse reinforcement to guarantee a monolithic behaviour when sub-
jected to cyclic loading (Phase 4). The application of steel connectors can be used to
improve the level of strength and stiffness of the short RC columns. Finally, con-
crete with self-compacting characteristics, high strength and high durability should
be applied (Phase 5). Figure 1 shows each phase of the construction procedure
regarding the execution of RC jacketing.
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Phase 0 Phase 1

Phase 3 Phase 4 Phase 5

Fig. 1 Construction process of RC column jacketing

5 Case Study: Application of RC Jacketing
to a Soft-Storey Building

5.1 Introduction

The study of seismic vulnerability of existing buildings in urban areas with
moderate/high seismic risk is of extreme importance to evaluate their safety
according to the recently proposed international codes and recommendations. One
of the most common architectural trends observed since the 1950s is the con-
struction of RC buildings characterised by a particular modern architectural style
influenced by Le Corbusier. This architecture is characterised by the absence of
infilled masonry walls in the ground floors of commercial buildings, car parks, or
even pedestrian crossings. However, this architectural solution could introduce a
critical stiffness of vertical irregularity, enhancing the formation of soft-storey
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mechanisms, one of the most common mechanisms that could cause buildings to
collapse when subjected to earthquakes. In fact, the stiffness contribution of the
infilled panels should not be neglected: it is necessary to fix these irregularities with
the correct design of strengthening solutions in order to achieve satisfactory per-
formance during future earthquakes.

One of the strengthening techniques that has been proposed is RC column
jacketing (RCJ) of the soft-storeys with a stiffness-based design that allows one to
achieve the stiffness deficit observed in these storeys without having to change the
building’s original architecture or even to evacuate the building during the appli-
cation of this technique. For the application of this technique, it is necessary to
guarantee the correct connection with the existing element through preliminary
surface picking of the original section before the placing of the jacketing rein-
forcement and concreting. The strengthened columns must be linked to the adjacent
beams and columns with the reinforcement adopted, and the correct anchor length
and shear capacity of the foundations must be evaluated according to the new
structural configuration of the building prior to strengthening.

In this context, we now present a case study of an existing RC building in
Portugal with the behaviour potentially governed by the soft-storey mechanism; the
effectiveness of the RCJ technique to eliminate/fix the original behaviour and to
improve the building’s seismic performance will be tested. The strengthened
building results will be compared to those of the original, deducing information
about the structural efficiency.

5.2  Building Description and Design of the Ground
Floor RCJ Columns

The building under study is located in Lisbon and is characterised by not having
masonry infill walls on the ground floor (Fig. 2a, b). The block plan is rectangular:
11.1 m in width and 47.4 m in length (Fig. 2b), and the building has 8 storeys plus
the ground-floor column’s height, making a total of 27.40 m. The main structural
system (12 parallel plane frames) restricts the architecture. The layout of the units in
the building block (six duplex apartments) was defined in accordance with the
structural system. The distance between the frame’s axes is 3.80 m. Each frame is
supported by two columns and has one cantilever beam on each side with a span of
2.80 m, resulting in 13 modules. To simulate the structural behaviour of the
building, we used the computer software SeismoStruct [23], which contemplates
some important issues like the non-linear behaviour of RC elements and the
influence of the masonry infill walls on the global seismic response of the building.
The building was analysed in both principal directions by a 3D model (Fig. 2b).
When the member is considered to be of insufficient strength, an RC jacket may
be used to enhance stiffness, strength and ductility. This is one of the most com-
monly applied methods of repairing and strengthening an RC member. Concrete
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Fig. 2 General view of the building under study: a front view, b numerical model, ¢ building
plant

jackets can accommodate longitudinal and transverse reinforcement to increase the
flexural and shear strength, enhance the deformation capacity, and improve the
strength of deficient-splices [24].

One of the strengthening techniques proposed for the building is RC column
jacketing (RCJ) of the ground floor columns. SeismoStruct [23] has the possibility
of considering RC jacketing columns, by considering the initial section and the
upgraded section (with the consideration of the disposition of the longitudinal
reinforcement bars and confinement provided by the transverse reinforcement). The
software allows for the use of elements with lumped plasticity (with fixed length,
the so-called plastic-hinge). Fibre discretisation was adopted to represent the
behaviour at the section level, where each fibre is associated with a uniaxial
stress-strain law. The sectional moment-curvature state of the beam and column
elements was then obtained through the integration of the nonlinear uniaxial
stress-strain response of the individual fibres into which the section was subdivided.
The numerical model takes into account the jacketing material’s mass and the
stiffness during the analysis. The plant disposition and the new sections of these
columns designed according to the Eurocode 2 [25] (Sect. 6, 7, 8 and 9) and
Eurocode 8 (Sect. 5) [26] are illustrated in Fig. 3.
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Fig. 3 Plant disposition and cross section of the new strengthened ground-floor columns using the
RC jacketing (RCJ) technique

5.3 Evaluation of RC Jacketing Efficiency

The efficiency of the RCJ technique was evaluated by subjecting the numerical
model to an artificial earthquake that was generated for a medium/high risk scenario
in southern Europe [27] for different return periods. The obtained results allow us to
assess the seismic safety according to the hazard levels proposed by the interna-
tional recommendations VISION-2000 [28] and FEMA-356 [29] to evaluate the
building safety. Another global drift limit was used, namely the Gobarah proposal
[30] recommended for non-ductile structures, which is the case for the
rehabilitation/strengthening of existing buildings. From the non-linear dynamic
analyses, the maximum first-storey drift and maximum inter-storey and
upper-storey drift was determined for each peak ground acceleration (Fig. 4). We
also studied whether the introduction of RCJ increased the maximum upper-storey
drifts, particularly whether any damage occurred on the IM walls when the
strengthened building is subjected to seismic activity. The definition of limit states
for infills can be directly related to the inter-storey drift demand. Based on the strut
model, Magenes and Pampanin [31] proposed an empirical evaluation for the
damage level of the infills that corresponds to a certain limit state, depending on the
axial deformation. The FEMA-306 [32] and FEMA-307 [33] documents also
provide reference values of inter-storey drift for RC buildings with masonry infill
walls.

According to the results, RCJ significantly reduces the maximum first-storey
drift about by 35-50% for pga above 0.4 g at least in the longitudinal direction, and
by 20-40% in the transverse direction. As a consequence of the maximum
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inter-storey drift envelope, it can be concluded that the soft-storey mechanism was
fixed, and that no significant damage occurred in the upper-storey infill masonry
walls.

Globally, it can be concluded that the correct design and implementation of the
RCJ technique to improve soft-storey buildings and, in particular, to fix/eliminate
such mechanisms can be achieved by the application of this technique.

6 Case Study: Kathmandu University

6.1 Introduction

Though the term “retrofitting” is not new to the Structural Engineering arena, it
became quite popular in Nepal after the earthquake of magnitude 7.8 (Moment
magnitude) on 25 April 2015 marking the epicentre at Barpak, Gorkha at 11:56 a.
m., Nepalese Standard Time. Another earthquake of magnitude 7.3 was triggered
on 12 May 2015, with its epicentre at Dolakha. These two epicentres are located at
the west and east of Kathmandu within less than 100 km. A series of aftershocks
greater than magnitude 4 hit the country since then, further gradually deteriorating
the existing structures of Nepal. The psychological trauma of people who were
forced to take shelter in open spaces was made even worse by the onset of winter.
Rehabilitation of the structures started after the loss of more than 8500 lives [34]
and damage to a huge number of dwellings. The lives of those taking shelter in tents
and other temporary means became miserable as winter started. Nevertheless,
people started to repair and retrofit their houses on their own, with the limited
experience that prevailed in the country.
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6.2 Present Scenario

After acquiring technical suggestions from civil and structural engineers, the
population started to reform their dwellings with techniques limited by their
resources. The majority of buildings, however, were merely repaired in the name of
retrofitting, possibly either due to ignorance or due to their adverse economic
conditions. Thus, it is expected that another strong earthquake could lead to another
devastating situation to Nepal.

Retrofitting actually means strengthening the buildings to such an extent that
they should be able to resist future large earthquakes. Just repairing is not the
solution; moreover, it may lead to a catastrophic scenario in the future. In Nepal,
there are various types of buildings; the majority is of reinforced concrete, brick
masonry load-bearing structures, stone masonry houses, adobe etc. The majority of
adobe and stone masonry buildings collapsed, while many reinforced concrete and
other types of buildings were also not spared. Likewise, heritage buildings and
temples could not survive the major earthquake of 25 April 2015. The damage
and collapse of many buildings were due to many reasons, of which the most
important were the poor quality controls in construction materials, poor design and
non-engineered construction methods, and vulnerable buildings due to deficient
characteristics from an earthquake-resistant point of view. Many structures were
damaged due to their old age and maintenance deficiencies. Although the Gorkha
and Dolkha earthquake epicentres were quite far from Kathmandu, the capital of
Nepal, the structures lying in Kathmandu were also affected. Kathmandu,
Bhaktapur and Lalitpur, the three major cities in the valley, suffered extensive
damage and casualties, in addition to the collapse of some major monuments and
temples. The devastation was visible in Sindhupalchowk, Nuwakot, Rashuwa,
Dolkha, Kathmandu Valley, Gorkha and many districts from Gorkha to Dolkha. In
general, the collapsed reinforced concrete buildings and stone masonry buildings
were deficient in earthquake-resistant design principles. Besides, many buildings
did not follow basic codal requirements. The damage due to the short column effect,
soft storey, pounding effect, slopes and reclaimed land, was later realised in most of
the buildings. Some buildings were also damaged due to alterations by building
owners after the initial design.

Many reinforced concrete structures whose column and beam joints needed
detailed retrofitting design have simply been repaired by general cement-slurry
grouts or by the addition of steel angle frames. These steel frames are welded to the
longitudinal bars of the damaged beams and columns in the name of retrofitting.
Eventually, it is understood that if the frames are rectangular, the rectangular steel
frames added as supports in this way will deform into a parallelogram shape when
the earthquake force hits them again. The stability of the repaired buildings remains
a question of safety.



Structural Repair and Strengthening of RC Elements ... 191

6.3 Retrofitting at Kathmandu University

Very few buildings have been retrofitted considering detailed retrofitting design in
the country. Some of the buildings of Kathmandu University suffered minor and
major damage. A few of the buildings needed detailed retrofitting design after
preliminary rapid visual assessment. The library block at Dhulikhel (Fig. 5) and the
Management building located at Balkumari required detailed study, as they were
damaged to a large extent (Fig. 6). The staff quarter at Dhulikhel was also studied in
depth, even though it suffered only minor damage, primarily of brick masonry infill
walls. Mostly, the columns were found to be weaker compared to the beams; thus,
jacketing retrofitting works were applied to the damaged columns. Some beams that
were considered vulnerable were retrofitted with FRP wrapping and infills that were
severely affected were pressure-grouted with cement-slurry with admixtures, further
strengthened by chicken wire mesh and shotcretes.

Indian Code IS 15988: 2013 [35] was adopted for the retrofitting design of
columns, while the ACI 31-95 code was considered for FRP wrap calculations.
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Fig. 5 First Floor Plan of Kathmandu University Central Library
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Fig. 6 Damage observed in Kathmandu University Central Library (Dhulikhel) after the major
earthquake

Since the majority of columns were found to be inadequate in size as well as in
terms of reinforcements, steel and concrete jacketing works were chosen.
As per IS 15988: 2013, certain criteria must be followed:

Step 1—Preliminary visual evaluation: It is a quick procedure to establish the
actual structural layout and assess its characteristics that may affect seismic vul-
nerability. This is an approximate procedure based on conservative parameters to
identify the potential risk of a building, and may be used to screen buildings for
detailed evaluation. It is primarily based on observed damage characteristics in
previous earthquakes, coupled with some simple calculations. First, a site visit is
carried out to check for visible deficiencies like configurations of load path, dis-
tressed geometry, weak storeys, soft storeys, vertical discontinuities, mass, torsion,
short columns and pounding effects.

Step 2—Column retrofitting: The retrofitting of deficient columns is essential to
prevent storey collapse. Hence, it is more important to retrofit columns compared to
beams. The columns are retrofitted to increase their flexural and shear strengths,
to increase the deformation capacity near the beam-column joints, and to
strengthening the regions of faulty splicing of longitudinal bars. The columns in an
open ground storey or next to openings should be prioritised for retrofitting. The
retrofitting strategy is based on the strong column-weak beam principle of seismic
design. Concrete jacketing involves the addition of a layer of concrete (Fig. 7),
longitudinal bars and closely spaced lateral ties (Fig. 8). As shown in Fig. 8,
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Fig. 8 Concrete jacketing of
a damaged column

the jacket increases both the flexural and shear strength of the column. If the
thickness of the jacket is less than 100 mm on each side of column, the effec-
tiveness will be lower in terms of stiffness.

To increase the flexural strength, additional longitudinal bars need to be
anchored to the foundation and should continue through the floor slab. Usually, the
required bars are placed at the corners so as to avoid intercepting the beams that
frame into the column. A tie cannot be made of a single bar due to the obstruction in
placing, so it may be constructed of two bars properly anchored to the new lon-
gitudinal bars. It is preferred to have a 135° hook with adequate extension at the
ends of the bars. Since the thickness of the jacket is at least 100 mm, casting
micro-concrete or the use of shotcrete are preferred to conventional concrete.
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To ensure the composite action of the existing and the new concrete, the options for
preparing the surface of the existing concrete are by chiselling, roughening with a
wire brush, or using bonding chemicals. If the jacket is only partially around the
existing column, existing bars can be exposed at a few locations, then welded to the
Z- or U-shaped bent bars to the new bars.

The minimum specifications for concrete jacketing are:

. The compressive strength of the new concrete must be at least 5 MPa greater
than that of the existing concrete (IS 15988: 2013).

. For columns where extra longitudinal bars are not required for additional
flexural capacity, a minimum of 12 mm diameter bars in the four corners and
ties of 8 mm diameter must be provided.

. The minimum dimensions of the jacket should be 100 mm.

. The minimum diameter of the ties should not be less than 8§ mm and should not
be less than one-third of the diameter of the longitudinal bars. The angle of the
end of the ties should be 135°.

. The centre-to-centre spacing of ties should not exceed 200 mm preferably.
Close to the beam column joints, or a height of one-quarter of the clear height of
the column, the spacing should not exceed 100 mm.

When a building is acted upon by earthquake forces, its structural components

may become damaged due to lateral forces. It is always better to retrofit a structure
after any major shock is resisted by it. Retrofitting of columns becomes essential, as
they are the major components that contribute towards resisting the lateral defor-
mation of buildings. During analysis, whether the existing foundations are safe or
not must be studied; accordingly, strengthening of foundations may also be

Fig. 9 3D model of Kathmandu University Central Library—Identification of failed columns



Structural Repair and Strengthening of RC Elements ... 195

undertaken. The safe bearing capacity of soil must be known in order to check the
foundation safety.

First, the structure was modelled in computer software as shown in Fig. 9, by
Pradhan et al. [36] as per the built drawings, and the analysis was performed to
identify the columns that fail. The failing columns were then noted.

The cross section of the columns that failed is required to be enlarged (this
applies also to the case of retrofitting beams), so that they can resist potential lateral
forces. A minimum jacket of 100 mm thickness around the column is mandatory.
The new model prepared after assigning the columns of increased cross section is
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(a) 440 40 (b) Existing column
. s
Bent-down bars
New longitudinal
Retrofitted Column reinforcement
Existing Column
New transverse
& 5 B stirrup
= 10¢ Lateral Ties @ 90 c/c, Existing column
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A Welding

New concrete
overlay (jacket)

///
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(c) Existing Section
~
o
L4
7 I
LI
440

Fig. 10 a Longitudinal section of retrofitted column, b reinforcement bar and connector
arrangement, ¢ detail showing placement of connectors
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again analysed to check if any further failure has occurred; the increasing in column
size is continued until all columns and beams become safe.

After a few trials of analyses with increased column sizes, none of the elements
will fail; then, the area of steel required is obtained from computer analysis software
like SAP2000. The original area of steel (obtained as per built drawing details) is
deducted from the area obtained from software analysis (i.e. the required steel area).
Figure 10 shows the longitudinal section of a retrofitted column. Some partial factor
of safety is provided for both added concrete section and steel, thus additional
concrete area as well as steel must be provided as per the retrofitting code [35]. In
the study, almost all the ground floor columns were found deficient in flexure and
were suggested for retrofitting as shown in Fig. 10 [36]. Many columns on the
upper floors required retrofitting as well.

7 Final Comments

The proper characterisation and evaluation of the existing structural elements,
namely through the analysis of their current state, loading conditions and a clear
definition of the intended objectives, allows one to design optimised retrofitting
solutions that will improve the element’s behaviour. It can be concluded that the RC
jacketing technique is very effective and, when well executed, increases the ele-
ments’ stiffness, strength and ductility. Aspects such as the interface between the
new and the existing element section should be given special attention, to guarantee
that the surface roughness will lead to a monolithic behaviour of the element when
subjected to lateral loading.

Finally, the efficiency of the RC jacketing technique to reduce the seismic
vulnerability of the soft-storey building was analysed: RC jacketing of all the
ground-storey columns significantly reduced the soft-storey mechanism and
improved the buildings’ strength capacity.
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Strengthening of RC Bridges

Pedro Delgado and Andreas Kappos

1 Introduction

As stated in several reports on recent earthquakes, bridges not properly designed for
seismic resistance are damaged under strong earthquakes, and the consequences of
this damage can be more dramatic than for normal building structures. Even for
“moderate magnitude” earthquakes, damage in some existing bridges and viaducts
has been very grave, on several occasions causing their partial destruction, and in
some cases total collapse, with corresponding heavy costs. In most cases, the bridge
safety is governed by pier performance. Previous studies have addressed the seismic
performance of both solid and hollow piers.

Many studies have been carried out on RC solid columns aiming to assess the
effectiveness of retrofit solutions with Carbon Fibre Reinforced Polymers (CFRPs),
addressing the increase in strength (bending and shear) and ductility. Carbon fibre
jackets (most commonly by applying CFRP wrapped sheets) have been used in
strengthening/retrofitting several types of columns, from circular to rectangular
cross sections, under the influence of different loading actions, as is the case of the

P. Delgado (IX))

Department of Civil Engineering, School of Technology and Management,
Polytechnic Institute of Viana do Castelo, Apartado 574, 4901-908

Viana do Castelo, Portugal

e-mail: pdelgado@estg.ipve.pt

P. Delgado
CONSTRUCT-LESE, Faculty of Engineering (FEUP), University of Porto,
4200-465 Porto, Portugal

A. Kappos

Research Centre for Civil Engineering Structures, City University of London,
Northampton Square, London EC1V OHB, UK

e-mail: Andreas.Kappos.1@city.ac.uk

© Springer Nature Singapore Pte Ltd. 2018 199
A. Costa et al. (eds.), Strengthening and Retrofitting of Existing Structures,
Building Pathology and Rehabilitation 9, https://doi.org/10.1007/978-981-10-5858-5_9



200 P. Delgado and A. Kappos

following works (among several others): Seible et al. [1], Gergely et al. [2], Parvin
et al. [3], Santarosa et al. [4], Teng et al. [5], Hadi [6].

On the other hand, studies concerning the retrofit of RC hollow section piers are
more scarce, nevertheless, some works are found in the literature, namely the FRP
retrofit of hollow section bridge piers: Ogata and Osada [7], Cheng et al. [§],
Mo et al. [9], Pavese et al. [10], Yeh and Mo [11], Tsionis and Pinto [12], Lignola
et al. [13], Delgado et al. [14]. From these studies, in some cases, the improved
performance was attributed to the change of shear failure mode to a flexural one,
combined with the confinement effect.

Despite the substantial amount of studies on pier strengthening, the number of
retrofitted bridges subjected to strong ground motions is still quite small to allow
drawing meaningful conclusions. Therefore, it is quite important to perform ana-
Iytical studies on the effect of bridge pier retrofitting, mainly concerning the
derivation of analytical fragility curves for as-built and retrofitted bridges. In fact,
the fragility curves are extremely useful to evaluate the efficiency of different
seismic retrofit strategies and to identify the optimum solution compared to the
as-built condition for different levels of seismic hazard.

2 Typical Bridge Piers Damage

It is during the occurrence of earthquakes that the deficiencies caused by poor
behaviour of structures are highly evidenced and, therefore, lessons can be drawn
for the design aspects that allow providing them with a good seismic behaviour.

In this section, the general framework of the seismic behaviour of bridges is set,
with special emphasis on aspects that most directly influence the seismic vulnera-
bility. Thus, the most important aspects of some of the earthquakes that have
occurred in the past, namely the most significant damage attributed to deficiencies
in the structural behaviour.

The failure of the Cypress viaduct [15], which led to the collapse of its upper
deck, was one of the most serious failures that occurred during the earthquake of

Fig. 1 Northridge earthquake [16]: a insufficient bending ductility and b shear failure
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Loma Prieta, mainly due to failure that occurred in the joints which connect the
piers and beams.

During the Northridge earthquake [16], poor flexural ductility available in plastic
hinges and insufficient shear capacity were responsible for the collapse of several
piers, as illustrated in Fig. 1. This type of failure is due to inadequate transverse
reinforcement, leading to insufficient concrete confinement and, thus, causing the
buckling of the longitudinal rebars.

Reinforced concrete bridges in the Kobe Line, Hanshin Expressway, were not
provided with appropriate specifications for the cyclical behaviour, leading to
extensive damage and the collapse of some of them. The drastic collapse of the
piers and the consequent viaduct fall, was due to the premature interruption of the
longitudinal reinforcement [17].

In the Taiwan earthquake of 1999, about 20 bridges located along the fault near
Juahan were severely damaged, many of them with simply supported multiple
spans [18]. This fact conducted to deformations and forces that probably exceeded
those expected due to the seismic action.

The existing bridges of Wenchuan, China, were severely affected due to the
magnitude of the earthquake of 2008 [19, 20]. The total number of damaged and
collapsed bridges due to the large earthquake stands over 576, including very recent
bridges, meaning thereby heavy economic losses. In the research work and
inspection after the earthquake, conducted by the Chinese Ministry of
Communications, it is stated that the number of bridges that survived with little
damage was very low (<40%) and the number of severely damaged bridges or even
collapsed was very high (14%), taking into account that these infrastructures are
very important for rescue teams in the post-earthquake.

3 Strengthening Techniques and Strategies
3.1 Solid Piers

Solid piers are often damaged after an earthquake due to inadequate strength or
ductility, and the strengthening of these piers can be performed with jacketing of
different material (reinforced concrete, steel, or FRP). For increasing strength
capacity the entire pier height needs to be retrofitted while for ductility enhance-
ment the strengthening technique can be applied at the plastic hinge region.

Before performing the retrofit, if the pier needs to be repaired the following steps
should be carried out: (1) Delimitation of the repairing area (usually the plastic hinge
region); (2) Removal and cleaning of the damaged concrete; (3) Alignment and
replacement of the longitudinal reinforcement bars (if the bars had buckled or failed it
needed to be replaced in order to ensure the alignment); (4) Application of formwork
and new concrete (usually Microbeton, a pre-mixed micro concrete, modified with
special additives to reduce shrinkage in the plastic and hydraulic phase).
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Fig. 2 Lap spliced zone (a); retrofitted column with CFRP sheet jacket (b); steel plates (c); and
Steel plates connected by equal leg angle steel profiles (d)

After the repair stage, the selected technique and strategy of retrofitted can be
applied, with three different suggestions illustrated in Fig. 2: CFRP jacket; steel
plates; and steel plates connected by equal legs angles steel profiles.

In order to design the retrofit jackets, Priestley et al. [15] approach is suggested
to calculate the thickness of the jacket. Inelastic deformation capacity of flexural
plastic hinge regions can be increased by improving confinement of the pier
concrete with the jacketing system.

3.2 Hollow Piers

The main steps for the repaired and retrofitted (after suffering shear damage) hollow
piers are the following: (1) delimitation of the repair area; (2) removal and cleaning of
the damaged concrete; (3) alignment or replacement of the longitudinal rebars;
(4) application of formwork and new concrete (usually Microbeton, a pre-mixed
micro concrete, modified with special additives to reduce shrinkage in the plastic and
hydraulic phase); (5) outer retrofit with jacketing (with a given technique and mate-
rial). To provide a general idea of the pier damage and of the retrofit process, Fig. 3
shows the piers during repair and after CFRP sheet jacketing. The CFRP sheet
properties (supplied by manufacturer) are as follows: FElastic modulus,
E; = 240.000 MPa; Ultimate strain, ¢;,, = 0.0155; Ultimate strength, f;, = 3800 MPa
and Layer thickness: #;; = 0.117 mm.

In order to design the outer shear retrofit with CFRP jackets, the methodology
suggested by Priestley et al. [15] was adopted to evaluate the thickness of the
rectangular hollow pier jacket for increasing the shear strength above the maximum
flexural force while keeping the initial section conditions. According to this
methodology the shear strength can be conveyed by Eq. (1):
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Fig. 3 Hollow piers before and after the shear retrofitting with CFRP sheets
Va=Ve+Vi+V,+Vy (1)

where V,, V, and V), are the shear force components accounting, respectively, for
the nominal strength of concrete, the transverse reinforcement shear resisting
mechanism and the axial compression force; the term V; corresponds to the pos-
sible retrofit contribution with CFRP or metal jackets and can be estimated
according to Eq. (2):

A;
Vsj:?jfj-h-cot(? (2)

where £ is the overall pier section dimension parallel to the applied shear force, f; is
the adopted design jacket stress, A; is the transverse section area of the jacket sheets
spaced at a distance of s and inclined at the angle of 0 relative to the member axis.
Therefore, Eq. (1) can be applied to estimate the number of CFRP sheet layers
required to increase the shear capacity of the pier.

3.3 Experimental Test on Hollow Cross Section Piers
with Shear Strengthening

To study the behaviour of hollow cross section piers with shear strengthening,
experimental and numerical tests were carried out and one specimen (PO2-N6) was
selected for presentation herein. In this case, one strip layer of CFRP sheet was
used, with 0.177 mm thick, 100 mm wide and spaced at 100 mm along the pier
height in order to increase the shear capacity, following the strategy referred in the
previous section. It was decided to leave a 100 mm distance at the base in order to
analyse the available ductility of the pier if shear collapse mechanism was avoided.
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The specimens were tested under cyclic loading with increasing values of drift
intensity. The axial load of 250 kN was considered, that corresponds to a nor-
malized axial force of 0.05. The test setup characteristics and more detailed results
are available in previous reports [14, 21, 22].

When 3.0% drift was achieved, corresponding to 45 mm of top pier displacement,
the second strip of CFRP (counting for the bottom) broke up in the northeast corner. In
the subsequent cycles, broke up the 3°, 4°, 5° and 6° fibre strips, in ascending order, in
the same corner as the second strip, Fig. 4. After the abrupt rupture of the fibres, the pier
loses the concrete confinement, causing the desegregation of the material on the east
side wall pier, as can be seen in Fig. 4a. Finally, after the experimental test has been
stopped, high deterioration of the concrete and some buckling phenomena of longi-
tudinal rebars were observed [23]. Although the failure mechanism of the pier
PO2-N6-R1 was achieved by shear mechanism, it can be observed from Fig. 5 that the
maximum strength increased about 50% in comparison with the original pier
(PO2-N6). Therefore, a higher bending contribution was obtained in the pier behaviour
(in comparison with the original pier), despite the shear deformation effects that
occurred during the test. But in terms of displacement, this pier retrofit just has reached
the ductility between 3 and 4, due to CFRP strips failed to accommodate the pier web
deformation and broken.

The numerical simulations were carried out using two different methodologies:
(i) fibre model and (ii) damage model. The fibre models are based in a finite element
discretization with non-linear behaviour distributed along the element length and
cross-sectional area, while the damage model is supported on refined finite element
(FE) meshes, with high complexity and detail levels in the constitutive laws defined
for both concrete and steel. The concrete is simulated with a continuum damage
model where several applications for bridges with hollow section piers can be found
at Faria et al. [24].

east side south side west side

Fig. 4 Final damage of pier PO2-N6-R1, for 3.0% drift
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Fig. 5 Experimental and analytical results—comparison of PO2-N6 versus PO2-N6-R1

Analytical results of pier PO2-N6, with and without retrofit, are also shown in
Fig. 5. To evaluate the Shear Capacity line, the methodology suggested by Priestley
et al. [15] was adopted.

The difference between the results of the adopted fibre model [25] and the
experimental test of pier PO2-N6 is due to a limitation of the numerical model to
simulate the shear effects. Namely, it assumes that the pier is governed by bending
behaviour, which leads to a maximum forces achieved similar to those obtained in the
experimental test of the retrofitted pier (PO2-N6-R1), once it is capable to explore a
higher bending component due to the CFRP strips retrofit. This numerical model does
not consider the deformation and stiffness degradation from shear mechanisms, which
is quite relevant for the pier behaviour when inclined cracks occurs in its webs. This
inability of the model to consider the shear effect leads to maximum forces (in Fig. 5)
close to values expected for flexural capacity (about 320 kN).

The deformation and strength mechanisms associated to shear are related to the
concrete tensile behaviour [22]. The damage model [24] makes use of “effective
stress tensors” decomposed in compression and tensile stresses that allows
exploring the deformation and stiffness degradation by shear. As can be seen in
Fig. 5, the damage model results show a good approximation to the experimental
test of pier PO2-N6, with a quite accurate simulation of the shear effects.
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3.3.1 Concluding Remarks

Experimental tests were performed in hollow cross section piers with and without
shear strengthening, and the maximum force applied to the retrofitted pier increased
about 50% in comparison with the original pier, but without significantly improve-
ment on the ductility. Regarding the numerical analysis, with the more refined model,
the damage model, it was possible to simulate the complex shear behaviour of this
type of hollow cross section pier without retrofit, while the fibre model [25] captured
the experimental behaviour of the retrofitted pier (PO2-N6-R1), achieving similar
maximum forces once it is mainly governed by bending behaviour.

4 Effect of Strengthening on Seismic Performance
of Bridges

The seismic performance of retrofitted bridges was first tested during the 1987
Whittier Narrows and 1989 Loma Prieta earthquakes that caused damage to a
number of around 1000 California bridges that had been retrofitted against
unseating by the addition of cable or rod restrainers after the 1971 Sylmar (San
Fernando) earthquake [26, 27]. Some of these restrainers broke, but more con-
cerning was the fact that, while unseating was prevented in most cases, other severe
damage patterns emerged, mainly failures of concrete piers. This led to a second
Caltrans retrofitting programme that included 1155 bridges; the focus of that pro-
gramme was column retrofitting through jacketing (mostly with steel jackets).
During the 1994 Northridge earthquake, which struck i.e. more than 200 retrofitted
bridges, only one retrofitted (with restrainers) bridge suffered significant damage
[26]. Overall the retrofitted bridges, particularly those of the 2nd phase of the
Caltrans programme, performed well, suffering no damage or only minor damage
(in the joints at the locations of deck hinges and abutments). Since then, a number
of retrofitted bridges world-wide have been subjected to strong ground motions, but
the size of the sample is still quite small to permit drawing meaningful conclusions
and, even more, to derive empirical fragility curves for retrofitted bridges. In fact all
studies of such bridges are primarily analytical; the analysis-based approach to
seismic assessment of retrofitted bridges is presented in the following.

4.1 Modelling of RC Piers with Different Types
of Jackets and Fragility Curves for Bridges
with Strengthened Piers

The most comprehensive way to describe the seismic vulnerability of a structure is
through a set of fragility curves, for a number of damage states; these can also serve
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as a valuable guide for designing a retrofitting scheme. Fragility curves for retro-
fitted bridges have been proposed for evaluating the efficiency of different retrofit
measures and strategies with regard to the bridge seismic performance [28, 29] and
identify the optimum solution compared to the as-built condition for different levels
of seismic hazard. Recently, a new methodology for the derivation of
bridge-specific fragility curves was proposed, considering the effect of varying
structural and geometric component properties on capacity and demand estimation
[30]. The method is suitable for application to inventories of existing bridges, using
an ad hoc developed software, and is presented in the remainder of this section. It
can be applied to retrofitted bridges with different structural systems [31], i.e. it is
not restricted to specific bridge configurations or retrofitting schemes. In this
method bridge piers, abutments, bearings and foundations are selected as the most
important components for both as-built and retrofitted bridges, as far as perfor-
mance under seismic actions is concerned.

The first step of the methodology is to define the capacity of critical components,
based on the results of inelastic analysis, considering different failure modes.
Component limit states (minor, moderate, major and collapse), are qualitatively
described based on experimentally observed damage patterns, and quantified
defining threshold limit state values in terms of a global engineering demand
parameter (displacement), dependent on component geometry, reinforcement,
material properties, and loading. Retrofitted component threshold limit state dis-
placement values are correlated to as-built relevant threshold values in order to
identify the effect of each retrofit measure on component capacity. Uncertainty in
capacity, namely in damage threshold definition, is estimated using reduced Monte
Carlo (Latin Hypercube Sampling) simulation for each component.

Bridge-Specific Fragility Curves

# 1 : Bridge Geometry| |# 2 : Pier As-built & | |# 3 : Bearing # 4 : Abutment
(General Properties) | |Retrofitted Properties Properties Properties

Generic 3d Elastic Model L

Fig. 6 Bridge fragility assessment: input data for setting-up a simplified 3D model
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The second step is the development of a simplified 3D model (linear springs for
bearings and abutments, see Fig. 6), providing general properties of as-built bridge
components and retrofit measures, in order to estimate seismic demand on each
component. Seismic analysis is performed at bridge level, with a view to estab-
lishing the correlation among different components during the evaluation of bridge
performance for different levels of earthquake intensity. However, since the main
target of the methodology is its applicability to a large bridge inventory for eval-
uating the retrofit effectiveness, simple elastic response spectrum analysis is used
for the demand calculation.

To account for inelastic performance of the bridge system under seismic actions,
the uncertainty in demand is calculated using nonlinear response history analysis
for selected accelerograms that generally vary with seismic intensity level
(Modified Incremental Dynamic Analysis). Representative bridges of each category
(according to the classification scheme described in [30] are selected and Monte
Carlo simulation with Latin Hypercube sampling is performed to quantify the
uncertainty in seismic demand; in a practical context, uncertainty in demand is
assumed to be the same for bridges classified in the same category. Having defined
capacity and demand at a component level, bridge fragility is calculated assuming a
series connection between components (except for limit state 4—-‘collapse’ for
which bearings are not deemed as critical). Since the demand calculation is based
on the results of an elastic model, the effect of gap closure should be accounted for,
considering two models (open and closed gap), retaining the results of the first
model until gap closure.

The procedure for deriving the bridge-specific fragility curves is described in
detail in [30]. In the following only the aspects related to retrofitted bridges will be
presented, along with an illustrative case study.

4.1.1 Retrofitted Component Limit State Threshold Values
and Related Uncertainty

Different parameters related to geometry, reinforcement, materials, and loading
affect the available strength and ductility, and hence the seismic performance of
piers. The effect of different pier shapes (cylindrical, hollow cylindrical, wall,
rectangular, hollow rectangular), dimensions, material properties and constitutive
laws, longitudinal and transverse reinforcement ratio and finally axial load, on the
limit state threshold values of as-built bridge piers was evaluated. Regarding pier
retrofit, two widely used in Europe retrofit techniques for strengthening and con-
finement (passive or active) were examined, namely RC jackets and CFRP jackets.
Retrofitted piers with RC jackets of different thickness, reinforcement ratio and
material properties and CFRP jackets with different layer number, thickness, elastic
modulus and jacket strength, have different threshold limit state values. The con-
sidered limit states 1-4 are shown in Table 1 for FRP-jacketed columns (similar
definitions apply to RC jacketing [31]). A database of retrofitted components was
compiled (the case of cylindrical piers is presented herein) and empirical
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Table 1 Limit states for FRP jacketed bridge piers
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Limit state

Threshold values of
curvature (¢)

Qualitative performance description

LS 1—minor/slight
damage

(48 (()y

Microcracking of concrete and shifting
of aggregates

LS 2—moderate damage

@: min (@: & > 0.004,

Spalling of the cover concrete, strength

@: & >0.015) may continue to increase
LS 3—major/extensive ¢@3: min (¢@: First hoop fracture, buckling of
damage £ <0.004+14-p, §_, longitud?nal reinforcement, initiation
o: & >0.06) “ | of crushing of concrete core
LS 4—failure/collapse @4: min (@: 60-70% of the ultimate load, patches

M <0.65 - Mmax)

of white began to show, plastic flow of

resin, FRP rupture

relationships were derived for the quantification of damage in displacement terms,
considering different failure modes of retrofitted components and correlating the
retrofitted to as-built threshold values in order to assess the effect of each retrofit
measure on component capacity.

Different properties for all retrofitted and as-built parameters were selected and
moment versus curvature analysis of all possible combinations was performed
using appropriate software [32]. Threshold values for the different limit states are
initially defined in terms of curvature as depicted in Table 1, related to material
strain limits. Using the advanced least squares method (robust fit), empirical rela-
tionships for the estimation of yield and ultimate moment and curvature values for
the retrofitted columns (secant stiffness at yield EI;z = M,/¢,) were derived for each
different pier type (see Fig. 7, referring to cylindrical piers). An example of
empirical relationship is given in Eq. (3) referring to curvature values for a
CFRP-jacketed column

(pFRPj/(pcnre = ﬂ() + Bl : (DFRP,j/Dcore) + ﬂZ . (EFRP,j/Ec,core) + ﬁ3 : (ﬁFRP,j/fc,core)
+ ﬁ4 ! (p]‘FRP7 j/pw?core)

3)

Values of f3; coefficients for yield and ultimate curvatures can be found in [33].

To define bridge capacity and threshold limit state values in displacement terms,
an inelastic lumped plasticity model of the pier is analysed (bilinear
moment-curvature curve) for all possible combinations of core/retrofitted section
properties, and the displacement of the cantilever top (component control point) at
the time step that the deformation of the plastic hinge exceeds threshold limit state
values (@1, @2, @3, @4 in Table 1) is recorded. Shear failure mode is also consid-
ered, since the shear demand at each step is compared with the ultimate shear
capacity and the displacement value associated with LS4 is recorded and compared
with the one derived considering flexural failure; reduction in the concrete contri-
bution (V,) with increasing curvature ductility is accounted for.
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Fig. 7 M, /M, . and o, /¢,
diagrams for RC jacketed
cylindrical bridge piers

Practically all possible combinations of section properties and pier heights for
common bridge piers are considered (height range 5-20 m for RC jacketed piers,
resulting in ~ 157,500 analyses) and threshold limit state values in displacement
terms (0, 0., 03, 04) are obtained, correlated with the relevant threshold dis-
placement values for the core. Therefore, the threshold limit state values of the
retrofitted pier can be easily defined if the corresponding values of the as-built
component are known (see Eq. 3), whereas the effect of the retrofit measure and
different retrofit properties can be easily evaluated. Analysis results are processed
using the advanced least squares method and empirical relationships for threshold d;
values are provided for the case of reinforced concrete and FRP jacket; as an
example, the thresholds for FRP jacketed columns are given by:

(5FRPj/H)/(5COVe/H) = ﬁO + ﬁl . (DFRP,j/Dcore) + ﬁz . (EFRP,j/Ec,core) + B3 . (ﬁFRP,j/ﬁ,care)
+ ﬁ4 : (pfFRP,j/pw,care)

4)

where the f; coefficients are different for each limit state (all values given in [33]).
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Piers : Damage State Values [6/h]

RC Jacket FRP Jacket

e

11,00} As Built

&/h (%e)

As Built RC Jacket FRP Jacket

Fig. 8 Dirift for all limit states and retrofit measures in cylindrical piers

Figure 8 presents the drifts (at the column top), estimated by applying empirical
relationships such as (4) to all cylindrical columns retrofitted using different retrofit
techniques; they are average values derived from all inelastic analyses performed. It
is seen that both RC and FRP jackets improve the seismic performance, increasing
the threshold limit state values. The fact that FRP jacketing results in larger increase
in LS thresholds, compared to reinforced concrete jacketing of cylindrical piers, is
additionally related to the fact that threshold limit state values are dependent on the
ultimate concrete strain value &, which is significantly increased using FRP
confinement. Moreover, it should be noted that RC jackets, apart from providing
strengthening and confinement, result in an increase in initial stiffness, and even-
tually, as a rule, in higher input seismic forces.

Uncertainty in capacity was considered, adopting distributions of the random
variables available in the literature [31, 33]. Latin Hypercube sampling was used
with 100 realizations of each retrofitted member. Analysis results were processed
and dispersion values for capacity (f.) were estimated for each retrofit technique
(RC and FRP jackets).

The definitions of the limit state thresholds for abutments and bearings (common
elastomeric, and lead-rubber, bearings), i.e. for the other critical components of the
bridge, are not affected by the retrofit scheme and are not presented herein; relevant
information can be found in [30, 33].

4.1.2 Case Study

A typical overpass of Egnatia Motorway (N. Greece) was assessed using the
previously described methodology. The bridge (Fig. 9) has cylindrical piers of
2 m diameter and approximately 9 m height, monolithically connected to the deck
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Fig. 9 3D model of the case-study bridge
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Fig. 10 Fragility curves for as-built and retrofitted bridge (transverse direction)

(a prestressed concrete box girder), and it is retrofitted using four different
strategies: (i) RC jackets; (ii) FRP jackets; (iii) high-damping elastomeric bearings;
(iv) lead rubber bearings. For all these retrofit schemes LS threshold values are
available in the database of retrofitted components described in the previous
section. The thresholds in global terms (d,) are correlated with the displacements
developed in the considered bridge by carrying out standard elastic response
spectrum analysis of the spine model shown in Fig. 9 for various levels or
earthquake intensity. Fragility curves were finally derived using the series con-
nection assumption (critical component for each LS defines the LS threshold for
the entire bridge). The uncertainty associated with each LS was also derived
considering the most critical component (in this case the piers); in a practical
context it is not calculated for the specific bridge but is taken from the database
for the category wherein the bridge falls (in this case the studied bridge was also
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the ‘representative’ bridge for the category ‘box girders connected monolithically
to single-column piers’). Using the properties of the overpass of Fig. 9, different
bridge models were generated, with different number of spans [31].

Fragility curves for the as-built (AB) and retrofitted (with RC or CFRP jacketing
of the piers) cases are depicted in Fig. 10. The strengthening techniques applied
aimed at producing the same pier ductility, i.e. the common criterion was
performance-based rather than cost-based; clearly a cost-based approach can also be
adopted. Since the first limit state is associated with bearing damage, the beneficial
effect of retrofitting is evident for the higher damage states only, i.e. for limit states
3 and 4, as shown in the Fig. 10. It has to be noted that if the strengthened
component is not the critical one for a certain LS, the corresponding threshold can
be lower than that for the as-built bridge; this illustrates the importance of a
performance-based approach to retrofitting (different retrofit schemes are appro-
priate for different performance objectives). Further examples of fragility curves for
retrofitted bridges can be found in [33].

4.1.3 Concluding Remarks

There is a clear need for collecting more information on the seismic performance of
retrofitted bridges; this is expected to happen in the coming years as earthquakes strike
areas like the US and Japan where a substantial number of retrofitted bridges exist. In
the meantime, analytical approaches are the only viable option for estimating the
seismic performance of bridges where one or more retrofitting techniques were
applied. The component-based methodology for deriving bridge-specific fragility
curves presented herein is arguably the most appropriate one for retrofitted bridges, as
it makes feasible the exploration of several alternative schemes with a view to
identifying the optimal one.

5 Conclusions

This chapter presented some strategies for the strengthening of RC bridges and the
respective benefits to their structural behaviour.

For the hollow pier tested with and without shear retrofitting, and the maximum
force applied to the retrofitted pier increased about 50% in comparison with the
as-built pier, but without significant improvement in the available ductility.
Numerical analysis of this pier allows to simulate the complex shear behaviour of
this type of hollow cross section without retrofit, with the damage model which
takes into account the deformation and strength mechanisms associated to shear
behaviour, while the retrofitted pier behaviour, mainly governed by bending
mechanism, was satisfactorily captured by the fibre model, achieving similar
maximum forces.
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Analytical studies were conducted for estimating the seismic performance of
bridges where several retrofitting techniques were applied. The component-based
methodology for deriving bridge-specific fragility curves presented in Sect. 4 is
perhaps the most appropriate one for retrofitted bridges, since it allows the evalu-
ation of several alternative schemes for achieving the optimal strengthening
solution.
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Strengthening of Masonry Bridges

Cristina Costa, Antonio Aréde and Anibal Costa

1 Introduction

The structural condition assessment of masonry arch bridges has been assuming
increased importance in the last decades, for which, at least, the two following
major reasons can be pointed out. On the one hand, both at regional and country
levels, this type of clay brick or stone bridges includes important pieces of high
value heritage constructions that must be safeguarded and preserved for upcoming
generations. On the other hand, bridge owners and stakeholders are increasingly
interested in establishing suitable safety criteria and management plans, for which
both the identification of limit conditions for traffic loading and the definition of
adequate intervention proposals are issues of major concern to reduce damage and
detrimental effects caused by road and railway traffic.

The longevity of thousands masonry arch bridges in current operation is itself an
evidence allowing attesting the good performance of these constructions, which is

C. Costa (X))

Department of Engineering, Tomar School of Technology,
Polytechnic Institute of Tomar, 2300-313 Tomar, Portugal
e-mail: c.costa@ipt.pt

C. Costa
CONSTRUCT-LESE, Faculty of Engineering (FEUP),
University of Porto, 4200-465 Porto, Portugal

A. Aréde

CONSTRUCT-LESE, Civil Engineering Department, Faculty of Engineering,
University of Porto, 4200-465 Porto, Portugal

e-mail: aarede @fe.up.pt

A. Costa

RISCO, Department of Civil Engineering, University of Aveiro,
Campus Universitario de Santiago, 3810-193 Aveiro, Portugal
e-mail: agc@ua.pt

© Springer Nature Singapore Pte Ltd. 2018 217
A. Costa et al. (eds.), Strengthening and Retrofitting of Existing Structures,
Building Pathology and Rehabilitation 9, https://doi.org/10.1007/978-981-10-5858-5_10



218 C. Costa et al.

mainly due to the type of the materials used (e.g. stone masonry and infill material)
and also to the high robustness of the built solutions. Stone bridges, in particular,
are examples of sustainability compared to modern reinforced concrete and steel
bridges, generally requiring higher maintenance costs.

In such context, several experimental and numerical studies have been presented
worldwide, particularly in the eight editions of the International Conference on
Arch Bridges [1-8]. The study of stone arch bridges was also addressed in research
projects, namely “Sustainable Bridges—Assessment for Future Traffic Demands
and Longer Lives” [9] (developed within EU FP6) and “Improving Assessment,
Optimisation of Maintenance and Development of Database for Masonry Arch
Bridges” [10] (developed by the International Union of Railways—UIC). Other
working groups, such as the Construction Industry Research and Information
Association (CIRIA), have also contributed to a better organization of data avail-
able on this subject [11].

The European project reported in [9], which involved about 220,000 bridges in
Europe, concluded that circa 41% are arched bridges, of which 35% are over
100 years old and 62% are small span bridges.

Concerning the railway network, the large number of existing and in operation
masonry arch bridges across Europe, also justifies the need to study this type of
bridges. According to data reported in UIC [10], which several European countries
have contributed to, about 60% of railway bridges are either arched ones or cul-
verts; out of these, 80% have spans shorter than 5 m and 70% are aged between 100
and 150 years. For example, in Italy, Portugal and France there are about 56,888,
11,746 and 78,000 such cases, respectively, amounting to 95, 90 and 77% of the
total existing railway bridges in each country.

Conservation plans should be drawn up in order to protect the structural integrity
and safety of this type of bridges, ensuring performance and preserving heritage
value. For this purpose, several interventions can be implemented, namely:
(i) preventive; (ii) remedial and (iii) strengthening measures. The choice of the
solution to be adopted must be made according to the degree of structural deteri-
oration; it can involve structural replacement, consolidation or stabilisation,
resorting either to traditional techniques (using only original-like materials and
techniques) or modern innovative techniques, the latter typically adopting poten-
tially more effective solutions relying on cutting-edge materials and/or equipment.

The characterization of the structural response resulting from most common
loading (self-weight, support settlements, traffic loads and induced vibrations)
allows relating structural damages, defects and failure modes with the bridge
behaviour in the longitudinal and transverse directions; the former is governed by
arch hinge mechanisms, while the latter is mainly influenced by interactions
between infill material, spandrel walls and arches. Damage and degradation present
in masonry arch bridges result from complex processes involving several material
deterioration phenomena (physical, chemical, mechanical and erosive), due to time
decay and inadequate maintenance plans and/or rehabilitation interventions. Due to
their nature, these defects are generally spread throughout the whole construction
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and less influenced by the interdependence between equilibrium mechanisms and
load transmission or the structural behaviour of a particular structural element.

Concerning strengthening interventions, it is well known that passive structural
reinforcement solutions are only activated for loads higher than those acting in the
structure prior to the intervention or for deferred deformations. By contrast, active
strengthening techniques can be also an option (e.g. prestressing), which are likely
to require modifications of the bridge conditions and generally mobilize immediate
structural reaction and inherent change the state of equilibrium and deformability;
although possible, the latter are seldom adopted in stone arch bridges.

The strengthening and/or rehabilitation solutions most commonly adopted to
tackle the structural problems are found to be mainly based on the use of transverse
ties and longitudinal anchors, reinforced concrete elements, as well as injections of
mortar or cement grout in the infill.

Considering that many stone bridges are part of historic heritage, the respect for
their cultural and historic values requires interventions aimed at improving and/or
restoring structural safety governed by several specific criteria broadly disseminated
in international charters [12]. However, such interventions should be adopted only
when there are prior or possible future problems, likely to be identified in several
stages, namely anamnesis, diagnosis, therapy and control, as suggested in [12].
Moreover, interventions should be the least possible intrusive (principle of mini-
mum intervention) and the characteristics of materials used in the intervention shall
ensure: (i) mechanical-structural compatibility, to minimize stiffness and strength
changes in the original structure; (ii) physical-chemical compatibility, to prevent
new pathologies; (iii) durability, to minimize future intervention needs and (iv) re-
versibility, to allow removing new elements inserted during the intervention at the
end of their lifetime, or if they show signs of inappropriateness, without causing
damage to the original materials.

In this framework, this chapter aims at describing the most common strength-
ening techniques of masonry arch bridges and their effects on the structural system.
It refers to cases where some of such strengthening solutions were implemented to
correct structural deficiencies in the longitudinal and transversal bridge directions.
Some general strengthening solutions are also addressed, for cases where the
increase of load carrying capacity is required, particularly due to traffic condition
modifications.

As part of this study, a survey was made on some intervention works carried out
on stone masonry arch bridges. A few references are made to bridges intervened in
Portugal by IP—“Infraestruturas de Portugal”, the national official body for
Infrastructure Management, by IGESPAR (the Portuguese Architectural Heritage
Management Institute) and by other national authorities, in order to identify the
most commonly used solutions in the country. Other interventions carried out in
this type of bridges are also referred, based on publications resulting from projects
developed by UIC [13], as part of the assessment, safety and maintenance of
masonry arch bridges, by the Transport Research Laboratory (TRL) [14, 15], and
on other works published in further bibliographic references.
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2 Structural Behaviour, Frequent Damages
and Degradation

2.1 Basics of Structural Behaviour

The structural system of these bridges essentially comprises two types of con-
stituent materials: masonry and infill material. Stone masonry is used to form the
main components, namely arches, spandrels and piers. The infill material, placed in
between the spandrels and above the arches, is usually made up of soil granular
material, ideally with sparse granulometry, but other types of materials can be
found. These materials are generally heterogeneous and anisotropic, in some cases
containing discontinuities with complex behaviour; usually they have very low, or
virtually null, tensile strength, while shear strength is much dependent on the
friction conditions, cohesion and normal stresses installed.

The structural behaviour of stone masonry arch bridges is mainly controlled by
the strength mechanisms and interaction between structural elements, as well as the
mechanical behaviour of constituent materials; all these issues contribute for load
transmission due to weight and traffic, foundation settlements and for the response
to traffic induced vibrations.

Concerning the global structural response under the most common loading
(self-weight and traffic) two main mechanisms are activated, according with the
distinct bridge behaviour in the longitudinal and the transverse directions. Under
heavy loading, likely to approach failure conditions, the former is characterized by
arch hinge mechanisms resulting from transmission of vertical loads across the infill
(see Fig. 1a); the latter, mainly influenced by the interaction between infill, span-
drels and arches, is related with the transmission of horizontal pressures and the
way how they are reacted (see Fig. 1b, [16]).

Damage and degradation of stone masonry arch bridges result from mixed
processes causing several deterioration phenomena. These can be related with time
decay of material characteristics, poor maintenance, strength mechanisms, inter-
action between structural elements related with load transmission, traffic induced
vibrations and supports’ settlements. Typical occurrences and their direct causes are

briefly overviewed in the next paragraphs.

Fig. 1 Failure modes: a Longitudinal direction, b Transversal direction (picture credits [16])
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2.2 Structural Damages

Structural damage, resulting from the behaviour of the bridge structure and its
materials, often appears in the form of cracking, sliding, crushing and excessive
deformation of specific structural elements.

In fact, for instance, the identification of theoretical positions of hinges char-
acterising arch failure mechanisms, allow associating the existence of transverse
cracks with the bridge structural response in the longitudinal direction, since it can
be a sign of lack of material strength capacity under excessive load or occurrence of
foundation settlements.

The interaction between different elements of the bridge, considering both the
longitudinal and transverse direction response, is also a cause of structural damage
which may influence the overall behaviour of the bridge.

As mentioned above, cracks in transverse joints can be plausibly associated with
the development of hinge mechanisms in the arch.

In turn, arch longitudinal cracks, along the spandrel-arch connection (Fig. 2), are
likely related with the structural response in the transverse direction, typically
influenced by the interaction between arches, spandrels walls and infill material. In
fact, vertical loads lead to the development of horizontal pressures in the infill
which are responsible by out-of-plane effects in spandrel walls, tensile cracking in
arches’ stones and sliding in longitudinal interfaces between arches and spandrels
(Fig. 1b), [16]). Consequently, due to such longitudinal cracks, the arch tends to
perform independently from the spandrel walls and, therefore, the favourable effect
of the latter for the arch behaviour (which conveys into the spandrel-arch system
stiffness) gradually disappears in the central area. In this way, the formation of
longitudinal hinge mechanisms in the central area becomes more facilitated and the
effectiveness of the load transfer system decreases.

[C75 gt

Fig. 2 Longitudinal cracks due to the bridge structural performance in the transverse direction
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2.3 Material Degradation

Agents of material deterioration such as aggressive water, soluble salts, atmosphere
gases, temperature, wind, ice and living organisms, may lead to: (i) stone decay by
erosion, dissolution and disaggregation; (ii) occurrence of efflorescence, incrusta-
tions and black films, moisture stains, fluid water run-off, biological deposits and
vegetation on exterior surfaces, and (iii) loss of joint and infill material (see Fig. 3).
These are physical, chemical and erosive damages resulting from time passage and
lack-of or non-adequate maintenance plans and/or rehabilitation interventions.
These types of damage usually do not depend on the bridge structural behaviour
and may appear in a generalized way anywhere in the bridge.

As a first preservation step, measures should be taken to eliminate the causes of
deterioration and to implement maintenance plans to prevent damage. Therefore,
cleaning the surfaces to eliminate biological and atmospheric contaminations, as well
as maintenance of waterproofing and drainage systems, should be part of regular
maintenance procedures.

Fig. 3 Physical, chemical and environmental damages: a Dissolution, b Granular disintegration,
¢ Vegetation, black films, moss and lichens, d Lack of mortar and block erosion
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3 Interventions for Damage Prevention and Rehabilitation

3.1 Preventive Measures

Preventive interventions are pro-active actions that can be taken to avoid or min-
imize the occurrence of structural problems. These measures include current
maintenance, which can be performed during routine inspections, and/or specific
works that may require more specialized workmanship.

Routine maintenance is important to reduce the rate of deterioration in masonry
bridges. This type of intervention requires few resources, in terms of workmanship
and equipment, but can have a significant impact on the conservation cost of such
infrastructures.

These measures may involve cleaning degraded material, vegetation, biological
colonization and other undesirable substances in bridges and its surroundings (e.g.
slopes), using appropriate methods. Clearing the drainage system is particularly
relevant due to the serious implications arising from water infiltration into the
structure, namely the degradation of infill material and joint mortar. Also, the water
course should be periodically cleaned, regularized and protected to ensure main-
tenance of proper water flow and to prevent sudden increase of the water level,
typical of flood events, which can cause significant damage in bridges, especially in
piers and breakwaters. As an example, Fig. 4 illustrates the case of the Ronfos
Bridge (Portugal), before and after intervention made to repair the damage caused
in breakwaters due to poor shallow water flow.

The application of protective systems, such as superficial treatment coatings on
masonry (particularly in buttresses and/or parapets) and the inclusion of imper-
meable membranes underneath the deck, may be crucial to decrease the deterio-
ration rate and to prevent further damage.

(I

Fig. 4 Shallow water flow under Ronfos Bridge (Portugal): a, b Damaged breakwaters before
remedial works, ¢ After the intervention
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Sometimes, it is necessary to implement load and speed limits for vehicles in
order to avoid excessive overloads and to slow down the rate of degradation of the
bridge.

3.2 Remedial and Rehabilitation Measures

Remedial measures are interventions aiming at restoring the structural integrity and
the whole construction to its original conditions. These measures require appro-
priate means and skilled labour and should only be carried out when deemed
necessary according to recommendations drawn from major or special inspections.
The works included here involve both routine repairs, generally not requiring the
preparation of specific design or more extensive interventions.

3.2.1 Joint Re-pointing

Joint re-pointing consists in injecting mortar into the joints where the material is
deteriorated or missing. This technique should be used as an integrant good practice
of maintenance programs because mortar pointing reduces water penetration and
promotes the increase of the contact area between the stones which, in turn, con-
tributes to reduce contact stresses in the joints, thus improving the structure’s
durability.

Technically it is simple and not very expensive, but it requires due care con-
cerning the type of mortar to be adopted. It is recommended to be a lime based
hydraulic mortar that is mechanically, chemically and aesthetically compatible with
the existing material. Current cement-based mortars should be avoided since they
are recognized to be chemically non-compatible with stone units which can become
subjected to accelerated degradation due to the high levels of soluble salts present in
Portland-type cement. Moreover, the use of mortar stronger than masonry units can
lead to units’ cracking and undesirably modify the original masonry resistant
mechanism based on weak joints and strong units. Therefore, mortar composition
and mechanical properties should allow the masonry units to move while main-
taining the cohesion of stone elements.

Figure 5 shows the case of the Sdo Lazaro bridge (nearby Porto, Portugal) where
joints have been re-pointed with bastard mortar containing lime, cement and
aggregate. The procedure for this method usually includes the following steps:
(i) removing the degraded joint material with a suitable cleaning method (e.g. water
jet) that does not cause damage to the masonry units; (ii) washing the open joints
with low pressure water to remove loose material and moisten the surfaces where
the mortar is to be applied; (iii) filling the joints with mortar compatible with the
existing material; (iv) stabilising and finishing the joint by applying mortar with a
pointing trowel to obtain a concave surface of the joint.
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Fig. 5 Sdo Léazaro bridge. General view of exterior surfaces: a Before and b After joint
re-pointing

3.2.2 Replacement of Masonry Units

Replacement of masonry units is used when it is need to add missing units or when
existing blocks clearly exhibit loss of material. Replaced units should be similar to
existing ones and inserted in the structure by filling the joints with compatible
mortar. Compatibility of materials should consider mechanical, chemical and aes-
thetic characteristics.

3.2.3 Replacement of Infill Material

Replacement of infill material can be a suitable option when it is found to have
degraded mechanical characteristics, namely loss of thin particles washed-out due
to water percolation inside the bridge structure. In such cases, infill material shear
strength reduces which implies increase of horizontal pressure in spandrel walls.
Another motivation for the use of this technique can be the reduction of dead loads
due to infill, by replacing the existing material with a lighter one.

In bridges with historical interest, this technique may be particularly useful to
stabilize movements of spandrel walls with no influence on the overall aesthetics of
the structure.

The replacement of infill materials should be done very carefully due to the
modifications introduced in the load-bearing capacity of the structure. In particular,
the material must be inserted uniformly and symmetrically around the arch axis, to
prevent damage caused by lack of equilibrium in the involved structure elements.

Although this operation it-self preserves the original structural concept, it is
often found in association with arch strengthening using reinforcing straps or
concrete slabs. Some cases of such can be found in rehabilitation interventions in
historical Portuguese bridges carried out in the 1940s and 1950s, such as the
Lagoncinha bridge [17] or the Ponte de Lima bridge [18]. In the French Marillais
bridge case, which exhibited settlement of the central support pier, the rehabilitation
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consisted in replacing the infill with concrete, complemented with steel bar
anchoring in the damaged zone (further addressed in latter section). The central pier
was internally filled with concrete and the same was made in the abutment area,
though with lightweight concrete. A concrete slab has been built in the deck area
and the whole waterproofing and drainage system reconditioned [19].

By contrast, in the recent case of Esmoriz bridge (Portugal) [20], which was
found highly deteriorated, stone arrangements were made and the infill material was
replaced by a new well graded granular material, but no other less compatible
and/or irreversible interventions were made.

3.24 Grout Injection

Grout injection using fluid grout consists in filling empty cavities, voids and cracks
in the infill and the masonry of arches and spandrels with the aim to improve the
material continuity and load transfer mechanisms between the structural elements
thus benefiting the global bridge structural behaviour in both longitudinal and
transverse directions.

The application of this method requires prior cleaning and re-pointing of
masonry joints. The injection of grout in voids, cavities and cracks must be per-
formed following bottom-up sequence, starting from the lowest levels (if possible),
at low controlled pressure or by gravity into holes previously drilled in the bridge
components. These holes serve not only to inject grout but also to place drain pipes,
which allow controlling the execution process and ensure that all voids are filled.
The holes should be drilled carefully with adequate equipment to prevent possible
damage in masonry and sealed after work completion (Fig. 6).

As for the type of grout to be used, it is necessary to consider the compatibility
with existing materials. The grout should be composed of a lime-based mortar, fluid
enough to penetrate inside the structure. Cementitious mortars should be avoided
because of their incompatibility with the stone-like material and because, unlike

@ - L)

Fig. 6 Remondes bridge: a Before and b After repointing of joints [28]
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lime-based mortars, do not allow water evaporation out of the structure. When
crack sealing is sought, specially formulated resins can be injected.

Grout can be injected into all masonry elements of the bridge, foundations
included. The repair of these elements, however, involves very specialized work,
which may require particular technical expertise. Specifically in foundations, mortar
injection is also quite suitable to make masonry more impermeable, by increasing
the consistency of its constituent material in order to reduce internal circulation of
water.

For example, this reinforcement technique was used simultaneously with
transverse steel ties rods (further addressed in Sect. 4) connecting opposite spandrel
walls in some Portuguese bridges: Segura, Real, Formigosa, Pedrinha, Caninhas,
Sancheira and Remondes, [21-28]. In the latter case, Remondes bridge, injections
were made using a 3.5 bar pressure chamber and low pressure pumps with injection
details to achieve perfect control of flow rates and injection pressures (between 0.2
and 0.3 MPa), in order to avoid damaging the structure (Fig. 6).

This solution has the advantage of not affecting the bridge external look, while
allowing works to be carried out without interrupting traffic flow.

The main disadvantages of this solution concern the high level of uncertainty in
the quality of work performed and the fact that filling may not have been carried out
effectively with voids not being completely filled.

3.2.5 Pavement Repair

The solutions that involve the repair of the paving stones are intended to keep the
bridge operation through one of the following options (Fig. 7): (i) repairing the
original bridge pavement, reusing the masonry stones in good condition and adding
new similar slabs, where necessary; (ii) covering the original pavement with an
additional layer usually made of bituminous material, taking due care to keep
operational the drainage system which is often negatively affected by the height
increase of the pavement and, (iii) replacing the original pavement by a new one,
made either of bituminous material or stone units.

Fig. 7 Pavement repair: a Replacement of masonry stones, b Bituminous pavement overlay and
¢, d Replacement pavement
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Regardless the adopted procedure, deck drainage and waterproofing (preferably
underneath the deck) should be assessed and ensured, in order to prevent the
infiltration of water into the structure.

3.2.6 Rehabilitation of the Drainage System

In order to provide adequate drainage conditions in the bridge and prevent or reduce
water infiltrations into the structure, the drainage system rehabilitation may include:
deck profile modification, introduction and/or repairing of ducts and opening of
gutters through the mortar, deviating the water flow to any existing drainage sys-
tems in the area (Fig. 8). This intervention should be carried out in association with
deck waterproofing.

Drainage systems should be sized according to the average rainfall in the region,
in order to allow water to flow with the least impact possible on acting loads and
structure operation. These systems should be designed so as to allow regular
cleaning and routine inspections.

In the case of the gargoyles (or gutters), which are designed to allow water to
exit from the inside of the structure, it is necessary to prevent the loss of the fine
infill particles through an appropriate filtering.

3.2.7 Dismantling and Reconstruction

The dismantling and reconstruction option aims at restoring the original geometry
of the bridge, and hence its original operating conditions. Therefore, although it can
be seen as the most severe rehabilitation intervention, rather than “intrusive”, it is
fairly legitimate since it focuses on keeping built heritage, by preserving it for
upcoming generations, provided the materials and techniques adopted are com-
patible with the original concept of the structure and the whole construction details.

This is a complex and time-consuming process used to replace elements
partially/fully collapsed or severely affected by cracking or deformation, in bridges

(a) - (b

Fig. 8 Drainage system: a Sinkhole and b Gargoyles
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risking collapse and even possible disappearance. In such context, for structures
with historic value, it can be deemed as an appropriate option, economically sus-
tainable when the original materials and construction techniques can be used with
advantages in terms of durability and reliability.

This option, however, has some limitations such as the degradation of original
materials and the possible lack of skilled labour to reproduce old construction
techniques; in addition, the demands inherent to load carrying capacity increase and
lane widening, might not be compatible with this rehabilitation option, since it risks
to enforce mixing other complementary interventions not respecting the heritage
authenticity preservation issues.

One such case, for example, is the intervention carried out in the 1950’s in the
southern part of the Portuguese Lagoncinha bridge [17], wherein, beyond dis-
mantling and reconstruction using original materials and techniques, new materials
and elements were added, namely cementitious concrete to replace the original infill
material and also reinforced concrete slab underneath the pavement. However,
recently and in line with heritage conservation charters, similar rehabilitation
options were adopted in the Esmoriz [19] and Goimil [29] bridges, Portugal.

The Esmoriz bridge exhibited serious structural damage such as longitudinal
cracking in the arch intrados, pavement deformation, subsidence and crushing of
foundations, widespread damage caused by moisture, vegetation and biological
pollution and loss of mortar in the joints (see Fig. 9a). Before dismantling the
structure, paving stones and spandrel walls have been numbered with erasable ink
and this numbering has been recorded through photographs taken in situ. After
placing the falsework shoring (see Fig. 9b), the arch blocks were readjusted
keeping the original bridge stones that were in good conditions. Cracked and
damaged stones were replaced by other similar granite stones cut in the appropriate
way (Fig. 9c, d). The reconstruction of spandrel walls was made ensuring appro-
priate interlocking of stone blocks and the infill material was replaced by
well-graded and compacted granular material.

(d)

Fig. 9 Esmoriz Bridge: a View of the arch intrados before the intervention, b Falsework, ¢ View
of the arch extrados after infill removal and spandrel walls’ dismantling, d View of the arch
intrados after reconstruction
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Fig. 10 Goimil Bridge: a View of the arch intrados before the intervention, b Falsework and
general view of the arch extrados after infill removal and spandrel walls’ dismantling, ¢ View of
the bridge after reconstruction

After the main structure reconstruction, the granite parapets have been restored,
the deck was waterproofed and the drainage system was reviewed. All the block
joints were replaced and finished with commercial ready-mixed lime-based mortar.

The intervention in the Goimil Bridge followed similar procedures as described
in previous paragraphs for the Esmoriz Bridge; in none of them, no other new
materials and techniques were adopted. Some images of the intervention phases in
the Goimil Bridge are shown in Fig. 10.

4 Reinforcement Solutions for Bridges with Frequent
Damages

Reinforcement measures refer to the introduction of new elements in the original
structure, in order to account for deterioration or changes in the operating condi-
tions (e.g. increase in road traffic). These measures should be adopted considering
the bridge structural behaviour, both before and after intervention works, the
existing anomalies and their possible causes, having in mind the architectural and
historic value of old masonry bridges.

Therefore, wherever possible, methods and solutions should be adopted so as not
to affect the aesthetic quality, the physical and functional integrity of the intervened
bridges.

The interventions’ purposes should be clear, according to the existing problems
and the intended lifespan of the structure. The latter must be set according to the
loads acting on the structure and based of complementary studies, namely
geotechnical and hydraulic investigations, as well as traffic surveys. Considering
these conditions, the structural safety assessment of the bridge should be made in
order to adopt the most effective measure(s). The next section will describe some of
the key strengthening techniques for masonry arch bridges.
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4.1 Strengthening Solutions for Longitudinal Behaviour

General Comments

The damage related with poor longitudinal behaviour is mainly motivated by weak
load carrying capacity or excessive loads, causing first compression and high
deformation due to degradation of the structural system strength and/or stiffness and
ultimately leading to transverse joint opening between blocks located next to hin-
ges’ positions that characterise arch hinge mechanisms.

Where structural degradation is related to excessive load caused by the volume
of traffic, a decrease in traffic flows should be suggested in order to reduce service
loads and prevent further degradation.

Where joints between blocks are degraded due to loss of mortar, joint repointing
should be made to improve structural behaviour of the bridge because it contributes
for more adequate load transfer. This is a minimally intrusive and necessary
measure for the great majority of situations which result from poor maintenance.

Common arch strengthening solutions involve increasing the arch thickness by
inserting a concrete slab on the arch intrados or extrados, which may be reinforced
with steel or composite materials.

In order to add new concrete elements, on-site moulding, prefabrication or
concrete injection techniques may be used. This type of reinforcement is often
adopted when the arch has low strength capacity due to its reduced thickness or
material degradation, but it must be emphasized that it is a very heavy and intrusive
reinforcement solution, clearly not aligned with the recommendations above
referred [12].

By contrast, the option of acting on the load degradation mechanism by rein-
forcing the pavement allows less intrusive solutions.

Several reinforcement solutions include transverse and radial anchoring, con-
necting the arch to the spandrel walls and (possibly) to the infill, as well as the
application of steel bars or composite materials on the arch intrados or extrados.

Finally, it should be noted that consolidation of the transverse behaviour also
improves the bridge’s longitudinal behaviour, since the infill material becomes
more confined and, therefore, with improved shear strength. Where passive pres-
sures tend to develop in the infill, they are potentially more effective, thus better
opposing possible arch extrados deformation towards the infill; in turn, the infill
active pressures onto the arch tend to decrease, leading to the reduction of arch
deformation outwards the infill.

Reinforcement at Intrados Versus Extrados

The option of placing the longitudinal reinforcement at the intrados or extrados has
implications on the structural behaviour of the arch. In this respect, it is worth
recalling that arch mechanisms can develop when more than three hinges are
installed: typically four hinges when acted by non-symmetrical load relative the
arch crown, e.g. a concentrated force at or near the quarter span, or five hinges
when subjected to symmetrical or distributed loading along the arch span.
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Fig. 11 Longitudinal
reinforcement of arches: a In
the extrados and b In the
intrados (picture credits [30])

Taking for reference the most commonly critical situation of a non-reinforced
arch loaded by a concentrated force at/near the quarter span, hinges are likely to
develop by joint opening at the supports, in the arch intrados underneath the force
location and in the extrados in the opposite quarter span zone. Therefore, should the
force increase far enough, the failure mechanism can be installed and the force limit
can be estimated by plastic limit analysis methods.

By contrast, when the arch is reinforced, at either the extrados or the intrados, by
some kind of tensile resistant material or system connected to the arch, it is apparent
that hinges are not free to develop, because where joints are expected to open, there
will be reinforcement to resist tensile stresses as illustrated in Fig. 11.

Assuming that the reinforcement is not effective in arch springings, hinges will
still develop by joint opening at the supports. Along the arch span, the location of a
third hinge (which transforms the arch into an “isostatic” three-hinge system) will
depend on where the reinforcement is installed and where the load is applied.

Considering non-symmetrical concentrated force action, when the arch is rein-
forced at extrados (Fig. 11a), the third hinge is still free to open in the arch intrados
underneath the force location (e.g. at the left quarter span), but the fourth hinge, that
would tend to form at extrados in the opposite quarter arch zone (thus, the right
one), will require increased load due to reinforcement strength which is mobilized
there. This means that kinematic hinge mechanisms are prevented to develop
because extrados joints are restricted from opening and, therefore, the load-bearing
capacity of the arch is increased.

For the same loading conditions, but with arch intrados reinforcement
(Fig. 11b), the third hinge is not free to form in the intrados below the load, due to
the reinforcement strength, but it can develop by joint opening in the extrados in the
opposite quarter span zone. Again, the additional fourth hinge that would form
underneath the load (by joint opening in the intrados), will mobilize increased load
to reach the arch load-bearing capacity, but it is clear that it is a more vulnerable
situation due to the risk of reinforcement detachment from the arch.

Considering the above mentioned, in particular for the case of non-symmetrical
loading relative to the arch crown, it is clear that both extrados and intrados arch
reinforcement (not extended to the arch supports) allow free development of enough
hinges to transform the arch into an isostatic three-hinge system. Beyond that, both
reinforcement types are suitable to mobilize increased strength of the arch.

Taking into account the presence of the infill and spandrel walls on the extrados,
which have a favourable effect for the arch strength, it appears that intrados
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reinforcement is likely to yield more effective solutions provided due care is taken
to prevent degradation and detachment in the connection between the arch and the
reinforcement, in order not to loose the reinforcing efficiency.

Concerning the extrados reinforcement, workability issues are quite important
since it requires removal and replacement of large amounts of material (pavement,
infill and in some cases, spandrels) and, consequently, the traffic interruption. The
same applies when infrastructure facilities are buried along the bridge, such as
supply lines, for which it may be necessary to disrupt their normal operation.

Still in this case, it is necessary to assess whether the infill has a decisive role in
the arch stability during the works’ development, when the material is removed, and
check the need for temporary shoring to ensure the arch safety. Also, when the infill
depth over the arch is not sufficient to accommodate the new thickness with the
reinforcement, the change of the bridge longitudinal profile may be required.

By contrast, intrados strengthening does not imply constraints of bridge traffic
nor interruptions of any kind of lifeline installed. However, the final appearance of
the bridge is greatly affected and the free height under of the arch may become well
reduced.

4.1.1 Addition of a Reinforced Concrete Layer to the Arch

Adding a layer of concrete to the arch has several disadvantages due to the large
amount and type of new material involved. Therefore, this technique should be
considered with caution, particularly because it is a very intrusive process, irre-
versible and does not easily allow future inspections in the retrofitted components
(intrados or extrados).

In terms of waterproofing and drainage system, the introduction of a new ele-
ment in the arch, providing an impermeable layer (such as a concrete cover), leads
to changes on water percolation and capillarity, which may require appropriate
drainage and efficient waterproofing to prevent the existence of water inside the
structure.

Beyond the considerable increase of structural mass, material chemical degra-
dation may occur, either in the existing or new materials, due to the high amounts of
salts present in the concrete.

The addition of a reinforced concrete overlay on the extrados can behave as a
composite material with the existing arch, or the latter can be considered as per-
manent formwork and the new overlay is designed to resist all actions transmitted to
the arch.

For example, the strengthening system of the Sandro Gallo brickwork bridge in
Venice comprised increasing the thickness of the existing masonry arch in its extrados
with a new brick layer, reinforced concrete and composite material (CFRP); the
foundation of the new layer was materialized by micro-piles. The intervention aimed
to increase the load-bearing capacity of the bridge due to a change in the category
according to the Italian rules to a higher requirement level [31].



234 C. Costa et al.

Fig. 12 Downstream view of Remondes bridge after the arch reinforcement with shotcrete

The strengthening with shotcrete in the intrados consists in thickening the arch to
increase its load bearing capacity. The new material is high-pressure sprayed and as
a result adheres to surfaces and compacts the material already applied forming a
new layer that usually is reinforced with rebars [15].

As main advantages, this process is fast and does not require formwork.
However, their effectiveness is seriously compromised in the case of deterioration
of the bond between the two layers, particularly vulnerable due to concrete
retraction problems.

Figure 12 shows the final aspect of Remondes bridge over the River Sabor,
Portugal, in which one of the arches was reinforced with shotcrete [28].

4.1.2 Strengthening of the Load Degradation System on the Deck

Adding a slab of reinforced concrete above the infill is indicated when it is nec-
essary to improve the degradation system of loads applied on the deck.

This solution has the advantage of involving a small area of excavation, not
affecting the bridge aesthetics. It is relatively simple intervention that requires only
a brief interruption in traffic.

For example, the rehabilitation and strengthening of the Segura bridge, Portugal
[22], included the application of a reinforced concrete slab as part of the pavement.
Figure 13 shows two phases preceding the slab execution, namely the removal of
the existing bituminous layer and the regularization of the surface for application of
the slab [21].

A similar solution of pavement reinforcement was tested to failure in a
single-arch bridge built in laboratory [32]. Results of this test, compared with those
obtained from similar experimental campaigns in a bridge reinforced with a con-
crete overlay in the arch extrados and another bridge non-intervened, enabled
identifying similar values of maximum load and deformation capacity in both
reinforced bridges, both cases showing maximum strength about 3.7 times higher
than the unreinforced solution.
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Fig. 13 Segura bridge: a Bituminous removal and b Surface regularization for the application of a
concrete slab on the pavement [21]

(a)
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Fig. 14 Caninhas bridge: a Elevation, b Transverse cross-section [26]

The adaptation of the bridge to a wider cross-section generally involves the deck
widening. The most common intervention involves the execution of a concrete slab
in the pavement and the reinforcement of other existing parts of the bridge. Many
stone masonry arch bridges have been adapted to new traffic demands, such as the
Marillais bridge, France [20], the Sandro Gallo Bridge, Italy [31] and the
Portuguese cases of Caninhas [26] (Fig. 14), Sancheira [27] or Real [23] bridges,
among others mentioned in the literature [33-35].

Although making use of concrete as new material in existing masonry bridges,
the above mentioned solutions do not strongly conflict with the original bridge
structural system. In fact, the load bearing elements have their function preserved,
particularly when the concrete slab is installed without deck widening. One
important aspect to take into account is that, again, adequate drainage system must
be ensured, together with proper impermeable isolation of the masonry compo-
nents, in order to prevent water percolation coming from concrete zones down to
the masonry infrastructures and to avoid aggressive salts’ penetration therein.

Provided these non-structural issues are accounted for, the above described
solutions are efficient to strength the bridge, not only in the longitudinal direction
but also in the transverse one, for which additional measures might be required as
described in a latter section.
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4.1.3 Reinforcement with Rebars, Bars and Laminates on Arch
Surface

Using steel rebars or composite material in longitudinal grooves on the arch
intrados or extrados, as well as steel bars and laminates or sheets of composite
materials fixed in the arch surface allow avoiding the addition of concrete.

In this case, the increment of the load-bearing capacity of the structure is
achieved without changing geometric and mass of the structure, thus improving the
strength, stiffness and deformation capacity as well as the load distribution by
introducing current and durable materials.

Such a strengthening system, proposed by Bersche-Rolt Ltd [36] is constituted
by steel rebars placed in the intrados complemented with radial and transverse
anchors, the latter suitable for strengthening behaviour in the transverse direction.
Thus, it is a global strengthening solution of the arch also which improves operating
conditions in both the longitudinal and transverse direction. Figure 15 shows a
schematic elevation view of the reinforcement and one phase of placing the lon-
gitudinal bars in the arch intrados grooves.

Garrity [37] also presented a similar strengthening solution of the arch using
stainless steel rebars glued near the surface in grooves and holes.

In the same line, Foraboschi [38], Melbourne and Tomor [39] tested the per-
formance of composite bars applied on the intrados of an arch built in laboratory.
Failure mode by detachment of the strengthening was identified on the arch after
being subjected to load tests.

The use of composite materials on the external faces of the arch intrados was
also studied in the laboratory by Baratta and Corbi [40] in stone masonry arches
with dry joints by applying horizontal displacements in one of the supports to
simulate horizontal settlements and consequent arch decompression. From the
evolution of mobilized strength with the vertical displacement at the arch models’
crown (with and without reinforcement), the load capacity was found largely
increased, but the behaviour became brittle and the collapse occurred due to
strengthening detachment in the strengthened model.

Fig. 15 Strengthening solution for bridges: a Elevation scheme and b View of the longitudinal
strengthening at the arch intrados [36]



Strengthening of Masonry Bridges 237

Jurina and Mazzoleni [30] proposed an arch strengthening solution in the
extrados which prevents the development of the hinge mechanisms by placing
rebars in the arch longitudinal direction, which are anchored or grounded in the arch
abutments; this was complemented with transverse strengthening by flexible carbon
fibre composite materials in the intrados or transverse steel ties.

4.1.4 Radial and Secant Anchors

The application of anchors is a strengthening technique widely used in old masonry
structures consisting of a steel bar, enclosed in a hole previously made in the
masonry and sealed by means of grout (adherent anchor).

The arch can be strengthened in the longitudinal direction by means of radial
anchors from the intrados connecting the arch to the spandrel walls. This was used
in the Portuguese cases of Donim bridge, along with transverse ties as shown in
Fig. 16a [41], and in the Pedrinha bridge [25].

For multi-ring arches this technique is also appropriate to connect the various
rings. The strength system, proposed by Bersche-Rolt Ltd [36] and already illus-
trated in Fig. 15, includes the use of radial anchors for this purpose. Figure 16b
shows the phase of radial drilling through the arch intrados for installing the
adherent anchors [36] consisting of stainless steel bars sealed with cement grout.

Sumon [42] describes the results of five load tests made in the TRL-Transport
Research Laboratory, for assessing the effectiveness of three different reinforcement
techniques in multi-ring arches with identical characteristics. One arch specimen
was reinforced with shotcrete sprayed in the intrados and the other with a concrete
belt in the upper surface; two other arches were built with ring separation, one of
them tested to failure without strengthening and the other reinforced with a stainless
steel mesh applied from the intrados so as to connect the different layers; finally,
another test was conducted in a regular unreinforced arch (standard arch).

(a) (b)
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Fig. 16 Radial and transverse anchors: a Donim bridge strengthening scheme [41], b Drilling
phase for anchor installation [36]
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The results for the arch built with ring-separation showed lower load bearing
capacity than the standard arch and the use of the strengthening technique with
stainless steel anchors allowed 14% increase in the load bearing capacity compared
to the previous test. By applying a shotcrete layer in the intrados, the load capacity
increased 3.9 times relative to the standard (unreinforced) arch, but brittle failure
and reduced deformation capacity was observed. The introduction of an extrados
concrete layer increased the load capacity by a factor of 2.9 without losing
deformation capacity; the formation of an hinge in the arch was observed for 78%
of the maximum applied load, after which the reinforcing concrete layer was
exclusively responsible for supporting further load increase.

Another type of arch strengthening in the longitudinal direction can be made
resorting to secant anchors by adopting the Archtec system [43] developed by a
partnership formed by the companies Cintec International, Rockfield Software and
Gifford. This system, widely used for reinforcing bridges’ in the United Kingdom
[44], comprises the arch strengthening with stainless steel anchors placed inside
holes drilled down from the pavement and diagonally arranged in the longitudinal
direction with a secant profile across the arch, as schematically illustrated in
Fig. 17a; the corresponding drilling phase from the upper surface is shown in
Fig. 17b.

The basic idea of this reinforcement system consists of placing the reinforcement
in critical positions in order to restrict the development of arch hinge mechanisms.
Results of load testing in laboratory built bridges evidenced that this type of
reinforcement increases the bridge load bearing capacity by a factor of approxi-
mately 3.0 compared with unreinforced cases, but with reduction of deformation
capacity in the reinforced arch.

Fig. 17 Archtec system: a Schematisation of the strengthening and b Drilling equipment from the
pavement [44]
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4.2 Strengthening Solutions for the Transverse Direction

As above mentioned, damages and faults caused by deficient behaviour in the
transverse direction result from the interaction between spandrel walls and the arch,
leading to longitudinal tensile cracks in the arch under the spandrel inner face,
slippage between the spandrel base and arch extrados, longitudinal cracks con-
centrated along the arch longitudinal axis, deformation and rotation of spandrel
walls with inherent decompression of infill material and pavement subsidence.

Such poor performance in the transverse direction, responsible by loss of
transversal stiffness, also affects the longitudinal direction behaviour and con-
tributes for reducing the restrictions to the development of the longitudinal hinges’
mechanisms of the arch.

There are several techniques to repair these damages and to consolidate the
transverse direction performance. Amongst the most common, there can be refer-
red: the use of steel ties placed across the arches’ voussoirs and spandrels (dis-
tributed or concentrated on the arches’ zones); the addition of a concrete layer over
the bridge inner facings (i.e. spandrel walls and arches’ extrados); and strengthening
the infill material resorting to mortar (e.g. cement grout) injections or replacement
of the existing infill material.

4.2.1 Transverse Ties

Transverse ties anchored in stone masonry can be adopted either to restore the
original arch shape (configuring active reinforcement) or to prevent and/or restrain
deformation in the transverse direction possibly occurring in future cases of
increased out-of-plane deflections, by resisting higher horizontal impulses trans-
mitted by the spandrel walls and, consequently, the resultant internal forces (thus,
conveying a situation of passive ties).

Steel ties can be made of ordinary reinforcing rebars threaded just at the ends or
in its entire length, placed in holes previously made in the masonry structure, filled
or not with low shrinkage mortar, materializing bonded or unbounded ties,
respectively.

This solution has the advantage of having little effect on traffic and does not
involve excavation of infill material, resulting in a low cost solution. Concerning
solution drawbacks, difficult drilling operation can be an issue and corrosion of ties
and/or anchor plates may rise and become visible, thus requiring appropriate
measures.

This solution was used both in the Donim bridge, Portugal (Fig. 18a), to control
the longitudinal joint opening detected in the arch intrados [41], and in the Segura
bridge, Portugal [22], wherein longitudinal cracks in the arches were also found.

Besides other longitudinal strengthening elements already mentioned before, the
strengthening system proposed by Bersche-Rolt Ltd [36] also comprises bonded
transverse steel ties which are then surrounded by low-shrinkage cement grout
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Fig. 18 Transverse ties in the arch: a Scheme of Donim bridge strengthening [41], b Drilling
operation for installing the Bersche Rolt Ltd [36] transverse strengthening system

Fig. 19 Transverse ties in the | 2 2] e
bridge over the River Sul [46] gt 2 .=-_=':~. =

injected after completion of the tie installation in the drilled hole. Figure 18b
illustrates the phase of arch perforation to install the transverse tie therein.

Since the traffic induced vibration is normally more intense in the arch than in the
spandrel, this transverse strengthening solution may lead to concentration of internal
forces in the spandrel-arch connection which are likely to enforce propagation of
initial cracks to other locations. Therefore, associated with the transverse ties, this
system usually includes also radial anchors connecting the arches to the spandrels
and/or transverse anchors distributed throughout the area of the spandrel walls.

Strengthening with transverse ties distributed in the spandrel walls’ area is
indicated when out-of-plane walls’ deformations are likely to occur. Additionally,
this reinforcement provides important confinement of the infill material, which
improves its stiffness and further prevents arch hinge mechanisms from developing,
therefore increasing also the arch strength.

This reinforcement solution was used in several Portuguese bridges, namely:
Segura [22], Real [23], Formigosa [24], Pedrinha [25], Caninhas (see Fig. 14) [26],
Sancheira [27], Areosa [45] and Remondes [28].
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(a) - (b)

Fig. 20 Schematic representation of the Canharda bridge structural reinforcement. Transverse,
a Ties connecting spandrels and b Anchors [47]

Transverse ties applied in spandrel walls, near the arch extrados, were also used
in the roadway bridge over the River Sul (Portugal), as illustrated in Fig. 19, in
order to solve the problem of longitudinal joint opening in the arch aligned with the
internal faces of spandrel walls [46].

A similar reinforcement system comprising transverse ties was also used in
Canharda railway bridge (Portugal) in the spandrels close to the arch extrados (see
Fig. 20a) together with anchors to connect the arch and the infill (see Fig. 20b)
[47].

Melbourne et al. [48] conducted a test campaign on three bridges built in labo-
ratory constituted by multi-ring arches: one bridge without defects and two others
built without some voussoirs of the longitudinal arch ring under the spandrels; one of
the two latter bridges was reinforced with transverse ties in the spandrels. The models
exhibited collapse by arch hinge mechanisms with separation between the spandrel
walls and the arch, as well as rings’ separation. The study concluded that the trans-
verse direction performance became improved because ties contributed for pre-
venting the transverse displacement of spandrel walls. However, this strengthening
system was found to have little influence in the development of the load bearing
mechanism of this type of bridges.

4.2.2 Vertical Anchors in the Spandrel Walls

The reinforcement of the spandrel walls through the use of vertical anchor as
schematically shown in Fig. 21, is intended to improve the behaviour against the
out-of-plane collapse, by providing a tensile strength system in the inner face of the
wall. This type of solution is also used to strengthen the bridge side guards (or
parapets), often damaged due to vehicle impacts.

Hobbs et al. [49] also presented some proposals for strengthening the parapets
resorting to other techniques based on composite materials and reinforced concrete
elements. Similarly, Kiang Hwee and Patoary [50], Triantafillou [51] and
Muszynski and Purcel [52] proposed techniques for strengthening spandrel walls
using composite materials.
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Fig. 21 Strengthening
solutions proposed for the
parapets, adapted from
Bersche-Rolt Ltd [36]

4.3 Foundation and Piers

Current solutions found for foundation strengthening often involve first the soil
improvement through injections, jet-grouting, adding piles and micro-piles.

Besides soil treatment, as the ultimate and overall bridge support, foundation
structural elements (typically consisting of enlarged piers reaching the ground firm)
may also require strengthening. This can be done by injection filling of internal voids,
cavities or damaged zones and by increasing the foundation section with new
enlargements typically made of reinforced concrete (surrounding the original/existing
foundation) properly anchored to the existing materials. Of course, the chemical
compatibility between new and original materials (stone) is not easy to ensure in this
situation, but it must be recognized that its importance is clearly diminished because
such intervention zones are normally submerged by the water flow.

The reinforcement of foundations using the micro-piles and grout injections can
also be used to improve the infill area over the piers in order to direct the internal
forces straight to the foundations. This case is usually associated with the con-
struction of a concrete slab in the pavement, as adopted in the Sancheira [27]
(Fig. 22) and Tavira [53] (Fig. 23) bridges, as well as the Marillais bridge case [20].

4.4 Global Strengthening Solutions

Global strengthening solutions include those acting on the improvement of the
three-dimensional behaviour, involving arches, spandrels and infill strengthening,
which can be done by adding new elements in the internal surfaces of the bridge.
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Fig. 22 Sancheira Bridge [27]: foundation and pier strengthening with micropiles. a Construction
detail and b Cross section representation
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Fig. 23 Tavira Bridge [53]: schematic representation of soil, foundation elements and piers
strengthening with micro-piles

One possibility to achieve this goal consists on adding a new concrete envelope
inside the bridge over the arches and internal faces of the spandrel walls as adopted
in the Tavira Bridge case (Fig. 24a) [53]. However, it is definitely a very intrusive
technique because the masonry system is significantly modified and it has the
non-negligible problem of adding a large amount of materials chemically incom-
patible with existing stone masonry.

A similar effect on the overall behaviour can be obtained using standard steel
elements attached to the extrados and spandrel walls as shown in Fig. 24b), which
corresponds to the reinforcement solution used in one of the arches of the Donim
Bridge [41], in this case without the disadvantage of adding new cementitious or
other chemically incompatible materials.

Given the structural importance of the infill for the overall behaviour of masonry
bridges, any kind of infill strengthening will act as a global strengthening solution.
Therefore, infill injection with appropriate fluid mortar or infill replacement by a
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Fig. 24 Global strengthening in the internal paraments: a With the addition of a concrete layer
[53] and b A frame of metallic profiles [41]

more suitable material (e.g. well graded granular soil type material) should be
always an option to be considered, possibly in conjunction with other ones already
referred for the main structural elements.

5 Final Remarks

Given the current scenario of interventions in this type of structures, the most
widely used solutions for strengthening can be divided according to the type of
materials and techniques used.

Essentially the following solutions can be highlighted: (i) addition of metallic
elements (rebars, steel shapes, ties and anchors); (ii) addition of composite materials
reinforced with fibres (rebars, laminates and flexible materials); (iii) addition of
reinforced concrete elements, cast in situ or sprayed; (iv) mortar injections (mostly
cement grout) and (v) replacement (or substitution) of the existing material.

For bridges of particular heritage interest, reconstruction or renovation tech-
niques likely to change the structure characteristics and authenticity should not be
considered. Although arguable, this is an increasingly accepted intervention prin-
ciple which applies to bridges due to their importance, not only as part of infras-
tructures’ network, but also (and mainly) as heritage constructions which must be
preserved for upcoming generations. Therefore, in these cases, repair options
should mainly include measures to prevent further deterioration where maintenance
actions play a decisive role.
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Strengthening and Retrofitting
of Steel Bridges

José M. Jara, Manuel Jara, Bertha A. Olmos and Jamie E. Padgett

1 Steel Bridge Typologies

Steel is a common material used to build bridges. Even in concrete bridges, steel is
used in joints, bearings, parapets and deck’s systems, being one of the principal
components in superstructures and substructures. Railroad and highway steel
bridges have been built for centuries as a competitive material in terms of the
structural cost for medium- and long-span length structures. However, its
strength/weight ratio and excellent ductility properties make steel a suitable material
for a wide range of bridge span lengths. The following sub-sections describe the

typologies of steel bridges.

1.1 Steel Superstructures

Bridge superstructures are frequently built with steel elements. The superstructure
type depends on the bridge use, span length, and aesthetic requirements,
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Fig. 1 Deck-type truss bridge

Fig. 2 Through-type truss bridges

among other variables. In all cases, reinforced concrete is the most common
material used to construct the deck. Historic bridges use steel trusses or steel girders
to support the deck. Figure 1 shows a typical deck-type truss bridge, where the deck
is over the top chord of the truss.

In through-type truss bridges, the deck slab is located at the bottom chord plane.
Figure 2 shows this type of bridge. Steel truss bridges have been used as a suitable
solution for bridge span lengths that range from 30 m to 400 m. The selection of
the truss type depends more on the space limitations beneath the superstructure than
on structural issues. However, the top chord in truss bridges is subjected to com-
pression, which is an additional difference between these two types of structures. In
deck-type bridges, the compression chord can be inside of the deck slab, which
avoids the buckling problem in these elements.

Arch steel bridges are also commonly used; Fig. 3 shows an arch bridge that
conforms with I-type girders composed of steel-bolted plates. Although they have
been used in small span lengths, their use is more attractive for span lengths that
range from 150 m to 450 m.
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Fig. 4 Arch-type bridges

The arch can be built by several pieces or by several open elements to increase
the depth at the arch ends (Fig. 4). In any case, transverse elements (bracing)
connect the arch girders to give stiffness and an integrated action in that direction.

The arch girder can also be built with box or tubular cross-sections (Fig. 5). If
the span length increases, the arch rise must also increase; the hanger sections can
be cables or laminated steel sections.

When the span length is longer, arch bridges can be created with truss elements.
Figure 6 shows an arch bridge in which the arch is a truss structure with variable
depth. This versatile structure uses the advantages of both systems and creates an
aesthetic bridge structure.

Girder bridges are composed by slab decks supported on plate girders. They are
common structures for medium span length bridges constructed in urban areas.
These bridges can be simply supported or continuous structures (Fig. 7). In the first
case, the girders are simply supported on steel or elastomeric bearings in each span.
The bearing type and its geometric characteristics depend on the bridge age, span
length and the bridge loads. Although similar bearings are used in continuous
bridges, steel girders are continuous elements on bridge bents.
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Fig. 6 Arch bridge with a truss structure
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Fig. 7 Simply supported and continuous bridges

On the left, Fig. 8 displays a bridge built with bolted steel plates and an
orthotropic deck system and on the right, an I-type girder superstructure with a
reinforced concrete (RC) deck slab. In the left image, steel columns support the
girders, which form a steel frame structure, and in the other image, the girders rest
on rocker steel bearings on RC columns.

Figure 9 shows two typical steel girder bridges. The girders typically have webs
with a high depth/thickness ratio that requires web stiffeners along the girder length
to avoid local buckling of the plates.
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Fig. 8 Steel girder bridges

Fig. 9 Steel girder bridges with web stiffeners

The superstructure of cable-stayed bridges mostly consist of steel girder ele-
ments. These bridges can reach a span longer than 1000 m, and the cables are
generally fixed to either side of the tower in orthotropic steel decks. Figure 10
displays two cable-stayed bridges. In the left image, a single-span bridge with only

Fig. 10 Cable-stayed bridges



254 J.M. Jara et al.

Fig. 11 Suspension bridge

one tower is shown, and in the right image, a three-span bridge with two A-shape
towers is shown.

Suspension bridges are the bridge structures with the longest span lengths. These
structures can also be found several centuries ago, and similar to cable-stayed
bridges, suspension bridges also typically have decks composed by steel girders and
truss structures. These bridges use steel cables; however, they are fixed to the
ground at each end of the structure. Figure 11 shows an example of an old sus-
pension bridge with a deck composed of steel plate girders.

Modern suspension bridges have lighter elements and can reach span lengths
close to 2000 m. Figure 12 shows two suspension bridges. In both cases, the deck
is constructed with steel elements.

Curved bridges are often constructed with steel superstructures. The malleability
of the steel makes it a suitable material to build girders with this shape. Figure 13
shows two curved bridges, where a box-type girder is shown on the left, and an
I-shaped girder is shown on the right.

Fig. 12 Suspension bridges
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Fig. 13 Curved steel bridges

Fig. 15 Elastomeric bearings in steel bridges

Bearings in steel bridges depend on several variables, such as span length, bridge
age, and bridge location, among others. Figures 14, 15 and 16 present several of the
most common bearings found in old and contemporary steel bridges.
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Fig. 16 Pot bearings in steel bridges

2 Superstructure Rehabilitation Techniques

The superstructure of a bridge is basically composed of girders and diaphragms. It
supports the deck, directly transfers traffic loads, and connects the substructure
elements among them. As a consequence of the age of bridges, steel girders and
steel diaphragms must be rehabilitated to sustain the two primary design objectives:
serviceability and strength. In general, there are three possibilities for repairing
damaged structures: total replacement, partial replacement, and strengthen a
structural element in place; in general, bridge rehabilitation is preferable over bridge
replacement. A portion of the damage of the superstructure is induced by the
presence of salt water running from the deck through the full depth of transverse
floor cracks and longitudinal construction joints, which deteriorate the elements. It
is important to seal deck cracks to prevent deck deterioration because this is a
permanent treatment for steel girders and diaphragms. Deck deterioration is mostly
due to environmental effects, application of chemicals and/or abrasives, and the
impact of vehicular traffic. Bridge manuals recommend rehabilitation techniques,
such as the use of deck overlays, water-proofing membranes to seal all deck cracks,
and the method of payment for deck reparation [1, 2].

Life-cycle behaviour of steel bridges involves damage due to several factors,
including overloads, exposure to aggressive environments, vehicle impacts, fatigue,
hurricanes, and earthquakes, among others. Corrosion is often observed during
physical inspections of bridges. Figure 17 shows the corrosion in a bearing (left)
and in webs of a pedestrian truss bridge (right).

Extreme event loads also damage steel bridges. During strong earthquakes, axial
forces on the piers can substantially increase. The 1995 Kobe earthquake damaged
the bearings and pier columns and caused bridge structures to collapse [3].
Figure 18 shows buckling plates of bridge elements damaged during the Kobe
earthquake.
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Fig. 17 Corrosion in bridge structural elements

Fig. 18 Damage to structural elements caused by the 1995 Kobe earthquake

2.1 Traditional Techniques

Traditionally, the inclusion of steel plates or laminated sections by welding or
bolting has been the most used rehabilitation technique. The retrofitted steel ele-
ments are attached to the tension flange; in the case of continuous steel girders, the
flange is connected with the deck, which makes it more difficult, time consuming,
and expensive regarding the rehabilitation process because the deck must be
removed, which interrupts traffic. Despite the wide use of this technique, reports
have revealed the development of fatigue cracks at the weld toe of the cover plate
ends after being subjected to cyclic tensile loads at the connection angles, web
gusset plates, and at the longitudinal stiffeners that could cause girder failure. To
solve this problem, researchers have developed methodologies to rehabilitate fati-
gue cracks, such as the friction-type bolted splice plate connection, air-hammer
peening along the weld toe, and a hybrid of the previous two methods, called the
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partial bolted splice connection [4, 5]. The Manual for Repair and Retrofit of
Fatigued Cracks in Steel Bridges contains descriptions of the methodologies that
can be used to solve these type of problems as well as examples [6].

Fatigue strength is critical in welded cover plates and has been the cause of
failure in several bridge girders. Partial length cover plates are used frequently in
the original design of slab-on-girder steel bridges due to the typical flexural moment
distribution on these elements. This technique reduces the girder depth, weight, and
cost of the superstructure. It is also an extremely common traditional retrofitting
technique used to increase the flexural resistance of the superstructure elements in
existing bridges.

Fatigue cracks have been detected at the ends of the cover plate, mostly in the
case of tapered cover plates. Figure 19 shows a typical steel beam retrofitted by a
tapered cover plate.

Certain existing non-damaged bridges must be retrofitted for fatigue due to the
following reasons: (a) a longer service life is expected, (b) the live loads are higher
than those assumed during the design process, and (c) the traffic volume over the
structure is growing faster than expected. In such cases, the need for retrofitting
using welded cover plates is common. Typically, the bolted splice plate connection
at the ends of the cover plates is adopted to improve the flexural resistance and
service life of the bridge girder. Figure 20 shows this methodology. Before the plate
splice is installed, the plates and girder must be blast-cleaned.

Steel girder Bottom flange

T— Tapered cover

(a) (b) Plan

Fig. 19 Steel girder with a tapered cover plate

Fig. 20 Cross-section of a
bolted splice connection High strength

Bolts \

N NS Filler p late
P2

Cover plate

Splice plate
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Fig. 21 Bolt installed at crack tip in a damaged girder

The same strategy can be adopted if the girder cracks before intervention as a
consequence of fatigue stresses. In this case, the crack tip is drilled out, and a
high-strength bolt installed (Fig. 21).

Typically, bridges have steel or concrete transverse diaphragms at the supports
(abutments and piers). Diaphragms are added to improve the overall distribution of
live and lateral loads and to contribute to the torsional strength of the bridge deck. If
the transverse diaphragms are designed with capacity design principles to fail
before other elements of the bridge, an important source of energy dissipation can
be achieved. The lateral yield displacement of these elements must be reached
before the yield displacement of the steel substructure. As a retrofit measure, two
basic types of ductile diaphragms can be incorporated into bridge steel super-
structures. One dissipates energy through the inelastic incursion of steel elements of
the diaphragm, whereas the other incorporates special devices to dissipate energy.
The use of energy devices has two advantages: (a) improves the system’s energy
dissipation capacity and (b) concentrates damage in the device, which reduces or
avoids damage in other elements. Figure 22 shows several ductile diaphragms for
steel bridge superstructures.

The inclusion of ductile diaphragms is effective when the bridge superstructure
is stiff; conversely, a flexible system may be inadequate. Careful attention must be
provided during the design and building processes for the connection between the
superstructure and the diaphragm, and lateral torsional buckling of the diaphragm
elements must be avoided.

For slab-on-girder bridges, researchers [7, 8] recommend changing
end-diaphragms of abutments and piers for ductile ones designed to yield before the
strength of the substructure is reached. These ductile diaphragm systems are known
as shear panels, eccentrically braced frames, triangular-plate added damping, and
stiffness devices. For a more effective retrofit, the use of ductile end-diaphragms for
larger bridges with a small number of girders is recommended.
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Fig. 22 Ductile diaphragms

2.2 Rehabilitation with Carbon Fibre-Reinforced Polymers

During the last two decades, researchers have dedicated increasingly more effort to
better understand the structural and dynamic behaviour of metallic civil engineering
structures reinforced with fibre-reinforced polymers (FRPs) used as plates, dry fibre
sheets, or post-tensioning rods. FRP constituents are a polymer matrix reinforced
with fibres; the polymer is generally an epoxy, vinylester, or polyester thermoset-
ting plastic, whereas the fibres are made from materials such as carbon, glass, or an
aramid. Because the mechanical properties of FRPs are similar to those of metallic
structures, steel bridges have been reinforced with FRP material despite the lack of
proper design regulations at the time of their implementation for the following
reasons: the bridges exhibited aging deterioration, the bridges were important for
historical reasons, and the infrastructure of the bridge needed to function better.
Countries that initiated this retrofit practice and its research and implementation
include the United Kingdom, United States, Canada, Italy, and Japan. Examples of
this practice include the Hythe Bridge built in Oxford in 1874 and retrofitted with
pre-stressed CFRP to improve its flexural capacity; the oldest cast iron highway in
the world, the Tickford Bridge built in 1810 in Newport Pagnell, Buckinghamshire,
UK, which was retrofitted with wet lay-up CFRP sheet system; and the King Street
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railway built in 1870 in Mold, Flintshire, UK using unidirectional carbon fibre and
glass fibre reinforcement with an ultra-high modulus.

Several studies have reported the particular reinforcement details and additional
examples, which are deeply discussed, in instances where FRP materials have been
used as a retrofit system [9—16]. FRP materials offer important advantages over
traditional techniques, such as adding steel plates or using external pre-stressed
tendons, which are related to important reductions in the system’s weight, time to
complete rehabilitation, and a minimum or null traffic interruption during its
installation process. Several important issues have been addressed experimentally
and numerically, where one goal has been to determine the durability of the bond
for bridges’ girder retrofits; the durability is controlled by two important issues:
environmental durability and fatigue resistance. Researchers understand several
aspects of the problems involved, which allows for the development of design and
practice guidelines for an FRP externally bonded system [9, 17-20], such as
materials’ characteristic and properties, installation techniques, conceptual designs,
structural behaviour and analysis, bond models to calculate shear and peal stresses
within the adhesive thickness, designs to reduce the stresses concentration at the
end of the plates, quality control, and operation.

To understand the structural behaviour when implemented on steel elements,
researchers have determined the most important properties required in design,
namely the following: modulus of elasticity (normal and high), ultimate tensile
strength, and ultimate tensile strain of the CRFP. Table 1 presents typical values
reported in the literature [9, 21-25].

One of the advantages of FRPs is being corrosion resistant; however, in the case
of carbon fibre-reinforced polymers (CFRP), a glass fibre reinforced-polymer
(GFRP) must be used between the CFRP and steel element to prevent galvanic
corrosion due to contact between two materials having dissimilar carbon contents.

The effectiveness of retrofitting steel structures with FRPs that are adhesively
added relies in part on the adhesive bond. In industry, there are several types of
adhesives, such as epoxies, polyurethanes, acrylics, and cyanoacrylates; however,

Table 1 Mechanical properties of FRP (Adapted from Zhao [1], Hollaway and Cadei [12])

FRP Modulus of Ultimate tensile Ultimate Coefficient of thermal

elasticity (GPa) | strength (MPa) tensile strain expansion (1076/°C)
(%)

CFRP 552 1175 0.20 -1.0 to —4.0

sheets 230 2675 1.20

CFRP 479 1607 0.36

plates | 338 1186 -
156 2691 1.72
171 2830 1.55

GFRP 30 200-500 - 4.9

Aramid | 130 3000 2.3 =5.2

fibre
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Table 2 Mechanical properties of adhesives (Adapted from Zhao [9])

Adhesive Modulus of elasticity Ultimate tensile strength Ultimate tensile strain
(MPa) (MPa) (%)

Araldite 1750 14.7 1.51

2015

Araldite 1828 21.5 2.89

420

FIFE-Tyfo 3975 40.7 1.11

Sikadur 30 | 11250 22.3 0.30

Sikadur 330 | 4820 31.3 0.75

the most commonly used adhesive is the polymer [12]; adhesives are conformed by
a resin followed by polymerization. When selecting the adhesive, it is important to
choose a resin compatible with the FRP’s resin. Because of the adhesive chemistry,
special attention must be given to the post-cure temperature because this can
minimize bond strength reductions and creep effects. Zhao [9] reported the adhesive
mechanical properties estimated by other researchers, which are reproduced in
Table 2. However, it is important to remark that for design purposes, the materials’
properties must be taken from the fabricant or by performing experiments on
samples from the material to be used.

2.3 Bond Joint Resistance

The bond must resist several environmental conditions, such as deicing agents,
chlorides from salt water, and extreme temperatures; the adhesive must overcome
these challenges, where the most detrimental challenge is dealing with the presence
of humidity or preventing liquid water [12]. To take into account these variables,
the Italian design guidelines (CNR [19]) recommends the use of different design
factors according to environment conditions. Several experimental studies have
determined the failure modes from an adhesive bond between FRP and steel plates,
e.g., adhesion failure between steel and the adhesive, cohesion failure on the
adhesive layer, adhesion failure between the FRP and adhesive, FRP delamination,
FRP rupture, and steel yielding [26-28]. Bond failure depends on the adhesive
thickness and material properties; for example, CFRP with a normal elastic mod-
ulus can experience a cohesion failure with thin layers of the adhesive, whereas
thick adhesives exhibit FRP delamination failure. Conversely, CFRP with a high
modulus reaches FRP rupture when the bond length is long, whereas for a short
bond length, the failure modes are cohesion failure and FRP delamination [9].
An important number of experimental and analytical studies on the bond strain
have characterized the shape and parameters that govern the shear stresses and
strains developed along the bond. These results have led to proposed simplified
models [14, 28-30] that exhibit different behaviours for linear and non-linear
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adhesives, where a linear adhesive is characterized by bilinear behaviour and
defined with a triangular shape of the stress-strain curve, whereas non-linear
adhesives present a linear response that reaches a flat plateau followed by a
decreased slope up to failure. The stress-strain relationship shows a symmetric
distribution along the bond with three key parameters that define the bond strength:
maximum shear stress, initial slip, and maximum slip. Based on these parameters, a
bond slip model has been proposed to characterize the constitutive model of an
adhesive; a summary of the details can be found in Zhao [9].

Another important issue to be defined for the retrofitted system is the effective
length and bond strength. Different models and expressions used to estimate these
parameters have been developed using the double-shear pull test, and approximate
equations have been proposed [31]. These studies showed a stress concentration at
the bond ends that leads to delamination of the FRP in these zones. To prevent this,
the use of mechanical anchorage is recommended, where the FRP is wrapped at the
laminated end, which provides a spew fillet of excess adhesive and tapers the edge
of the bonded FRP laminate, or through the use of adhesives with large fracture
energies [9].

Zhao [9] showed that temperatures below zero increased the brittleness of the
adhesive. However, the elastic modulus, ultimate strength, and strain do not vary
significantly; on the contrary, high temperatures significantly decreased the bond
strength and the joint stiffness. Hart-Smith [32] proposed expressions that take into
account the temperature effects to estimate the effective bond length and the ulti-
mate load. Other works [33] showed that cyclic loading does not significantly
reduce the bond capacity or the bond’s global stiffness because it has been reported
that the effects determined under impact loads more significant changed the overall
mechanical properties. The Italian design guidelines [19] presents guidelines to
evaluate the bond strength and strengthen fatigued elements.

2.4 Strengthening of Bridges’ Girders

Steel bridges’ girders are retrofitted with FRP with the aim to increase the
load-carrying capacity, stiffness, and fatigue life. Using a high-modulus CFRP is
recommended if it is desired to achieve important increases in the stiffness with the
goal of either reducing deflections or increasing the buckling load capacity.
The CFRP can also be pre-stressed to improve the effects of the retrofit system.
During the design process, it is important to consider the possible failure modes that
the retrofitted girder can exhibit. The inclusion of an FRP material moves the
neutral axis towards the tension zone, which increases the stresses on the com-
pression flange and web. These elements must be carefully evaluated to prevent
local buckling in the plates. Other failures modes that must be reviewed are lateral
buckling and end and intermediate debonding. Regulation codes, such as CNR-DT
202/2005, present expressions to assess failure modes, serviceability and ultimate
limit states, and flexural capacity. In other countries, there are also design
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guidelines with similar criteria [17, 18, 34]. Because it is desirable to install FRPs
without traffic interruptions, Moy and Bloodworth [33] studied the cycling loading
effects under this condition. The authors reported that curing during cyclic loading
affects the adhesive strength and can lead to complete failure of the bond if the
deformation of the adhesive is too large. The adhesive flexibility reduces the
effective properties of the retrofitted beam. The flexural and lap-shear tests showed
that cyclic loading during the adhesive cure can reduce the strength and stiffness,
which significantly affects the ends. As cautious actions, Moy and Bloodworth [33]
recommend limiting the shear stress in the adhesive to a maximum of 1.0 N/mm?.

Roach et al. [35] developed a bonded composite doubler repair method used in
lieu of mechanically fastened metallic patches to reinforce or repair damaged
structures. The basic parameters of the system are the ply lay-up, ply orientation,
patch shape and taper, and the bond layer; the stress field and configuration of the
structure determines the number of plies and the fibre orientation. Roach et al. [35]
reported that bonded composite doubler repairs can extend the fatigue life by a
factor of 100, which limits crack growth.

The recommendations for installing bonded FRPs are in general, extremely
similar among the design guidelines and researchers’ reports: (1) Prepare the sur-
face with grinders or sandblasters to remove rust, paint, and primer from the steel
element, (2) Pre-treat the bare steel with either Dow Corning Z-6040 silane adhe-
sion promoter or [ITW PC120 primer/conditioner according to the adhesive to be
used, (3) Sand the bond side of the FRP to improve adhesion using medium-grit
sand paper or a sandblaster and then clean with acetone, (4) Apply the adhesive on
the pre-treated steel surface and FRP, (5) If using CFRP, place a glass fibre-fabric
between the steel element and the CFRP to prevent corrosion, (6) Facilitate the
installation using wood blocks that are temporarily glued to the FRP composites
and clamp the FRP to the steel element at close intervals (25 mm is recommended)
to provide a uniform pressure along the bonded surface for a uniform bond line, and
(7) Remove clamps and wood blocks after the adhesive reaches full cure.

3 Substructure Rehabilitation Techniques

This section summarizes the state of practice of repairing and strengthening tech-
niques for steel substructures; it describes the potential vulnerabilities and current
practice for retrofitting piers damaged by corrosion, fatigue, buckling of slender
elements, and inertial forces induced seismically.

Structural steel elements are common in bridges. Mostly, structural steel is used
for girders, trusses, decks, and bearings; however, within the substructure, the use
of steel piers is sparse, where the piles are the only structural steel elements of
common use. Additionally, the repairing methods for substructures have focused on
piling, and there are less research studies related to rehabilitating steel piers or
columns.
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Steel corrosion is the cause of the most significant deterioration exposed by steel
substructures as well as buckling of slender structural elements under compression.
Damage on steel bearings and brittle steel bracing failures have also been observed.
Fatigue, overloading, vehicle impact, thermal strains, and stress concentrations are
also causes of damage. In the case of piles, local buckling can result from
pile-driving operations. Steel column failures caused by the occurrence of dam-
aging earthquakes are infrequent because there are only a few bridges subjected to
high seismic demands outside of Japan.

The causes of corrosion are well known, and in particular, moisture, industrial,
ground, and seawater environments are critical aspects of corrosion. Corrosion
reduces the transverse cross-section of the structural element, which leads to a loss
of strength and stiffness of the structural member. The conventional strengthening
and repairing techniques for a severely corroded pile include adding cover plates in
the deteriorated areas of the element. The steel cover plates are welded or bolted to
the pile; however, the labour can be intensive and costly. It is worth noting that
welding causes residual stresses in the existing elements, which affects the buckling
capacity and fatigue life of elements. If corrosion is localized, it is possible to repair
the corroded material by removing the corrosion and maintaining the original
material; if the deteriorated area reduces the strength of the element, the use of
cover plates may help reduce or eliminate this effect.

In the case of piles, severe corrosion may be present in sections located close to
the water line, which is caused by the continuous wetting and drying of the steel
when it is in contact with the ground. Then, corrosion prevention in new and
existing piles can be achieved by protecting the steel from water and ground
exposure. Therefore, painting and watertight encasement are the first steps to pre-
vent corrosion. The use of sacrificial anodes is another measure for protection
against corrosion; however, their use has several disadvantages. Sacrificial anodes
are located on the steel piles, where several of them are visible because they are
located above the ground or the waterline, which exposes them to vandalism.
Encasement of the anodes is a possible solution because encasement reduces the
device exposure, which acts as additional protection against corrosion (Fig. 23).
Another issue of concern is that anodes are welded onto the pile where access may
be difficult in certain cases. Major corrosion protection can be achieved if sacrificial

— FRP jacket
sacrificial A b7 filedwith
anodes Ground or
u water level
A —————l___'-—--.—————'
— Zinc anode
| embedded inside

Fig. 23 Steel pile protected by sacrificial anodes
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anodes are combined with fibreglass jackets. In this way, double protection is
provided to the pile. Figure 23 shows how both elements protect an H-shaped pile.

Concrete or fibreglass jacketing of the steel pile is an appealing strategy
(Fig. 24). The use of fibreglass is preferred because it is more impermeable than
concrete. Fibreglass encasement is also useful to protect sacrificial anodes from
vandalism. Concrete jackets improve the resistance and stiffness of the element and
are less expensive than fibreglass jackets. Fibreglass is an expensive material used
for jacketing piles and can be left permanently, which serves as additional pro-
tection for the concrete jacket (Fig. 25).

Fatigue is induced by traffic cyclic loading, which leads to cracks in the struc-
tural elements. Welding and/or adding cover plates are techniques commonly used
for repairing cracks due to fatigue and also for repairing cracks due to vehicle
collision. The addition of new structural elements (additional columns or walls)
contributes to the redistribution of loads and reduces the effect of fatigue. Increasing
the cross-section of the deteriorated area of the element is also a common measure
to rehabilitate the damaged structure. Vehicle collision produces distortion,
cracking, and tearing in the elements.

Retrofitting measures for improving the seismic resistance of steel piers deserves
particular mention. Most of the damage and hysteretic energy dissipated during the
occurrence of an earthquake is at the piers. Despite the high ductility capacity of
steel elements, steel piers may be seismically vulnerable to inelastic buckling. If the
compression member reaches its local buckling capacity, fracture occurs due to low
cycle fatigue, which progressively leads the compressed member to collapse. This

Steel piles
Ground level

/

Concrete or fiberglass
encasement

Fig. 24 Steel pile jacketing

Fig. 25 Cross-section of an Fiberglass form
H steel pile reinforced with a \Ii
concrete jacket and permanent |

fibreglass form H pile Portland

| _~~ cement grout
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failure type is non-ductile, and the retrofitting focuses on preventing or delaying
inelastic buckling.

Lateral torsional buckling typically is the governing action if the section is
I-shaped [36], and the retrofit consists of enclosing the section with plates or
channel sections (Fig. 26). Local buckling in circular piers also occurs at the region
where the plate thickness changes. Member replacement, the addition of supple-
mental diagonal elements, cover plates, stiffeners, or the reduction of the unsup-
ported length are all possible options for reinforcing bracing systems where the
buckling capacity is lower than the yielding capacity.

Built-up members are commonly used for piers. If the built-up column is a
non-compact section, it can undergo local buckling or lateral torsional buckling,
which will reduce the pier ductility. Generally, retrofitting is oriented to conform to
a close section (Fig. 27) to have a high torsional rigidity and flexural capacity,
which reduces the susceptibility of premature local inelastic buckling.

When steel-braced frames are used as piers, the diagonal bracing is subjected to
tension-compression forces derived from the lateral inertial forces, such that a
brittle failure mode can occur if the diagonal members have large slenderness ratios,
which leads to elastic buckling. The vertical elements are typically designed to
carry the vertical loads, which is generally more resistant than the diagonal steel
elements.

Deck-truss bridges are particularly vulnerable to seismic actions. The response
of this type of bridge is improved by the use of different bracing system configu-
rations incorporated to the end sway frames [37—43]. When bracing systems are
incorporated to a sway frame, the stiffness is also increased, which increases the
inertial forces and overloads the bearings and piers. As a result of the stiffness
increase when bracing systems are adopted for reinforcing end sway frames, the
capacity of the bearings, connections, and substructures must be assured; these

Fig. 26 I-shaped section
retrofitted by channel sections

and plates Original I-shaped
pier

Channel section
bolted to the pier

Steel plate

Fig. 27 Retrofit of as-built
open section —_—

1 —

As-buily column Retrofitted column
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elements must be strengthened. According to capacity design principles, all other
members and their connections should behave elastically.

The most common type of failure observed after the occurrence of an earthquake
is a loss of seat length. It is common to provide restrainers at the supports, at the
abutments, and at the deck joints to prevent superstructures from collapsing during
an earthquake. The use of these devices modify the inertial forces transferred to the
substructure when subjected to seismic forces. Bridges retrofitted by restrainers
alone, failed in past damaging earthquakes [44] demonstrating the need for retro-
fitting the bridge substructure as well. Then, a careful analysis should be conducted
to estimate the new mechanical elements on piers when these restrainers are added
to the superstructure. Again, capacity design principles should be kept in mind. In
this framework, to avoid the need of retrofitting the foundation of multi-column
bents, it is good practice to leave a clear space between the steel jacket and the
foundation. Then, the moment transferred to the footing is lower than the moment
capacity of the reinforced bent. The use of link beams is an appealing strategy for
retrofitting multi-column bents. The link beams substantially increase the bent
lateral stiffness in the transverse direction of the bridge and reduce the unsupported
length of the columns.

The optimal strategy may be a combination of two retrofitting techniques; in the
case of end sway frames, the bracing can be combined with supplemental damping
systems to obtain a more efficient solution. The supplemental damping is a device
that acts as a fuse by failing and dissipating energy, which protects the braces,
connections, bearings, and piers from potential damage. The addition of shear links,
viscous dampers, or another type of energy dissipation devices in braced steel
towers is an attractive alternative that can be combined with traditional retrofitting
measures to attain a more efficient solution.

Base isolation is an appealing strategy for reducing the seismic demand in piers
and foundations. If base isolation is capable of reducing the seismic moment and
shear force acting on the substructure to a magnitude less than the seismic capacity
of the substructure, the columns would not require strengthening. Lead rubber
bearings are the most common isolators that have been incorporated into existing
bridges because of their low cost, reliability, simple modelling, and simple con-
struction adaptability to the existing structure. The lead rubber bearings provide
isolation and energy dissipation in only one device. Friction or sliding bearings,
particularly the friction pendulum systems, are also commonly used for isolation
and energy dissipation in bridge structures. High damping rubbers, which are
obtained by the addition of fillers during the manufacturing process, increase the
hysteresis and energy dissipation to high levels. The high damping rubbers are
highly non-linear, and their applications are limited almost exclusively to Japanese
bridges.
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4 Selection of the Rehabilitation Technique

The selection of the best alternative to retrofit a steel bridge must consider the
increase in capacity and the expected demands on the rehabilitated structure. If the
bridge is located in a seismically active zone, one possible approach is by con-
structing fragility curves like the ones proposed by Jara et al. [45, 46] to evaluate
the impact of the rehabilitation on the expected behaviour of the bridge. Fragility
curves determine the probability of reaching or exceeding a limit state of behaviour
for a specific intensity measure. Padgett [47, 48] and other authors [49-51] pro-
posed a methodology based on fragility curves to evaluate different retrofit tech-
niques on a family of bridge structures. One important conclusion in the analyses of
multi-span simply supported steel girder bridges is that geometric uncertainties and
ground motion uncertainties are more relevant than uncertainties in the modelling
parameters. Among the retrofit techniques analysed, the replacement of steel
bearings with isolation devices substantially reduces the bridge fragility.

In addition to fragility curves, loss models represent another tool that is used to
better select the rehabilitation method and the bridges to be retrofitted [52].
Cost-benefit analyses can quantitatively assess the impact of the retrofit. Using a
cost benefit ratio, Padgett et al. [53] demonstrated that among several retrofit
possibilities on a multi-span continuous girder bridge, the use of loss models is an
efficient methodology to select the best option.

5 Conclusions

This chapter discusses the most common techniques used to rehabilitate and retrofit
steel bridges. The advantages and disadvantages of using traditional and innovative
rehabilitation techniques are described. Fatigue cracks at the end of welded cover
plates is a critical issue in bridges subjected to seismic loads. The addition of ductile
transverse diaphragms in steel bridges is a plausible technique to improve the
expected behaviour. Especial emphasis is placed on describing the use of carbon
fibre-reinforced polymers. The expected performance of retrofitted steel elements
with this technique highly depends on the bond joint resistance. The use of carbon
fibres increases load-carrying capacity and improves the fatigue life of the structural
elements making this procedure as one of the more appealing technique to retrofit
steel elements. A critical issue in bridges subjected to seismic loads is the loss of
seat length. The use of restrainers at the supports is a common practice to prevent
this type of failure. However, a careful analysis must be conducted to consider the
inertial forces transferred to the substructures when these devices are proposed.
Finally, the best selection of the retrofit technique must be based on cost-benefit
studies by using fragility curves and loss models methodologies.
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Ground Reinforcement and Rehabilitation
of Foundations Systems for Their Reuse

A. Viana da Fonseca and A. Pinto

1 Introduction

Foundation Reuse is an important activity in modern structural engineering. RuFUS
Project in 2003 [1] provided a good overview of this reuse of foundations in
contemporary construction. Among other themes, different methods of verifying
pile integrity were discussed, as an example of the civil engineering actions
involved in rehabilitation of the buildings in our highly populated towns and cities,
where preservation of historical heritage is a priority. The objective of rehabilitation
geotechnical engineering should be primarily the reuse of foundations even when an
increase of ultimate bearing capacity is necessary. This is due when existing
foundations can still be working safely, but also when old foundations are not
capable to be reused but there is the necessity of he re-usage of the facade of a
building whilst the interior parts of a building is rebuilt (see Fig. 1).

Reusing foundation for construction of new structures is not a new [2] describe
how in Great Britain, ancient castles and cathedrals were constructed and then
reconstructed upon old and existing foundations. The authors remind that during the
Elizabethan times, new buildings were allowed if constructed on old foundations to
avoid urban congestion. However, the incapacity of old foundations to stand for
the new structures led the new buildings to be raised often on completely new
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Fig. 1 Underpinning for the re-usage of the fagade of a building

foundations. Butcher et al. [1] state that most foundations have been recently
re-engineered and successfully reused on projects such as railway bridges and
major building projects.

The solution to be adopted for a reuse or rehabilitation of a foundation system
demands for the elaboration of representative subsoil profiles based on competent
soil investigation (in situ and laboratory testing). This will be interpreted based on
the established and novel interpretation methodologies for the definition of
parameters that can allow the design of the adapted or the new foundation under
loading, and the transmission of stresses to the underlying mass of soil, taking in
due consideration the particularities of the soil and rock masses involved. In view of
these goals some reference books and manuals can be indicated [3-8] even being
aware that other relevants can be omitted, which will help in the decision of which
tests should be ideal tests to be selected, their interpretation and the design
approaches based on them. Existing infrastructure in the ground and service tunnels
can conditioned a lot the installation of new piles. To avoid this, ground investi-
gations are decisive, namely when there is existing archaeology underneath the
construction sites. Driven piles will be operationally limited operations, for what
existing foundations may be utilized if less aggressive/intrusive techniques enable
them to carry higher loads than the previously installed.

Soils generally present great variability of properties. Current design solution
practice is based on calculations which depart from properties values representing
the materials involved in the problem. A probabilistic treatment, in many cases,
would bring meaningful advantages in the evaluation of safety [9]. This is implicitly
considered in Eurocode 7 [10], for the geotechnical design rules, by adopting a
concept for the characteristic value of the resistance concepts by deriving the
characteristic of, for instance, an ultimate compressive resistance R, ; of a pile from
measured values R, ,,, from load tests and from comparable experience, including
one or more site specific pile load tests. An allowance shall be made for the
variability of the ground and the variability of the effect of pile installation, by
applying correlation factors that depend on the number of tests (details in Viana da
Fonseca et al. [11]).
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With such implicit consideration of safety approaches, investigation tests are
compulsory but loadings from current structures can have a simplified treatment
(residential and commercial buildings), adopting a deterministic approach regarding
permanent and accidental loading [12], leaving more demanding probabilistic treat-
ments to complex foundation systems (among others, tall buildings, bridges, indus-
trial buildings, and, more important, sensitive monuments and heritage buildings).
The correct evaluation of foundation loads and the way they interact with soils, as
thought by primary design and the way they evolve during their history, as well as
when load transference to the substrata is reequilibrate with the new structures for the
novel layout, includes the identification of the failure mechanisms and deformation of
the soil mass. Any doubts should be dealt by performing by numerical methods
considering distinct scenarios of soil properties and load distributions.

An important element to include in these projects is the meticulous description of
the execution processes of all parts of the systems, with emphasis to the connection
between existing structural elements and the news reinforcement. A special
emphasis should be addressed to problems associated to unclear mechanism
developed in the distinct foundation elements and the way these can be overcome.
These will depend a lot on the variability of depth of resistant subsoil layers,
resulting in differential settlements and damage to the structure. The compatibility
of settlements of different kinds of foundations have to be dealt with reinforcements
that can demand the accessibility of equipment to certain areas of the building, such
kinds of procedures being often very demanding.

Some options have to be attained such as the adoption of bearing capacity values
for deep foundations based on empirical correlations considering penetration tests
(SPT, CPT, PMT), without calibrating them with well documented tests for the
more extensive type of foundations methods that can include regional practice. This
has been one of the utmost advantages of French Method as described by Gambin
and Frank [13], which calculation methods used for pile foundations have been
validated against the results of static load tests and a model factor can introduced to
reach a target safety. This is thoroughly described by the paper from Burlon et al.
[14], focusing on the establishment of a model factor for the calculation of the
ultimate limit state (ULS) bearing capacity of piles in compression from Ménard
pressuremeter tests results, under the requirements of Eurocode 7. The model
factors are meant to take into account the scatter of the calculation model, whereas
the spatial variability of the ground properties is dealt with by means of statistical
methods. Then an analysis of a database of 174 full-scale static pile load tests
carried out by the Laboratoire Central des Ponts et Chaussées (LCPC, now called
IFSTTAR), over the last 40 years, mainly in France, is performed and a new
calculation model is established based on pressuremeter test results. Finally, the
calibration procedure for deriving the model factor used in the recent French
standard for pile design following Eurocode 7 is explained using two approaches:
one compares the dispersions of the former and new calculation models and the
other performs statistical analysis combining the scatter of the calculation model
and the spatial variability of ground properties. This model factor was introduced
into the recent French standard for pile design following Eurocode 7.
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Some details have to be considered when the solutions are to be decided. For
instance, Militinsky et al. [12] refer that knowing that for large bored piles there is
usually the necessity of having large displacements (about 10% pile diameter) in
order to fully mobilize the tip bearing capacity of the pile, results in the adoption of
safe values regarding bearing capacity, but at a cost of settlements that are
incompatible with the good performance of the structure. In cases of big differences
in pile diameter under the same structure, such condition regarding different set-
tlement to reach full strength mobilization may provoke important differential
settlements and damage to the structure. Some attention has to be made to the
determination of the loads acting in the foundations, specifically in constructions
where there is no sufficient information of the original project (or the one that is
available is insufficient), or there is some doubts on the options assumed in the
design, which is very common in old buildings or/and in more recent special
situations recognized as very sensitive: pre-cast structures, industry buildings,
high-rise buildings, structures submitted to dynamic effects and shocks.

Another key point in the interventions for reusing/reinforcement of existing
foundations to be strengthened to new loading conditions, is the intermediate
conditions created during construction of the new solutions, as it will be illustrated
in the case-histories that will be presented in this chapter. Adequate construction
details have to be considered and explicitly drawn, such as the ones referred in
Militinsky et al. [12]: (i) the link of the steel bars of the reinforced piles under
tension and the reinforced concrete block topping the piles that support a structure
loading point, resulting in no transference of structure loads to the foundations;
(ii) the lack of details about insufficient concrete covering the steel bars for a given
situation, specially relevant in cases of aggressive environment, or even absence of
construction details, resulting in steel bars degradation and bad performance after
some time period; (iii) adequate details of link of the steel piles under tension and
the concrete block topping the pile. The development of new underpinning tech-
niques has allowed the adoption of a wide number of solutions for reinforcement
and rehabilitation of foundations systems for their reuse, progressively more
adapted to the singularities and restraints of each scenario, especially when sensi-
tive, old or historic, constructions founded on weak soils have to be underpinned. In
this context, the solutions comprising micropiling and jet grouting techniques
should be pointed out due to their versatility and advantages related to the vibra-
tions and noise limitation, as well as the possibility to be adopted in small spaces
with low head rooms and restricted access. These techniques also allow the soil
improvement, minimising the soil disturbance due to the boreholes small diameter,
drilled with suitable equipment (Bullivant and Bradbury [15]).

On the following chapters, after the presentation of the main aspects of these two
techniques, some practical case histories over hodiern structures where micropiling
and jet grouting underpinning techniques were used, are presented. In each case, the
following topics are presented: scenario, main restraints, main conception and
execution criteria, as well as main quality control and quality assurance procedures.

Important geotechnical interventions for the preservation of historic cities pat-
rimonial monuments [16—18], where the demands of ancient and very sensitive
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masonry structures have involved different approaches, will not be addressed here.
Some have not been published, a sit is the example of the work developed between
2001 and 2003 for the underpinning the “Grand Palais”, in Paris, built in 1900 and
protected as a National Heritage monument, by creating a new retaining wall for a
future underground structure in the main hall. Other have been published, being an
example of these the major renovation of Venice San Marco Bell Tower, com-
plementing an original enlargement of the stone masonry in the early days of the
20th century, due to the signs of the development of some cracks in the ‘50’s of that
century. An inspection of the foundation block, indicated the detachment of the new
masonry from the pre-existing one, which was solved by a recent intervention
consisting of the insertion at two levels along the perimeter of the plinth prestressed
titanium rebars, to increase the overall flexural stiffness of the foundation and stop
further cracks opening. This intervention, described by the work of Macchi et al.
[19] required excavations below the ground water level in soft/loose lagoon
deposits within an extremely important monumental area and in presence of buried
archeological remains, many of which were unknown. As described in the referred
work, severe precautionary measures were taken to prevent even little settlements of
the tower and surrounding monuments during excavation, dewatering and retrieval
of the buried archeological remains. To achieve this goal Deep Cement Mixing
columns (DCM), reinforced with steel pipes were selected to provide water tight-
ness, lateral support as well as bottom stability to uplift of the seven pits
(“chambers”) that in turn will serve for the installation of the titanium bars [20, 21].

Other solutions involving monumental/heritage structures are not covered, such
as underexcavations under prestigious buildings, as presented by Ovando and
Santoyo [22], Jamiolkowski [16] and Burland et al. [23].

2 Ground Reinforcement and Rehabilitation
of Foundations Techniques

2.1 Micropiling

Micropiling is a very old technique initially adopted with wood driven piles, which
has been developed in the last years mainly due to the bearing capacity improve-
ment (lateral friction at the bond length) related with the use of high pressure grout
injection techniques (bigger than 4 MPa), and steel hollow tubes with high resis-
tance and high versatility. The drilling machines are small and versatile, allowing
the use of the solution on low head room and tight spaces, excellent features for
reinforcement and rehabilitation of existent foundations (see Fig. 2). These
improvements have allowed to design micropiles with steel hollow tubes (external
diameter lesser than 130 mm) to carry axial service loads greater than 800 kN
(Bustamante et al. [24]), and (Bustamante and Doix [25]).
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Fig. 3 Jet grouting technology and main construction phases

2.2 Jet Grouting

Jet grouting technology has initially been developed in Japan, the UK and Italy. For
about 40 years it has been applied worldwide. In Portugal the technology has been
applied in the last 20 years, initially on Lisbon Metro extension works to improve
alluvial soils. Recently, vertical jet grouting solutions have also become competitive
and advisable in several and more usual scenarios, like foundations, earth retaining
and reinforcement and rehabilitation of existent foundations systems (Falcdo et al.
[26]; Greenwood [27]).

According to the definitions of the European Standard on Jet Grouting (CEN/TC
288), jet grouted structures consist of interlocking jet grouted elements. An element
is the volume of soil treated through a single borehole, which may be a cylindrical
jet grouted column or a planar jet grouted panel (Kutzner [28]).

Jet grouting has nothing to do with common grouting, as according to the jet
grouting technique the soil is disintegrated by a jet of air, water or grout at very high
pressure (bigger than 30 MPa), obtained through the transformation of the high
pressure flow (potential energy) into the high speed jet directed to the soil (kinetic
energy) due to the very small diameter nozzles effect, and is subsequently mixed
with the grouting material (see Fig. 3).
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A part of the mixed material, named spoil, returns to the surface along annular
space around the drill rods or along neighboring boreholes, serving for necessary
pressure relief. As with micropiles, the drilling machines are small and versatile,
allowing the use of the solution on low head room and tight spaces, excellent
features for reinforcement and rehabilitation of existent foundations (see Fig. 3).

3 Examples

3.1 Case A—Rehabilitation of the Rivoli Theater Building
in Porto

Rivoli Theater opened in 1913 contributing to Porto urban centre modernization. In
1923 the new Rivoli Theatre appeared, remodelled, adapted to cinema, opera,
dance, theater and music. The Architect and Engineer Julio Brito designed it in Art
Deco style. In the end of the 20th century the building was rehabilitated. This
intervention had the purpose strengthening the stricture and its foundations due to
the necessity of an expansion of the theatre, which took place in the late 90s
(Fig. 4).

Originally the building structure was predominantly made of stone masonry with
some structural elements in concrete. The expansion implied the maintenance of the
main building, fully guarantying the integrity of the architecture both externally as
in the interior, specially the auditorium, rooms, halls and accessing paths, while
executing a basement below the original ground floor and the construction of two
high floors on the existing structure (Fig. 5).

A more detailed investigation of the structure conducted during the construction
phase allowed an assessment of real state of the construction materials and the
degree of conservation. It was concluded that the structure was deteriorated and the

Fig. 4 Rivoli theatre
building: external view when
the rehabilitation started
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Fig. 6 Rivoli theatre building: foundations reinforcement—plant

resistance of the materials severely altered. The information obtained allowed the
estimation of allowable deflection limits, a key factor in this type of interventions,
particularly when the resilient structure includes materials such as masonry and
stonework, with high susceptibility to bending/traction efforts. This conditioned a
lot the adopted solution for bracing the new foundations supporting the sensitive
structures (Fig. 6).

The basic criteria that presided over the design aimed at minimizing deforma-
tions, specially the distortions, between the initial phase and the final phase of
construction. For this purpose it was necessary to reduce the number of successive
load transfers in order to ensure that the cumulative displacements were effectively
minimized (Fig. 7).
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Fig. 7 Rivoli theatre building: details of load transfers to minimize settlements

Fig. 8 Rivoli theatre building: Rivoli theatre building: execution of H steel piles (drilled borehole
of 0.20 m diameter)

The inspection revealed that the four support pillars of the foyer (Fig. 8), which
supports the building, were made of concrete and were directly founded overlap-
ping stone slabs, forming a sort of pyramid.



282 A.V. da Fonseca and A. Pinto

In this case, there was the benefit of the favourable ground conditions, since this
area is dominated the rock masses of Porto granite. Although decomposed,
weathering degree is moderate, being compact at small depths, about 6 meters.
Thus, it was possible to use passive solutions for provisional foundation of the
pillars (Fig. 8), while in less favourable foundation conditions would be necessary
to use an active transfer system, more delicate and time-consuming, involving
operations with hydraulic jacks for levelling the supporting beams.

A structural solution of H steel piles was adopted to transfer temporarily the
loads to deeper levels aimed at constitute a high rigidity systems in order to achieve
the stated objective, which assumed maximum displacement below 5 mm. The
following pictures illustrate the process of underpinning for temporary opening
space for the basement.

The solution adopted for provisional foundation of the pillars consisted on the
execution of a metal frame supported by 6 mini piles arranged around each pillar,
with sufficient clearance to prevent the crossing of the slabs that formed its original
foundation. The minipiles, consisting of metallic profiles HEB120, were sealed with
cement grout in predrilled boreholes with 0.20 m diameter, obtained by rotation
from the existing floor, and conducted in depth to go beyond the future basement
level. This technology was selected due to the circumstances of this delicate work,
demanding a reduction to a minimum the levels of vibration induced in the
structure.

However, it is not feasible in the crossing of the existing pillars foundation
slabs—which by its thickness and strength require more powerful drilling equip-
ment such as roto-percussion that would imply much higher vibration levels, or
with rotational coring—imposing the clearance above described. Taking advantage
of the soil (decomposed granite) resistance, the steel minipiles could be direct
sealed in that ground. Its lower unit resistance (compared with a multiple and
repeated injection, IRS, type) was compensated through the hole of larger diameter,
to ensure equivalent resistance capabilities; however, the bearing capacity of the
steel minipile is not determinant in this case, since the design is conditioned by the
deformation.

The minipiles were headed by a reinforced concrete cap, responsible for trans-
mitting the pillar efforts to the piles with very small deformations. After the con-
crete curing, it was possible to dig and demobilize safely the original footing,
completing the first load transfer step (Figs. 9 and 10).

As the excavation progresses, H steel minipiles integrally stand for the loads of
the building. The increase of the compression loads gradually imposes the bracing
of the H steel minipiles to reduce its free length, thus reducing risks of instability
to-bending-torsion (see Fig. 10).

The design of the H steel profiles had already considered this phenomenon, since
HEB120 with 34 cm? cross section has an axial stiffness much higher than the
tubular sections commonly used in micropiles—which, moreover, can have their
resistance lowered to 75%, due to the reduction of the “net” section in the zone of
the threaded amendments, thus conditioning its use when subject to bending or
traction. The HEB120 profiles were easily integrated into the pillar suspension
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Fig. 10 Rivoli theatre building: preparation of the pillar to connect the reinforced concrete
minipiles’ cap and the execution of the structure of the pillar suspension, concreting of the definite
pillar with the bracing reinforcement

structure and demobilized after finishing the bottom of the pillar and the definite
footing at the end of the load transference. The mini piles were integrated into the
final structure, also contributing to the stiffness of the foundation, forming a kind of
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Fig. 12 Rivoli theatre building: view of the interior work already built

Pile-Raft structure. In the next figures, some pictures illustrate the final steps of the
described process (Figs. 11 and 12).

3.2 Case B—Rehabilitation of the Sotto Mayor Palace
in Lisbon

3.2.1 Scenario

Built at the beginning of the 20th century, with French classic style, brick and
masonry structure, the Palace has 3 floors, an area of 30 x 30 m? and is located in
the centre of Lisbon, being surrounded by important streets, like F. P. Melo Avenue
(see Fig. 13). In order to face the new project, which demanded a 24 m average
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* Localization - urban area: view from F. P. Melo Avenue
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Fig. 14 Grillage of cap beams and internal underpinning works

depth excavation on Lisbon Miocenic soils, around the Palace (see Figs. 13 and
14), as well as the construction of one gallery bellow its original structure, the
Palace was underpinned internally with micropiles and externally with contiguous
bored piles (see Fig. 14). According to the new project, the Palace would become
an hotel and the underground areas would be used mainly for parking and shopping
purposes.

3.2.2 Main Restraints

As main restraints, it should be pointed out: the geological conditions, the sur-
rounding conditions, the Palace structure and geometry and the construction
schedule (see Figs. 15 and 16).
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Fig. 16 Sequences of excavation and construction of the underground slabs around the Palace

3.2.3 Main Conception and Execution Criteria

Due to the Palace structure and geometry (low head room), the internal walls
original foundations were underpinned with micropiles capped by a grillage of
prestressed concrete beams, which were connected to the masonry walls with pairs
of prestressed “Gewi” bars (see Fig. 15). The underpinning of external walls was
done with a contiguous bored piles (J0.80 m spaced 1.0 m) wall, connected to the
masonry walls trough the piles cap beam. The piles were lined with sprayed con-
crete. Due to Palace geometry and the existence of the internal micropiles, the piles
were braced at 6 levels by external concrete ring beams. These beams were cast
against the ground and their levels were defined in order to agree with the final
underground slabs. The beams were supported by vertical steel profiles in order to
restrain their vertical deformation (see Fig. 16).
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3.2.4 Quality Assurance

The Palace performance was analysed through a wide Monitoring and Survey Plan,
comprising: topographic marks (reflective targets) and inclinometers (located inside
the bored piles). During the excavation and basement works, data was collected
once a week.

Figure 17 presents the results of the reflective targets installed at the Palace
facades.

Figure 18 gives an overview of the final phases of excavation and construction
of underground slabs around the Palace.

* Monitoring and Survey Plan

D,
[xt04m)
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[ettm]

otrs® | (inside pies)
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. Palace fagades (1st floor)

Fig. 17 Palace monitoring and survey plan

General view of the excavation around the Palace (final phase - Dez E stion of g slabs around the
000 Palace (final phase . May 2001)

Fig. 18 Final phases of excavation and construction of underground slabs around the palace
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3.3 Case C—Rehabilitation of the Aveiro Port Authority
Building

3.3.1 Scenario

Built at the beginning of the 20th century, the Aveiro Port Authority Building is an
important symbol of the “New Art” architecture, due to its important location in the
Aveiro main down town navigation channel, as well as for its architectural quality.
The building has a brick and masonry structure, with 2 floors, an area of
30 x 15 m? and is located in the centre of Aveiro, being surrounded by important
streets and buildings. During its exploration life the building had several differential
settlements, due to foundations problems and affecting seriously the building per-
formance. Those problems, lead to several reinforcement and rehabilitation of
works over the original foundations: masonry arches resting over alluvial soils, but
without a complete attainment.

The building rehabilitation allowed the construction of a new reinforced concrete
structure, preserving the original main facade, facing the Aveiro main navigation
channel, profiting from the existent raft slab capping micropiles, previously
building during the demolishing works in order to support the retaining facade
temporary structure. Those temporary structures were preserved during the foun-
dations rehabilitation works (see Fig. 19).

3.3.2 Main Restraints

As main restraints, it should be pointed out: the geological conditions, the sur-
rounding conditions, the facade temporary retaining structure, demanding the
execution of the foundation rehabilitation works partially indoor and compatible
with the existent mat slab and micropiles, as well as with the construction overall
schedule. The geological conditions were a key issue, since the building original
construction: fills, over alluvial soils, with about 24 m of overall thickness,

* Plan * View of the building before the rehabilitation works

ﬁighhor building %

Existent slab

Lourengo Peixinho Avenue

Fig. 19 Plan and view of the building before the rehabilitation works
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Fig. 21 Adopted foundations rehabilitation solution: plan and cross section

resting over the Aveiro Cretaceous materials: stiff and very stiff clays and sand-
stones (see Figs. 20 and 21).

3.3.3 Main Conception and Execution Criteria

Due to the new structure loads, the existent foundations as well as the main facade
retention structure, lead to partially indoor and low head room works. In this
scenario the foundations rehabilitation solutions comprised the execution of jet
grouting (type 1) &1000 mm columns, reinforced with a steel TM-80 tube, resting
at the Cretaceous sandstones. The reinforced columns were designed to resist to
axial loads and were capped by the existent raft slab, as well as by new beams and
caps. The capping elements were designed to resist to bending and shear loads (see
Fig. 21).

The use of jet grouting solutions on a very sensitive urban location demanded
the need to manage the indoor and the outdoor spoil (see Fig. 22).

The jet grouting columns diameter was limited to 1000 mm in order to better
control the columns execution, as well as the behaviour of the surrounding struc-
tures and infrastructures. In order to increase the columns resistance, durability and
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* Indoor works: spoil cleaning

Fig. 22 Cleaning of the indoor and outdoor jet grouting spoil

+ Topographic control * View of the building after the rehabilitation works

Fig. 23 Topographic control and view of the building at the end of the refurbishment works

ductility, as well as to increase also the effectiveness of the connections to the
capping reinforced concrete elements, the columns were reinforced with TM-80
steel tubes. Those tubes were protected against corrosion by a PEAD external tube,
filled with cement slurry, at the unconfined top, specially when the fills and allu-
vium materials and, therefore, the columns head were not in contact with the
existent mat slab bottom face (see Fig. 21).

As main advantages of the jet grouting foundations rehabilitation solution,
comparing with the micropiles solution, should be pointed out: bigger stiffness and
bigger cover of the steel tube, as well as better buckling resistance of the same steel
tube. The main difficulty was the spoil management, mainly due to site location.

3.3.4 Quality Control and Quality Assurance

The new building as well as the surrounding buildings performance was analysed
through a Monitoring and Survey Plan, comprising mainly topographic marks
(reflective targets). During the jet grouting works, data was collected once a week
(see Fig. 23) and also all the execution parameters were logged and analysed.
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Before the jet grouting works started some trail columns were executed, allowing to
take out cores for laboratorial UCS tests and to validate the columns geometry.

3.4 Case D—Requalification of “Bom Sucesso”
Market in Porto

The building of “Bom Sucesso” Market was opened in 1952 with an impressive
reinforced concrete structure (Fig. 24) designed by the Civil Engineer Joaquim
Sarmento (Professor of Structures in the Civil Engineering Department of FEUP in
the University of Porto), being in full service until 2010, fulfilling its original
commercial function. The building was classified as Monument Public interest by
the Ministry of Culture in 2011.

In view of the deterioration in his state in recent years, it imposed a significant
intervention to repair a good number of anomalies installed, which extended even to
the ground floor, where large settlement were observed (Fig. 24).

Thus, in 2011, the Bom Sucesso Market was the subject of an intervention that
was not only limited to ensure the resolution of the identified damages but dared his
rehabilitation, adding inside two buildings, a hotel and a set of offices (Fig. 25).

Fig. 25 Three-dimensional model of the building, after its rehabilitation
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Fig. 26 Perspective of the hotel and the offices’ building

While the hotel was designed independently of the existing structure, the set of
offices involved the construction of a building which structure intercepted the
original one (Fig. 26).

Although structural anomalies identified before the intervention did not indicted
causes associated with the foundations of the building, the interconnection that was
promoted between the office’s building structure and the original one imposed the
need to strengthen some structural elements of the original market, including some
foundations, which were now subject to a different loading system when compared
to the 1949 loading system.

The soil-structure interaction imposed by the new foundations, implied a good
characterization of the involved ground, which geology is dominated by the Porto
Granite, a highly heterogeneous profile [29], imposing an initial campaign of
geological and geotechnical survey in 2008, supplemented by another in 2011, prior
to redevelopment work phase. Simultaneously, documentary information was col-
lected in order to recover the type, size and other characteristics of the foundations
of the existing building. The results of the site investigation for ground charac-
terization have identified the presence of two geotechnical units, with low strength
and high deformability consisting of loose to very loose sandy soils, which extend
to depths of 9 m order.

The general solution presented in the original project foundations plant, con-
sisted on shallow foundations, apparently inconsistent with the findings the site
investigation conducted for the rehabilitation program. This imposed an additional
effort for the document collection phase, resulting in the discovery of another plant
foundations, dated of 1951, where general workaround pile foundation (Fig. 27).

The doubts installed about the real adopted solutions conducted to the imple-
mentation of a series of polls to existing foundations. These studies have uncovered
shoes of reinforced concrete resting on the ground. Unusual stone masonry con-
sisting of successive layers oriented alternately in perpendicular directions, evolv-
ing into a horizon of granitic residual soil (Fig. 28). These surveys allowed to
identify the presence of piles underlying reinforced concrete caps or, sometimes, in
alternative, associated to stone masonry caps, similar to the ones referred (Fig. 28).

The structural design, made by the SOPSEC SA defined reinforcement of the
existing foundations, involving the increase of the area in plan of the shallow
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Fig. 28 Footing laying over a stone masonry, capping the original piles

foundation and ensuring the link between the new concrete and the existing con-
crete and stone masonry elements through the installation of steel rods, sealed with
epoxy resin. The pile foundation were reinforced by micropiles, headed by a
massive reinforced concrete, connected to existing concrete using steel rods
(Fig. 29).

For the foundations of new structures, although it had initially been conceived a
generalized solution of pile foundation, due to a limited meagre right foot available
micropiles were executed due to the high versatility of this technique for under-
pinning (Fig. 30).

In Fig. 31, existing foundations (in orange) are distinguished from the reinforced
foundations (in green) and the new foundations (in blue).

The building, already requalified (Fig. 32), opened in April 2013 and was, in
2015, one of four European winners of the Global Awards for Excellence, spon-
sored by the Urban Land Institute, New York.
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Fig. 32 View of the interior of the building after requalification

4 Final Remarks

The demand for reinforcement and rehabilitation of foundations systems has
increased steadily in the last years as renewals and refurbishment works have
gained popularity. As example, the presented cases proved how the versatility of
some underpinning techniques can fit the uniqueness and restraints of complex
scenarios, involving old and historic sensitive buildings, sometimes founded on
weak soils. On the figures below two comparative analyses between micropiling
and jet grouting technologies (see Fig. 33) and between these techniques and the
conventional ones are presented (see Fig. 34).

In this context, it is also important to point out that underpinning works requires
expertise at the design and execution levels, along with safe working practices,
especially when the underpinned building has an old structure and a special
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Fig. 34 Comparative analysis between micropiling/jet grouting and conventional techniques

architectural/historical interest and therefore is protected from full demolition or
alteration. In these situations, considerable care is required on previous tasks, as for
example: monitoring and survey, geological and geotechnical site investigation,
stiffen, grout, shore strut, in order to prepare these old buildings and their original
foundations for the underpinning works. As example, some of the presented cases
proved how important is the role of the Monitoring and Survey Plan in this kind of
works, mainly as a risk management tool, allowing to survey and predict the
performance of the underpinned structures and, if necessary, to adjust in time the
initial solution.

4.1 Quality Control and Quality Assurance

In order to assure a good survey of the consequences of the excavation, new
foundations, retention walls and earthworks, a plan of instrumentation and moni-
toring has to be implemented. This plan will include a clear identification of the
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equipment to be installed and the periodicity of the registers and the subsequent
interpretation, which has to be transmitted to the designers or their representing
personnel in order to react accordingly. This instrumentation will include topo-
graphic targets and piezometers. The criteria for definition of “alert” and/or “alarm”
situations have to be included in the execution projects similar to those defined
below (adopted in the requalification of the “Bom Sucesso” Market, in Porto) and
the corrective measures have to be well stated.

Values of displacement of 10 or 15 mm, are typically considered as reference for
“alert” or “alarm” signs, respectively, taking into account the depth of the exca-
vation, the foundations levels, their dimensions, and the distance to the adjacent
structures. These values will be adjusted according to the survey of anomalies,
depending on their type and severity.

The measures taken in the case of signs in the instrumentation being beyond the
appointed limits, and therefore menacing the functionality of adjacent infrastruc-
tures and superstructures, will impose an increase of: (i) the frequency of instru-
mentation readings; (ii) the number of monitoring instruments; and, (iii) the
installation of temporary stabilization elements. The adopted monitoring sequence
of the topographic instruments can be the following: (i) on the installation, 2 initial
readings; (ii) up to 30 days before starting of excavation work, 1 reading per week;
(iii) during excavation, on the instruments located within a zone distanced by 30 m,
the readings should have a periodicity of 4 readings/week; (iv) after the end of the
excavation and until the completion of the buried structures, 2 readings per week;
while, (v) until the completion of the work, 2 readings per month should be
guaranteed. In case of “alarm” limit, the frequency of readings may be required to
be daily. Changing of this frequency readings should be proposed to the building
inspector and approved by the project team.
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Code-Based Procedures for Seismic Safety
Assessment and Retrofit

X. Romao and A. Penna

1 Introduction

Earthquake engineering experts, public authorities and general public agree on the
idea that the seismic safety and performance of the built environment is a matter of
high priority. Moreover, the widespread interest in methodologies which address
the assessment and the retrofit of existing constructions reflects the global per-
ception that such constructions are exposed to disproportionate levels of seismic
risk. Rational and cost effective interventions on the built environment are therefore
needed in order to mitigate such risk and reduce the expected level of losses in
future earthquakes. Since there are significant differences between the design of a
new structure and the assessment of the same structure after many years in service,
these interventions must be based on adequate normative documents addressing the
specific issues of seismic performance assessment of existing structures. Given that
most structural standards and codes have been developed for the design of new
structures, their procedures are often found to be inadequate for the assessment of
existing constructions. Hence, over the past few years, several standards and
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guidelines addressing the problem of structural assessment and upgrading have
been emerging for the specific case of earthquake loading.

In this context, the current chapter presents a review of existing international
structural standards and codes that provide specific methodologies for the seismic
safety assessment and the strengthening of existing constructions. The codes con-
sidered in this analysis are the Eurocode 8 Part 3 (EC8-3) [1], the United States
International Building Code IBC 2012 [2], the International Existing Building
Code IEBC 2012 [3], ASCE/SEI 41-13 [4] and relevant modifications in the
upcoming 2015 editions of the IBC and IEBC, the Italian building code NTCOS8 [5],
the Greek code of structural interventions KAN.EPE. [6], the Swiss standard SIA
269 [7], the Romanian code for seismic evaluation P100-3 [8], the Turkish standard
for buildings in seismic zones [9], and the New Zealand NZSEE Recommendations
[10]. The chapter presents a general description of the seismic safety assessment
methods proposed by these standards, as well as an overview of the techniques they
propose for seismic retrofit and strengthening. Following this comparison, the
future evolution of code-based procedures for seismic safety assessment and retrofit
is briefly discussed based on recently developed guidelines proposing more
advanced approaches.

2 Integration of Seismic Assessment into Regulatory
Frameworks

According to most standards, the seismic safety evaluation procedures are inte-
grated into broader regulatory frameworks addressing the general safety and per-
formance of existing buildings. The conditions under which the seismic assessment
of a building is carried out (which may then trigger the need to retrofit or strengthen
the building) usually falls into one of the following general categories:

— Seismic risk mitigation programmes under which building owners are required
to carry out the seismic assessment of buildings and to retrofit/strengthen them,
if needed.

— Interventions related to the use of the building, such as damage repair opera-
tions, alterations or additions to the building structure, or a change in the
building use.

— Owner-requested seismic evaluation, and potential strengthening, of the build-
ing in order to meet the provisions of current standards or to upgrade its
earthquake performance.

Most of the codes and standards considered herein either enforce or consider
seismic evaluation scenarios which fall into the second category. On the other hand,
explicit reference to the scenarios of the first or third categories is less frequent. Of
the selected standards, only ECS8-3 [1] and the NZSEE Recommendations [10]
foresee that seismic evaluation may be enforced by a scenario of the first category.



Code-Based Procedures for Seismic Safety Assessment and Retrofit 303

Although not directly acknowledged by the Italian standard NTCOS [5], a scenario
of the first category may be enforced in Italy in exceptional situations, as occurred
after the 2002 M5.7 Molise earthquake. In this case, the scenario was set by the
Premier Ordinance OPCM 3274 [11]. With respect to the third category, P100-3
[8], NTCOS [5], KAN.EPE. [6], IBC 2012 [2], IEBC 2012 [3] and ASCE/SEI 41-13
[4] explicitly acknowledge the possibility of this scenario.

3 General Seismic Assessment and Retrofit Principles
Followed by the Selected Standards

A brief overview of the main principles governing the seismic safety assessment
and retrofit procedures that are proposed by each of the selected international
standards and codes is presented in the following.

3.1 Eurocode 8 Part 3 (2005)

The Eurocode project was developed in order to establish a set of rules covering the
various aspects of structural design. These rules would then be common to the
several countries which are part of the European Committee for Standardization
(CEN) in order to provide more uniform safety levels. The Eurocodes include ten
standards for structural design [12] and each Eurocode is divided in a number of
parts covering particular technical aspects. Since different countries may have
different requirements for constructions and their safety, the Eurocodes also allow
each country to define the values of several safety-related parameters, as well as
certain country-specific data. Such data is collectively known as the Nationally
Determined Parameters and it is published in National Annexes complementing
each Eurocode part.

For the case of earthquake loading, Eurocode 8 (EC8) establishes the criteria and
rules for the seismic design of new structures and the assessment/retrofit of existing
ones. For the latter, Part 3 of Eurocode 8 [1], EC8-3, provides criteria to evaluate
the seismic performance of existing buildings and to design the necessary corrective
measures. The scope of the EC8-3 procedures addresses buildings with RC, steel
and composite, and masonry structures. In 2010, EC8-3 was updated to accom-
modate recent research results [13].

The methodology proposed by EC8-3 for the seismic assessment of existing
buildings enables the analyst to consider a fully performance-based approach to
determine the level of safety of a structure. Most of the procedures available in
EC8-3 enforce a displacement- or deformation-based assessment approach while
restricting the use of classical strength-based methods to a few situations only. In
global terms, the EC8-3 assessment methodology involves a sequence of four stages
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of decision and analysis. The first stage corresponds to the selection of the limit
states that will be considered for the structural performance assessment. The second
stage addresses the level of knowledge available for the structure under assessment.
The third stage involves selecting the structural analysis method that will be used to
perform the assessment. The fourth and final stage of analysis corresponds to the
safety verification stage where the conformity of each structural mechanism is
checked involving procedures which depend on the nature of the mechanisms (i.e.
ductile or brittle). A literal interpretation of the EC8-3 procedures indicates that a
building is considered to be conforming to a given limit state only when the seismic
demand of all the individual structural members does not exceed the corresponding
capacity.

After defining the seismic safety assessment procedures, EC8-3 provides guid-
ance and rules for the design of seismic strengthening and retrofit solutions. For the
case of RC structures, EC8-3 covers member-level strengthening techniques to
increase the flexural and/or shear strength, to increase the deformation capacity and
ductility, and to improve the strength of deficient lap-splices. EC8-3 defines rules to
achieve these enhancements involving concrete or steel jacketing and
fibre-reinforced polymer (FRP) plating and wrapping, the latter being addressed
more extensively. For the case of steel and composite structures, EC8-3 refers the
possibility of using system-level retrofitting strategies to increase the capacity of
the lateral force resisting systems and horizontal diaphragms and/or to decrease the
seismic demand. However, rules to design strengthening solutions are only pro-
vided for member-level approaches which involve replacing damaged elements or
techniques such as steel plating or RC encasing to enhance the stiffness, strength
and ductility of the structural elements. Retrofitting beam-to-column connections is
also addressed and rules are provided for weld replacement, weakening strategies
and strengthening approaches. For the case of masonry structures, EC8-3 provides
some guidance regarding the repair of cracks, the repair and strengthening of wall
intersections, the strengthening and stiffening of horizontal diaphragms and the
strengthening of walls. The suggested techniques depend on the retrofit purpose and
can involve the addition of RC elements, steel elements or steel ties, steel plating,
and RC, steel or FRP jacketing, among others.

Finally, it is noted that a 6-year work programme has recently been launched to
develop the next generation of Eurocodes [12]. The new standards are expected to
be published in 2020 and will address new technologies and market needs by
extending the scope of the existing Eurocodes.

3.2 United States Standards IBC 2012 (2012), IEBC 2012
(2012) and ASCE/SEI 41-13 (2014)

The International Code Council (ICC) is a United States non-governmental orga-
nization dedicated to developing comprehensive and coordinated national
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construction standards. Among the several standards developed by ICC, reference
is made to the 2012 editions of the International Building Code (IBC) and of the
International Existing Building Code (IEBC), which are presently relevant for the
analysis of existing buildings. Since the 2015 versions of these two standards are
currently being finalised, the most relevant changes they will incorporate regarding
earthquake safety are also referred herein.

The scope of the IBC 2012 [2] provisions is predominantly related to new
buildings. Nonetheless, Chapter 34 contains general design requirements for
existing structures, namely regarding aspects related to the alteration, repair,
addition, or change of occupancy of existing structures, including historic build-
ings. The procedures provided in Chapter 34 reflect the existence of two different
approaches: a prescriptive method and a performance-based method. However, for
the particular case of seismic evaluation and rehabilitation, Chapter 34 can be seen
to provide little practical guidance. In the new IBC 2015, Chapter 34 has been
deleted and a reference to the upcoming IEBC 2015 replaces the chapter. All
provisions previously available in Chapter 34 may be found in the IEBC 2015.

Given that existing older buildings, especially historic buildings, may have
unique conditions that make it difficult to fully comply with standards devised for
new buildings, ICC also developed the IEBC. The fundamental goal of IEBC is to
provide alternative approaches to the remodelling, repair or alteration of existing
buildings. Hence, IEBC 2012 [3] establishes three possible approaches for the
rehabilitation of existing buildings: a prescriptive compliance method, a work area
compliance method, and a performance compliance method. In the prescriptive
compliance and the performance compliance methods, the procedures provided by
IEBC 2012 are essentially those contained in Chapter 34 of IBC 2012 (which are
also part of the IEBC 2015). In the work area compliance method, the IEBC 2012
provisions are defined according to the type of intervention. The standard estab-
lishes different compliance conditions for repairs, alterations (considering three
possible degrees of alteration), change of occupancy, additions, building relocation
and historic buildings. With respect to aspects related to the seismic evaluation and
rehabilitation, IEBC 2012 establishes analysis scenarios which can be based on the
procedures defined by IBC 2012, ASCE/SEI 31-03 [14] or ASCE/SEI 41-06 [15].
Since the ASCE/SEI 31-03 and ASCE/SEI 41-06 standards have been recently
merged into the ASCE/SEI 41-13 standard [4], the 2015 edition of the IEBC has
been harmonized with ASCE/SEI 41-13. Given these changes, only scenarios
related to the seismic safety evaluation and retrofit based on the ASCE/SEI 41-13
procedures are addressed hereafter.

The ASCE/SEI 41-13 standard, entitled Seismic Evaluation and Retrofit of
Existing Buildings, merges the procedures previously available in ASCE/SEI 31-03
and ASCE/SEI 41-06 and provides additional consistency between the evaluation
and retrofitting procedures. In order to help with the comprehension of the detailed
procedures it proposes, the standard also includes commentaries explaining some of
the procedures in more detail. ASCE/SEI 41-13 proposes an evaluation method-
ology that is divided into three tiers of progressively more complex calculation and
investigation. A building can be assessed according to only one level of evaluation
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or according to a combination of levels. Tier 1 is a fast screening level involving
sets of checklists that evaluate structural, non-structural, and foundation/geologic
hazard elements of the building and site conditions. To perform a Tier 1 analysis,
the level of seismic hazard and the building performance level must first be
selected. The Tier 1 screening process also involves several quick check analyses to
obtain the stiffness and strength of certain building components and to determine if
the building complies with certain evaluation criteria. Elements found to be non-
conforming can then be evaluated according to the Tier 2 procedure or a seismic
upgrade of those components can be defined instead.

The Tier 2 procedure is also a deficiency-based evaluation process but requires
additional analysis and more complex evaluation procedures to analyse the
potential deficiencies identified in Tier 1. Although Tier 2 is still a deficiency-based
evaluation, a full-building analysis may be required in some cases. The evaluation
procedure of Tier 2 also requires selecting the level of seismic hazard and the
building performance level (usually the same levels selected for Tier 1) prior to
carrying out the assessment. If a full-building analysis is required, only linear
analysis methods are allowed for structural analysis and safety verifications are only
required to be carried out for the potential deficiencies identified in Tier 1. Similar
to Tier 1, members found to be nonconforming after Tier 2 can be evaluated
according to the Tier 3 procedure or a seismic upgrade of those components can be
defined instead.

Tier 3 is a calculation-intensive evaluation procedure which involves a
full-building analysis. The general principles underlying a seismic evaluation that
follows the Tier 3 procedures are similar to those of a detailed assessment
methodology such as that of EC8-3. However, in addition to the direct effects of
earthquakes, the standard also addresses the effects of local site geological hazards
(e.g. liquefaction). The Tier 3 evaluation methodology involves a sequence of four
stages. The first stage corresponds to the definition of the seismic hazard and the
selection of the building performance level that will be considered for the assess-
ment. The second stage addresses the information available to characterize the
structure under assessment. The standard provides instructions to obtain as-built
information, along with adequate default values if specific information is not
available, and also includes detailed material testing requirements. The third stage
involves selecting the structural analysis method that will be used to perform the
assessment. The fourth stage corresponds to the safety verification and includes
three types of acceptance criteria: (1) criteria to check the conformity of each
structural member, using different procedures for deformation-controlled and
force-controlled members; (2) criteria to check the safety of acceleration-sensitive
and deformation-sensitive non-structural elements; (3) criteria to check the global
performance of the building according to acceptable limits of interstorey drift
demand.

With respect to retrofitting, ASCE/SEI 41-13 also provides some guidance for
the design of seismic strengthening solutions for steel, concrete, masonry and
timber constructions, including their foundations. Generally, ASCE/SEI 41-13
refers the possibility of designing system-level and member-level solutions for



Code-Based Procedures for Seismic Safety Assessment and Retrofit 307

seismic retrofit. In terms of system-level approaches, ASCE/SEI 41-13 refers the
possibility of increasing stiffness and strength by adding new elements (e.g. walls or
bracing systems), increasing damping using supplemental damping devices, using
seismic isolation devices, or decreasing mass. With respect to member-level
approaches, ASCE/SEI 41-13 refers the local modification of components (beams,
columns and joints) by weakening them or strengthening them using, for example,
RC, steel or FRP jacketing. For the case of foundations, local solutions may involve
modifying the existing element or adding additional elements (e.g. piles, tension
tie-downs, grade beams). Design details and rules for these solutions are not
included and ASCE/SEI 41-13 refers other documents and standards for that

purpose.

3.3 [Italian Building Code NTCO0S8 (2008)

The impacts of the 2002 M5.7 Molise earthquake, namely the collapse of a school
building that caused the death of 27 children, led to the development of an
“emergency” code and a revised seismic hazard map covering the entire national
territory [11]. This new standard was a simplified version of EC8 that was supposed
to be applied together with the applicable standard at that time (that had been last
revised in 1996) during a transition period of 18 months. However, this transition
period was extended a number of times due to several reasons. During this time,
while a group of researchers and professionals was working on the revision of
OPCM 3274 and preparing the amendment OPCM 3431 [16], the Ministry of
Infrastructures was preparing a unique and more consistent building standard that
was issued in 2008. This new building code, the NTCOS8 [5] and its Commentary
[17], incorporated the amended OPCM 3274 along with further corrections (e.g.
mechanical property ranges for existing masonry typologies).

NTCOS [5] and its Commentary [17] include a chapter (Chapter 8) focusing on
the assessment and the possible retrofitting/strengthening of existing structures,
mostly referring to buildings and bridges. According to the standard, a structural
safety assessment is mandatory when:

— The capacity of the structure has been reduced due to external environmental
loads, to material and mechanical degradation effects, to accidental events (e.g. a
fire or an explosion), or due to damages resulting from foundation settlements;

— A design error is found;

— There is a change in the loading conditions larger than a certain percentage;

— An intervention on non-structural elements that modifies the overall stiffness or
mass distribution of the construction is carried out;

— An intervention on the structural elements that modifies the original behaviour
of the construction is carried out.



308 X. Romdo and A. Penna

Chapter “Structural Repair and Strengthening of RC Elements with Concrete
Jacketing” only provides a general and conceptual overview of the assessment and
strengthening of existing structures. More detailed descriptions about the methods
and procedures for the assessment and strengthening can be found in the
Commentary [17].

Section 8.7 of Chapter “Structural Repair and Strengthening of RC Elements
with Concrete Jacketing” deals with seismic loading and contains requirements for
different types of constructions, namely RC, steel and composite, and masonry
structures. The NTCOS8 approach to assess the seismic safety of existing structures is
similar to that of EC8-3 in terms of decision and analysis stages. However, NTCO8
does not consider the first stage of the EC8-3 procedure since the assessment is only
required to be carried out for the ultimate limit state. Still, the analyst and the owner
can decide to assess the safety also for other limit states. Therefore, the first stage
addresses the level of knowledge available for the structure under assessment. The
second stage involves selecting the structural analysis method that will be used to
perform the assessment. The third and final stage of analysis corresponds to the
safety verification stage where the conformity of each structural mechanism is
checked involving procedures which depend on the nature of the mechanisms. As
for EC8-3, a construction is considered to be conforming when the seismic demand
of all the individual structural members does not exceed the corresponding capacity.
It is noted, however, that the conformity of an existing structure for seismic loading
is not mandatory unless the construction undergoes a change in use or its structure
underwent significant changes over time.

With respect to interventions, NTCOS8 [5] and its Commentary [17] refer that it is
possible to define three different types of interventions: a retrofit to provide the
existing structure with a capacity equal to that of a new one; a strengthening to
increase the overall capacity of the existing structure up to a desired level; a local
intervention which increases the capacity of certain elements of the existing
structure up to a desired level. For the case of RC and masonry buildings, the
Commentary [17] provides details on several system-level and member-level
intervention approaches. For the case of masonry structures, these approaches
include measures to increase the connection between the various elements of the
construction (e.g. wall-to-floor, wall-to-wall connections or between the several
leaves of a wall), to increase the stiffness of floors, to correct the in-plan distribution
of vertical elements and to increase the strength of walls. Furthermore, specific
measures for arches, vaults, pillars and columns, roof structures and foundations are
also addressed. For RC structures, procedures are provided for the steel or RC
jacketing of columns and walls to enhance stiffness, strength and ductility. The
possibility of using FRP plating and wrapping is also suggested for beams, columns
and walls to increase strength and ductility but reference is made to the design
procedures in the technical guidelines Istruzioni CNR-DT 200/2004 [18].

Finally, it should be referred that, at the time of the preparation of this chapter, a
new release of the Italian code is being prepared.
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3.4 Greek Code of Interventions KAN.EPE. (2013)

Greece has developed a code for the seismic safety assessment of existing buildings
and the design of required interventions KAN.EPE. [6]. The standard establishes
the general principles and criteria for the seismic evaluation and for the develop-
ment of interventions, and provides specific rules of application for RC buildings.
An additional part of the standard containing application rules for unreinforced
masonry buildings is also under development [19]. The standard has been devel-
oped in order to be harmonized with the relevant Eurocodes, in particular Eurocode
8, but contains procedures which are more detailed than those proposed by ECS8-3.
In order to help with the comprehension of the procedures, the standard also
includes commentaries and remarks referring to issues of special interest or to
specific applicability aspects of some of the procedures.

The seismic assessment methodology proposed by the Greek standard involves
four stages of analysis that share the same general principles of those proposed by
ECS8-3. The first stage corresponds to the selection of the performance levels that
will be considered for the structural assessment, as well as the corresponding
seismic hazard levels. The second stage characterizes the reliability of the technical
information available for the structure under assessment. The third stage involves
selecting the structural analysis method that will be used to perform the assessment.
The fourth stage of analysis corresponds to the safety verification stage where the
conformity of each member is checked involving procedures for brittle and ductile
failure mechanisms. Unlike EC8-3, the Greek standard clearly states that a building
only conforms to a given performance level if the seismic demand in all the indi-
vidual structural members does not exceed the corresponding capacity.

With respect to the design of strengthening interventions, the Greek standard
covers techniques to increase the member-level flexural and/or shear strength, the
stiffness, the deformation capacity and ductility, and to improve the strength of
deficient lap-splices. Although similar to those provided by EC8-3, the strengthening
design rules presented by the Greek standard are more detailed. For example, the
standard includes rules for the strengthening of shear walls and addresses the safety of
the force transfer mechanisms of interfaces between the original structural elements
and the strengthening components. Furthermore, the standard also addresses
system-level strengthening interventions such as adding interior unreinforced/
reinforced concrete or masonry walls, converting frames to shear walls, strengthen-
ing existing masonry infills, adding bracing systems, or constructing additional shear
walls.

3.5 Swiss Standard SIA 269 (2014)

The Swiss Society of Engineers and Architects (SIA) published the SIA 269
standard which addresses the safety assessment and retrofit of existing structures
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[20]. The standard is composed by nine parts: SIA 269/0 which presents the
principles, the terminology and the appropriate methodology to deal with existing
structures, and eight additional parts dealing specifically with actions on existing
structures (SIA 269/1), with RC, steel, composite, timber and masonry structures
(SIA 269/2 to 269/6), with geotechnical aspects specific of existing structures (SIA
269/7), and with seismic safety evaluation (SIA 269/8). Even though the final
version of SIA 269/8, covering the seismic safety evaluation, has not been formally
published yet, its main aspects are addressed herein based on the 2014 draft version
that was made available and on the information reported in [21]. Based on these
documents, it appears that SIA 269/8 will not provide actual guidance regarding the
selection or design of strengthening interventions.

According to SIA 269 [7], the safety of an existing structure needs to be anal-
ysed when there is a change of use/occupancy, a change in the requirements of the
structure or when there is an alteration of the structure. For the particular case of the
seismic safety assessment, the procedure defined by SIA 269/8 involves four main
stages. In the first stage, the relevant building design data and the mechanical
properties of the building materials must be established according to the available
information and based on the general guidance provided by SIA 269/8. The second
stage involves selecting between a force-based or a displacement-based approach to
analyse and assess the structural behaviour of the building. According to SIA 269/8,
the seismic intensity level for which the building performance must be analysed
corresponds to the design level considered for a new building of the same typology
as defined by the SIA 261/1 standard [22]. The third stage corresponds to the safety
assessment stage where a compliance factor o, representing the ratio between a
capacity parameter and a demand parameter is determined for each structural and
non-structural member. The verifications that are required depend on the type of
method of analysis that was selected in the second stage. In the fourth and final
stage, the results of the third stage are examined in order to determine if the building
requires an intervention. According to SIA 269/8, the global level of safety of the
building is measured by the lowest o4 value obtained in the third stage. In order to
decide if a building needs to be strengthened or if its current condition can be
accepted, the standard provides criteria that reflect the efficiency of potential
strengthening measures based on cost-benefit considerations combined with mini-
mum requirements for individual and collective risks to persons. These criteria
depend on the building class, on its average occupancy, on its remaining useful life
and are defined for ranges of the o, factor. These ranges define situations where:

— The structural safety of the building is not met but the safety level can be
accepted (0lugm < dog < 1, Where 0,4, is a sufficient threshold of 4. In this
scenario, it is expected that strengthening the building would not be propor-
tional (i.e. the strengthening cost would be too high with respect to the level of
seismic risk reduction that would be achieved);

— The structural safety of the building is not met and the building should be
strengthened if the costs are proportional (dmin < e < Ogam < 1, where oy is
the lowest acceptable value of a,g);
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— The structural safety of the building is unacceptable and the building must be
strengthened (otey < Gtmin)-

To determine if a certain required strengthening intervention is proportional or
not, simplified risk and cost-benefit analyses need to be carried out. The cost-benefit
analysis includes components related to the loss of lives, to structural and
non-structural damage and to business interruption. The procedure involves
determining the expected level of risk reduction after the intervention as a function
of the average occupancy of the building and the change in risk to the people as a
result of the intervention. The annual cost of increasing the safety of the building
(i.e. the cost of the intervention) is then determined considering the remaining
useful life of the building and a pre-set discount rate. This cost might include other
components other than the actual construction costs. The efficiency of the consid-
ered intervention is then determined by the ratio between the cost of the inter-
vention and the risk reduction. This efficiency is measured in monetary units per
live saved. According to SIA 269/8 [7], a certain intervention is considered pro-
portional if this ratio does not exceed 10 million CHF per live saved. If a certain
strengthening intervention is not proportional, the current level of safety of the
building can still be accepted as long as oy > Omin. If oo < Olmin, the building
must be strengthened irrespective of the cost. Despite this statement, SIA 269/8
refers that the level of safety of the building can still be accepted in this case if the
individual risk and other risks can be reduced by organizational measures (e.g. by
limiting the occupancy of the building).

3.6 Romanian Code for Seismic Evaluation P100-3 (2008)

Over the past years, Romania has been updating its design standards to be har-
monized with the Eurocodes. For the particular case of earthquake loading, the
update of the Romanian standard for seismic design and assessment, termed P100,
was carried out to include some of the more recent earthquake engineering concepts
found in Eurocode 8 [23]. The P100 standard is divided into eight parts, in which
P100-3 [8] provides rules and criteria for the seismic evaluation and repair of
existing buildings. The scope of the P100-3 procedures addresses the seismic safety
assessment and retrofit of buildings with RC, steel, masonry and timber structures.
In addition, procedures to check the safety of non-structural elements are also
provided. The standard also refers that the safety assessment procedures may also
be applied (up to some extent) to monuments and historic buildings. However, a
final part of the standard, the P100-8, that is expected soon [24], will specifically
address the seismic evaluation and repair of historic monuments and buildings of
architectural value.

The P100-3 assessment methodology involves a sequence of several stages of
decision and analysis. After the first two stages, which are similar to those of
EC8-3, a seismic safety evaluation is then carried out. This stage includes both
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qualitative and quantitative evaluation procedures. The qualitative procedure
analyses several building parameters and defines the R; and R, indices. Index R is
a percentage score representing the degree of fulfilment of several criteria related to
the structural configuration of the building, the interaction between structural and
non-structural elements, and to the structural detailing. Index R, is a percentage
score that reflects the current level of damage of the building. The quantitative
procedure involves the numerical analysis of the structure, as well as the explicit
comparison of the building capacity with the corresponding seismic demand to
define the Rj index. Depending on the type of structure under assessment, this
quantitative procedure can be carried out by one of three different methodologies
which involve different methods of structural analysis and capacity/demand veri-
fications. Based on the values obtained for Ry, R, and Rj, a seismic risk class is
assigned to the building which defines the need for retrofit or strengthening oper-
ations. This seismic risk class is defined by the lowest value of the selected index
obtained for all the members or for a group of members that are essential for the
stability of the structure.

With respect to the design of repair or retrofit interventions for existing build-
ings, Annex F of P100-3 provides an extensive and detailed presentation of pro-
cedures for RC, steel, masonry and timber structures, non-structural elements, and
includes guidelines for the design of energy dissipation systems and base isolation
systems. The presentation of the procedures is preceded by a conceptual discussion
addressing several aspects that must be accounted for when defining an intervention
in existing buildings. This initial part discusses the possible objectives of inter-
ventions, e.g. to reduce the seismic demand in terms of strength or deformation, to
increase the construction capacity in terms of strength or ductility, or to enhance
structural behaviour by reducing vertical and/or in-plan irregularities. In addition,
other important aspects are also highlighted such as the need to account for the
available economic, logistic and technological resources, and for the possible need
to vacate the construction when the intervention is being carried out. The standard
also addresses the possibility of enhancing the seismic behaviour of a building by
reducing the mass in its upper storeys. The standard suggests that a reduction of the
mass can be achieved by replacing the existing roof or other structural and
non-structural elements with lighter components, by removing heavy elements or
machinery from the top floors or by demolishing upper storeys of the building.

The standard addresses member-level and system-level strengthening interven-
tions. In terms of member-level strengthening techniques for RC members, the
standard refers to the use of concrete or steel jacketing and FRP plating and
wrapping. With respect to system-level approaches, the standard addresses the
possibility of converting frames into shear walls, strengthening existing masonry
infills, adding bracing systems, or constructing additional shear walls. Furthermore,
aspects related to the strengthening and enhancement of foundations and of the
foundation soil are also reported. For the case of steel structures, several
member-level repair techniques are also addressed (e.g. to repair screwed con-
nections, to repair cracks by welding or to straighten deformed members).
Strengthening approaches involve replacing damaged elements, techniques such as
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steel plating to enhance the stiffness, strength and ductility of the structural elements
or constructing additional bracing systems. Aspects related to improving the
behaviour of members to buckling are also discussed. For masonry structures, the
standard provides guidance regarding the repair of cracks, the repair and
strengthening of wall intersections, the strengthening and stiffening of horizontal
diaphragms and the strengthening of walls. The strengthening techniques that are
addressed depend on the retrofit objective and involve the addition of RC elements,
steel elements or steel ties, steel plating, RC, steel or FRP jacketing, reinforced
mortar jacketing, among others. Finally, for the case of timber structures, the
standard also provides some guidance regarding the repair of degraded floor
members, the strengthening of floor-to-wall connections, the strengthening and
stiffening of horizontal diaphragms, and the strengthening of walls, columns and
roofs.

3.7 Turkish Standard for Buildings in Seismic Zones (2007)

After the 1999 earthquake sequence that occurred in Turkey, the Turkish seismic
design code was revised. In 2007, the new Turkish earthquake engineering standard
[9] included a chapter addressing the seismic safety assessment and retrofit of
existing buildings. The scope of the assessment and retrofit procedures proposed by
the Turkish code addresses buildings with RC, steel, masonry structures, timber and
adobe structures.

The seismic assessment methodology proposed by the Turkish standard involves
four stages of analysis that are similar to those of EC8-3. The first stage establishes
the global target levels of performance that must be considered for the assessment
as a function of the type of building. The second stage addresses the level of
knowledge available for the structure under assessment. The third stage involves
selecting the structural analysis method that will be used to perform the assessment.
With respect to this stage, it is noted that this standard is the only one that explicitly
foresees the use of multi-mode nonlinear static (pushover) analysis. The fourth
stage of analysis corresponds to the seismic performance evaluation which involves
member-level evaluation procedures as well as building-level performance accep-
tance criteria. The member-level evaluation procedures are established as a function
of the type of analysis selected in the third stage. On the other hand, the
building-level performance acceptance criteria are established as a function of the
target levels of performance defined in the first stage. For each global level of
performance, these criteria are defined by limits on the acceptable interstorey drift
demand and by admissible levels of member damage. This latter criterion reflects
the fact that a given global level of performance can be accepted even if the seismic
demand imposed in part of the individual structural members exceeds their corre-
sponding capacity. For each performance level, the standard provides specific
conditions to determine the type and number of admissible nonconforming
members.
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With respect to the design of strengthening interventions, the Turkish standard
includes guidance and details for the design of conventional member-level
approaches such as concrete or steel jacketing, and FRP plating and wrapping.
Furthermore, the Turkish standard also provides guidance regarding system-level
interventions such as converting frames into shear walls, strengthening existing
masonry infills or constructing additional RC frames or shear walls. Additionally,
the standard also refers the possibility of reducing the mass in upper storeys of RC
buildings as a procedure that will reduce the seismic demand, thus increasing the
performance and safety of the building. As the Romanian P100-3 standard, the
Turkish standard suggests that a reduction of the mass can be achieved by replacing
the existing roof or other structural and non-structural elements by lighter com-
ponents, by removing heavy elements from the top floors (e.g. elevated water tanks)
or by demolishing upper storeys of the building.

3.8 New Zealand NZSEE Recommendations (2006)

In 2004, a new Building Act [25] was introduced by the New Zealand government
that established a new set of provisions dealing with earthquake-prone buildings.
Prior to this legislation, only unreinforced masonry buildings were considered
earthquake-prone constructions in New Zealand. Currently, buildings of any
material can be determined to be earthquake-prone. After the implementation of this
new legislation, the New Zealand Society for Earthquake Engineering (NZSEE),
supported by the Department of Building and Housing, produced a set of guidelines
termed Assessment and Improvement of the Structural Performance of Buildings in
Earthquakes (NZSEE, 2006) outlining recommended procedures to assess the
seismic performance of existing RC, steel, masonry and timber buildings, including
heritage buildings. The guidelines have been updated four times since their first
publication [26-29] to accommodate recent research results and technical changes
[30]. A fully revised version of the guidelines that will include procedures reflecting
lessons learnt from the Canterbury earthquake sequence, the Canterbury
Earthquakes Royal Commission recommendations, as well as additional research
results, is also expected soon [30].

To analyse the seismic performance of existing buildings, the guidelines provide
an initial assessment procedure and a detailed evaluation procedure. The former is a
fast preliminary evaluation procedure based on an exterior visual inspection of the
building with the fundamental objectives of indicating the likely seismic perfor-
mance of the building and of identifying critical structural weaknesses. The
expected seismic performance of a building is analysed by taking into account its
type and age of construction, local seismicity and ground conditions. Based on this
procedure, the building is rated according to the severity of these weaknesses and
the assessment result is expressed as a compliance percentage with respect to the
expected performance of a new building that is termed %NBS (i.e. a percentage of
the performance required according to the applicable New Building Standard).
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The detailed evaluation procedure can be carried out according to either a
force-based or a displacement-based approach. In both cases, the assessment
methodology involves three stages. The first stage corresponds to the selection of
the seismic performance level that will be considered for the evaluation. The second
stage involves selecting the structural analysis method that will be used for the
assessment. The final stage corresponds to the safety verification stage where the
conformity of the structure is checked. The procedure that needs to be carried out to
check the building conformity for the selected performance level depends on the
type of evaluation procedure that was initially selected, i.e. a force-based, a
displacement-based or a nonlinear pushover analysis-based approach. In the
force-based approach, deformation and strength member-level mechanisms are first
checked. If any member is found to be unsafe regarding the member-level mech-
anisms, the building needs to be retrofitted. If conformity is found for all members,
a system-level verification that checks the interstorey drift demand is also enforced.
If the building does not conform to this additional verification, the building needs to
be retrofitted. Unlike this approach, the displacement-based and the nonlinear
pushover analysis-based procedures start by establishing the global lateral defor-
mation capacity of the structure by combining member-level deformation and
strength capacities with maximum interstorey drift limits set by the standard. The
building conformity is then checked by comparing this capacity with the expected
deformation demand of the structure. If the building does not conform to this
verification, the building needs to be retrofitted.

With respect to the design of strengthening interventions, the NZSEE guidelines
include guidance for the selection of conventional system-level and member-level
approaches for RC, streel and masonry structures. The presentation of the proce-
dures is preceded by a conceptual discussion addressing available strategies to
improve the structural performance of structures under earthquake loading. Among
other aspects, this conceptual discussion covers the local modification of compo-
nents, removing or reducing existing structural irregularities and discontinuities,
global structural strengthening and stiffening, the use of seismic isolation, the use of
supplementary energy dissipation elements, reducing the mass, widening seismic
joints and linking buildings together across seismic joints.

For the strengthening of RC and steel structures, the recommended system-level
approaches are, among others, constructing additional RC, steel frames or shear
walls or adding steel V-braced, cross braced or yielding braced frames. Regarding
the member-level approaches, the proposed strengthening solutions appear to be
mostly for RC elements and include concrete or steel jacketing, FRP plating and
wrapping, and external post-tension, among others. Additional guidance is also
provided regarding the strengthening of foundations and floor and roof diaphragms.
For the case of masonry structures, the suggested procedures cover the strength-
ening of walls for in-plane, out-of-plane and combined in-plane and out-of-plane
loading, the strengthening of diaphragms and the behaviour enhancement of
chimneys, towers and appendages. For in-plane loading, the guidelines suggest the
strengthening of walls by adding concrete or FRP overlays and RC or V-braced
frames, for example. For the strengthening of masonry piers, the guidelines suggest
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adding flexural rods or axial post strengthening. For out-of-plane loading, the
guidelines suggest adding floor, roof and ceiling level ties, FRP flexural strips or
elements providing additional buttressing or propping, among others. For combined
in-plane and out-of-plane loading, solutions involve the use of vertical and/or
horizontal post-tensioning, deep drilling and reinforcing of walls, grouting rubble
filled walls or concrete overlays in walls. For the strengthening of diaphragms, the
guidelines suggest adding boundary connections, diaphragm chords, drag ties, steel
flat overlays, and concrete topping overlays, among others.

4 Closing Remarks

According to the general overview of the standards presented in the previous
section, it can be seen that, in general, the selected standards establish similar
principles for the seismic safety assessment of existing buildings. Even though a
more comprehensive analysis of these standards has not been presented herein, it is
nonetheless referred that the implementation details of the evaluation procedures
proposed by each standard exhibit significant differences. Furthermore, by ana-
lysing existing application and validation studies carried out over the years to
analyse the reliability of the procedures proposed by some of these standards,
several features are seen to require further developments (e.g. see [31-43]). Among
the several issues being referred, two stand out in particular.

The first one deals with the fact that procedures established by these standards
are unable to adequately account for the many different sources of uncertainty that
characterize the seismic safety assessment problem and may lead to highly variable
assessment results for a given structure. The second one is related to the way
structural performance is quantitatively measured with respect to the qualitative
descriptions of limit states or performance levels that are enforced. This issue is
seen to involve aspects related to how system-level performance can be expressed
from member-level performance and to how engineering demand parameters can be
related to practical decision variables such as economic losses. With respect to this
second issue, it is noted that the Swiss standard SIA 269/8 addresses part of the
problem by establishing that retrofit decisions are made using criteria based on
admissible risk and repair costs.

These two issues are not entirely new and have been the focus of research over
the past years. Several approaches have been proposed to address these issues, but
their quantitative and practical implementation (in order to be suitable for a
standard-based procedure) still present some problems. In this context, reference is
made herein to two recently developed frameworks that explicitly address these
issues in a consistent seismic safety assessment framework. The first document is
the recent Italian Provisions for Probabilistic Seismic Assessment [44]. According
to [45], after the extended use of current Italian seismic safety assessment standards
showed their inability to provide consistent assessment results, the Italian National
Research Council started to develop a new framework for seismic safety
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assessment. This new framework is based on the general concept of
performance-based earthquake engineering (PBEE) and is characterized by a fully
probabilistic approach that is able to account for all types of uncertainties and
provides measures of performance in terms of mean rates of exceedance for the
selected limit states. The purpose of this framework is to provide higher-level
methods for special seismic safety assessment applications by overcoming some of
the limitations of current Italian standards. However, it is believed that some of its
provisions might be included in future revisions of those standards [45].

The second document is the FEMA P-58 Seismic Performance Assessment of
Buildings [46] framework which resulted from a 10-year cooperation between the
United States Federal Emergency Management Agency and the Applied
Technology Council to develop advanced PBEE methodologies. The FEMA P-58
framework is a comprehensive implementation of PBEE involving procedures to
assess the likely performance of buildings based on their site, structural,
non-structural, and occupancy characteristics. The performance measures are
characterized on a probabilistic basis and include potential casualties, direct eco-
nomic losses and potential loss of use. Among other aspects, the FEMA P-58
procedures enable the evaluation of the risks of collapse and casualties, direct
economic losses to repair damage or replacement of collapsed or demolished
buildings and repair time (which is indexed to repair costs) [47]. Aside from the
seismic safety assessment or upgrade of existing buildings, the FEMA P-58
methodology and procedures are also applicable to the performance-based design of
new buildings. In addition to the procedures, the FEMA P58 framework provides a
library of damage and consequence functions to evaluate losses in common
building systems. Furthermore, a software called PACT (Performance Assessment
Toolkit) is also available to apply the procedures and facilitate their practical use by
design professionals.

Even though every aspect of the seismic safety assessment problem is not
entirely solved by these two documents, they involve significant advancements and
improvements for the practical application of modern PBEE concepts. Although
their application is expected to unveil the need for further refinements and
improvements of the assessment methodologies, they are believed to provide a
preliminary outlook to what the future of reliable standard-based seismic safety
assessment procedures might be like.
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Evaluation of Strengthening Techniques
Using Enhanced Data Envelopment
Analysis Models

Isabel M. Horta and Celeste Varum

1 Introduction

Recent studies [1, 2] point to noticeable discrepancies between the technical and
functional quality of the existing building stock and the future demands of the
population. Substantial efforts are required in order to assure its adjustment to the
prospective needs in terms of architecture, functionality, safety and so forth. Not
surprisingly, most developed economies are providing incentives for rehabilitation
and retrofitting of the existing building stock, with the rehabilitation sector
registering a boom in recent years.

Rehabilitation of the building stock comprises a wide range of interventions, not
only at architectural, functional and physical level, but also at structural level [1-3].
Structural interventions include the rehabilitation of existing structures to make
them more resistant to seismic activity and ground motion. The need of seismic
retrofitting of the existing building stock is nowadays well acknowledged. This is
mainly due to the increasing knowledge about the seismic impact on structures and
the recent experiences with large earthquakes that occurred in urban centres [2, 4].

Project teams and managers need to select the most suitable retrofitting strategy
among several solutions, which constitutes a difficult task. Beyond the criteria
related with the technical characteristics, the selection of the strengthening method
for a particular case should also consider the associated costs [5—9]. The research
presented herein extends the previous attempts as it develops a new decision
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making model to evaluate strengthening solutions based on Data Envelopment
Analysis (DEA) specified with a directional distance function.

The method proposed is illustrated with data from a study in which five
strengthening solutions were used (for further details see Diz et al. [5]). The input of
the model is the intervention cost and the outputs correspond to the most common
strengthening characteristics: total drift, inter storey drift, stress concentration and
energy dissipation. The original data includes 30 observations which correspond to
the behaviour of five strengthening solutions, all five tested in each of the six
houses.

The chapter is organized as follows. Section 2 discusses the advantages of using
DEA in comparison with other methods. Section 3 presents the new DEA based
model developed. Section 4 shows the empirical application, including the
description of the data used and the discussion of the results. The last section
concludes and raises issues for future research.

2 Cost-Benefit Analysis: The Advantages of the DEA

Recent seismic events around the world enabled to underline the importance of
seismic retrofitting of existing structures. Seismic retrofitting of a building may be
necessary if a seismic risk assessment reveals deficiencies in how an existing
structure responds to an earthquake. This may depend on building characteristics,
site location, and seismic characteristics of the surrounding area.

Existing experimental and numerical studies provide solid results about the
technical performance of different strengthening techniques. Similarly, the literature
in the field registered great advances in what regards the methods for technical
assessment of different strengthening techniques (see, for example, Costa [10]).
From a technical point of view, the best solutions are those that improve the global
performance of the structures. For the case of seismic retrofitting, it might be, for
example, to reduce structural fragility, structural damage, stress distribution or to
increase energy dissipation. There is usually more than one indicator that matters,
and none of them dominates over the others.

A final decision on which technique should be used must involve an analysis of
the technical characteristics and the costs. In presence of budget constraints (which
is often the case), the aim should be to maximize the technical performance with
lower costs [7, 11]. Few studies in the literature assess the effectiveness in the
mitigation of the construction’s seismic vulnerability accounting for the cost of
different retrofitting techniques. In particular, the studies developed by Williams
et al. [7], Costa et al. [8], Varum [6], Vicente et al. [9] and Diz et al. [5] are notable
contributions on this regard. They suggest a cost benefit analysis to support the
decision on which strengthening technique should be used for seismic retrofit of
structures.

Williams et al. [7] consider that a seismic retrofit of a building is a viable option
if some economic benefit can be gained as a result of the retrofit. Hence, in their
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study a framework is outlined to compute the expected economic benefit resulting
from a retrofit. A parametric analysis is performed to determine the effects that
achieved loss reduction, investment return period and retrofit cost have on the
economic feasibility of seismic retrofitting. Wang and Lai [11] analyse the
cost-effectiveness of bridge seismic retrofit using lead-rubber bearings. An
Economic Index is proposed to identify the most cost-effective solution, i.e., the
solution with the greatest benefit at the least cost. The Economic Index developed
accounts for two major parameters: seismic load reduction as a result of the
rehabilitation and retrofitting costs. Vicente et al. [9] evaluate different strength-
ening techniques to improve the global structural behaviour of four traditional
masonry buildings. To compare the efficiencies of the retrofitting solutions studied,
the authors analyse graphically the reduction of the horizontal displacement at the
top level of the walls and the ratio between the cost of the retrofitting solution and
the patrimonial value of the solution. Costa et al. [8] report results from on an in situ
experimental test campaign. The authors developed an equation that accounts for
the displacement, strength, energy dissipated and intervention cost that enables
ranking each strengthening solution. Diz et al. [S] analyse the case of real structures
with different geometrical and physical characteristics, by establishing a compar-
ison between the seismic performance of reinforced and non-reinforced structures.
This work analysed the reduction of displacement and the maximum stress of each
scenario (benefits) relative to the original structure in comparison with the cost of
the intervention of the selected retrofit schemes. The examination of the perfor-
mance obtained in each case, in relation to the cost of implementing the rein-
forcement technique, allowed to draw conclusions about the best options for
different situations.

Previous studies have, however, several limitations. First, cost-benefit analysis
(also called cost analysis economic evaluation, cost allocation, cost-benefit analysis,
or cost-effectiveness analysis by different authors) is currently a controversial set of
methods for performance evaluation. One reason for the controversy is that these
terms cover a wide range of methods, and are often used interchangeably.
Typically, these methods use two different approaches for measuring the perfor-
mance of a particular solution. One approach is to select one-dimensional measure
of outcome, leading to the comparison of different solutions on the basis of a
cost-benefit ratio. However, this result in a limited assessment as most real world
cases often require the use of a set of variables to adequately evaluate the whole
spectrum of costs and benefits. The other approach is to use an index resulting from
the aggregation of different variables. On this line, Costa et al. [8] and Wang and
Lai [11] created an index consisting of two major parameters seismic load reduction
as a result of the rehabilitation and retrofit cost. Nonetheless, the aggregation of
multiple variables is based on a subjective system of weights that could vary
according to the decision maker preferences. This is a common problem even in
other methods used for performance evaluation such as the multi criteria decision
making methods. For further details see the study developed by Caterino et al., [12]
that investigate the applicability of different multi criteria decision making methods
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(e.g., ELECTRE, VIKOR) for selecting the best option to seismically upgrade an
existing building.

A method of circumventing these problems is proposed in this chapter. It con-
sists of measuring relative performance of a given intervention in a way which is
well-known from the efficiency analysis literature, the DEA method, first intro-
duced by Charnes et al. in 1978 [13].

The use of DEA method is not new to the construction industry. Recently, the
literature on performance measurement describes successful applications of DEA to
the construction industry. For instance, DEA was used to support the evaluation of
general contractors [14], the selection of bids [15], the purchase of construction
materials [16], or the selection of project location [17]. There are a relatively large
number of studies applying the DEA method to evaluate the efficiency of firms in
the construction industry. On this regard, Lee [18] provides a survey of DEA
applications in measuring the efficiency of construction organizations.

To the best of our knowledge, this is the first study that uses the DEA method for
the evaluation of strengthening techniques. Nonetheless, DEA presents many
advantages to support the selection of the best strengthening solution. In particular,
DEA enables the estimation of an overall performance score for each strengthening
solution based on multiple inputs (e.g., costs) and multiple outputs (e.g.,
strengthening characteristics). In addition, DEA derives the weights for the different
inputs and outputs directly from the data, eliminating the subjectivity involved in
the selection. The weights are estimated recurring to optimization which attributes
to each strengthening solution the best possible score. Other major advantage of
DEA is that it specifies improvement targets for the inefficient solutions to behave
efficiently. This information is derived based on a comparison with the other
solutions in the sample. In the next section it is illustrated how this method is likely
to be applied to compare alternative strengthening interventions.

3 The DEA Model Developed

DEA uses linear programming to evaluate the relative efficiency of a sample of
organizational units, such as firms, cities, or buildings in their use of multiple inputs
to produce multiple outputs.

Traditional DEA assessments assume that the outputs are measured in a scale
where higher values correspond to better performance. Thus, traditional DEA does
not allow modelling directly the production of undesirable outputs. In the literature,
there are two main approaches for handling undesirable outputs in DEA models.

One approach transforms the measurement scale of the undesirable outputs to treat
them as standard outputs. For instance, Scheel [19] proposed to incorporate the
undesirable outputs as normal outputs in the form of their additive inverses (—V,,,q)-
Golany and Roll [20] proposed to treat undesirable outputs in the form of their
multiplicative inverses (1/y,,4). Seiford and Zhu [21] proposed to add to the additive
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inverses of the undesirable outputs a sufficiently large positive number (—y,,.s + M).
The limitations associated with these approaches were highlighted by several authors.
The other approach treats the outputs in their original form, but it requires the
use of modified DEA models. Herein, we follow this latter approach as it has the
advantage of preserving data interpretability. In particular, we use a DEA model
specified with a directional distance function. The evaluation of efficiency based on
a directional distance function was first proposed by Chambers et al. [22]. The
model developed by the authors allows to simultaneously expand outputs and
contract inputs according to a directional vector. Chung et al. [23] extended this
approach to allow including undesirable outputs in the efficiency evaluation.

The model proposed to measure the efficiency of strengthening interventions
follows the formulation of Fare et al. [24] and is presented in (1). It involves a
similar treatment of all indicators that should be minimized, irrespectively of their
intrinsic nature being an input (e.g., cost) or an undesirable output (e.g., stress
concentration).

Max

n
St Y YiAdiZyho+Pgy r=1,...s
=

n
> xihi <xjo— fge i=1,...,m
J=

stjijgbw _ﬂgb S = 1,...7l
Jj=1
)V]ZO J: 17,11

In model (1), x; (i = 1,...m) are the inputs used by unit j (j = 1,...,n) to produce
v, (r =1,...,s) desirable outputs and by (s =1,...,/) undesirable outputs. The
components of vector g = (g,, —gp, —&,) indicate the direction of change for the
desirable outputs, undesirable outputs and inputs, respectively. Positive values of
the components are related to expansion of the desirable outputs and negative
values to contraction of undesirable outputs and inputs.

The decision variables of model (1) are the 4; (j = 1,...,n) and 8. Model (1) is an
optimization model that allows constructing a frontier of best practices against
which all units are evaluated. The units that define this frontier are considered the
benchmarks of the sample. For the units deemed inefficient, located in the space
below the frontier, the model identifies the peers that can be used as a reference to
search best practices. The peers are assigned a value of A; greater than zero at the
optimal solution. The targets to become efficient can be obtained by a linear
combination of the peers identified. These correspond to the left-hand side of the
constraints of model (1) for each indicator.
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The factor f indicates the extent of units’ inefficiency. An inefficiency score
equal to zero corresponds to the best performance observed in the sample,
whilst values greater than zero indicate the existence of performance levels less than
those observed in the peers. In this study, we specified a directional vector that
searches for reductions in cost, stress and displacement effects, and for increments in
energy dissipated. Thus, the directional vector was specified as g = (V,j0, ~Pgjor ~Xijo)-
The values observed in the unit under assessment (jo) were used in the components of
the directional vector to allow a proportional interpretation of the changes yielded by
the optimization model. In the remainder of this text, the value of f is called the
performance score.

4 Empirical Study

4.1 Data and Empirical Context

In this study, we use data from an in situ experimental test campaign carried out in
The Azores archipelago. Further details about the data used can be found in Diz
et al. [5]. The archipelago is a seismic prone region with a vast cultural heritage,
presenting a building stock mainly constructed in traditional stone masonry. It is
known that this type of construction exhibits poor behaviour under seismic exci-
tations, but it is extensively used in seismic areas.

The experimental campaign tested five strengthening solutions applied in the
walls of six houses. This enables us to analyse a sample of 30 observations, rep-
resenting the behaviour of the strengthening technique at a house level. Note that
the five strengthening solutions are all tested in the same houses, which allows
undertaking a fair comparison between strengthening solutions.

Concerning the characteristics of the six houses analysed, four houses (H1, H2,
H3, H4) are detached houses located in a rural area, having similar structural
characteristics (stone masonry in the exterior walls and wooden structures in the
roof and floor). The other two houses (H5, H6) are located in an urban area and
correspond to buildings with better construction and higher quality constructive
materials using for instance concrete masonry blocks.

The strengthening solutions considered are as follows: (i) reinforced plaster
system that consists on the application of a steel mesh made of galvanized or
stainless steel in the walls (called hereafter as reinforced plaster), (ii) restraining
connection between parallel walls and the floor/roof using steel plates and wood
beams as connecting elements (called hereafter as strengthening of connections),
(>iii) reinforced concrete beams at the foundation level to anchor the steel mesh
(called hereafter as foundation beam). Table 1 presents the five strengthening
solutions evaluated in this study.
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Table 1 Strengthening solutions compared in the assessment

A Reinforced plaster

B Reinforced plaster + Foundation beam

C Strengthening of connections

D Strengthening of connections + Reinforced plaster

E Strengthening of connections + Reinforced plaster + Foundation beam

In order to illustrate how the performance of the strengthening solutions could be
measured, we use the cost of the intervention (as the input) and four variables
representing the strengthening characteristics as outputs. In particular, the unde-
sirable outputs (higher values of these outputs correspond to worse performance)
are the total drift (in meters), inter storey drift (in meters), and stress concentration
(in MPa). Note that we use the maximum values obtained in the walls tested to
represent these strengthening characteristics for each house. The desirable output
(higher values of this output correspond to better performance) is the quantity of
energy dissipated (in kNm) in each house. Table 2 reports the original values, the
average and the standard deviation of the variables used in the assessment. It is
possible to observe that the characteristics of the strengthening solutions are rela-
tively heterogeneous concerning the variables analysed (see for instance the large
values of the standard deviation). It is also interesting to observe that the
strengthening solution C exhibits the lowest costs when compared with the other
solutions.

4.2 Results and Discussion

In this section, we report the results related to the performance assessment of
different strengthening solutions tested using six houses. Figure 1 presents the
performance score of each strengthening solution in each house (ff). Note that
according to model (1) a performance score of zero indicates the best performing
strengthening solution.

From Fig. 1, it can be observed that the strengthening solution C tested in house
H6 and the strengthening solution D in house H6 were considered fully efficient.
These solutions were both tested in house H6, which could be expected as house H6
exhibits higher construction quality. These solutions presented lower costs, implied
lower displacements and stress concentration, and higher energy dissipation when
compared to the other solutions analysed.

The solution C concerns the strengthening of the connections between parallel
walls and the floor/roof, whereas the solution D includes a combination of the
strengthening of the connections and the reinforced plaster system.
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Table 2 Original values and descriptive statistics of the variables

House_Strengthening | Cost Total drift | Inter storey drif | Stress Energy

(10° €) (m) (m) (MPa) (kNm)
H1_A 14.86 0.078 0.078 1.69 25.20
H1_B 46.63 0.077 0.077 1.84 33.42
H1_C 2.67 0.071 0.071 1.49 20.59
H1_D 17.53 0.077 0.077 2.05 32.14
H1_E 49.30 0.059 0.059 1.54 19.78
H2_A 24.44 0.059 0.029 1.87 12.43
H2_B 58.31 0.052 0.025 1.68 10.25
H2_C 4.39 0.050 0.027 1.54 17.57
H2_D 28.84 0.032 0.016 1.33 9.82
H2_E 62.70 0.033 0.017 1.38 9.43
H3_A 17.94 0.026 0.014 1.97 7.72
H3_B 42.54 0.024 0.012 1.88 6.93
H3_C 322 0.012 0.007 0.85 6.06
H3_D 21.16 0.012 0.008 0.77 4.34
H3_E 45.76 0.011 0.008 0.73 4.15
H4_A 30.81 0.038 0.021 1.75 12.89
H4_B 68.31 0.034 0.021 1.65 11.76
H4_C 5.54 0.027 0.022 1.36 12.51
H4_D 36.35 0.013 0.011 0.84 5.73
H4_E 73.84 0.014 0.011 0.81 5.57
H5_A 47.41 0.026 0.011 241 6.72
H5_B 82.39 0.026 0.011 2.38 6.66
H5_C 8.52 0.026 0.008 1.87 22.15
H5_D 55.93 0.028 0.008 2.04 20.29
H5_E 90.91 0.027 0.008 1.97 16.29
H6_A 64.75 0.120 0.045 5.68 161.98
H6_B 99.40 0.117 0.044 5.66 158.11
Ho6_C 11.63 0.082 0.031 3.50 91.48
H6_D 76.38 0.076 0.029 3.30 166.78
H6_E 111.03 0.075 0.028 3.24 159.65
Mean 43.45 0.047 0.028 2.04 35.95
St. Deviation 30.66 0.030 0.023 1.21 52.67

In addition, we can observe that solution C was the most efficient strengthening
solution considering the six houses analysed. In turn, strengthening solution D only
managed to be the most efficient solution (alongside solution C) in house H6. In
particular, the average performance score of solution C is 0.228, whereas the
average score of solution D is 0.476. Overall, this can indicate that solution C—the
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strengthening of the connections between parallel walls—is the best strengthening
solution to be adopted taking into account both the cost of intervention and the
strengthening characteristics.

In order to depict how the strengthening solutions stand against each other in ms
of cost and technical characteristics, Fig. 2 shows the position of each strengthening
solution considering the average performance score obtained (vertical axis) and the
average cost of the intervention (horizontal axis).

From the analysis of Fig. 2, it is possible to confirm that the best option cor-
responds to the strengthening solution C as it exhibits the lowest average costs and
the highest average performance score. The intermediate strengthening solutions
correspond to solutions D and A, as they present intermediate average values of
performance score and cost of intervention. Solutions B and E are perceived to be
the worst options. They tend to have similar average performance scores as solu-
tions D and A, but exhibiting considerably higher average costs.

Next, we analyse the targets for performance improvement of each strengthening
solution. The targets are important aspects to be analysed as they provide an
indication on the dimensions that require further enhancement. Table 3 presents the
percent reduction for the cost of intervention (input), and for the displacement and
stress concentration (undesirable outputs), as well as the percent increase for energy
dissipated (desirable output). These outputs are technical aspects typically con-
sidered in strengthening interventions. These changes in cost and strengthening
characteristics would enable each strengthening solution to behave efficiently. The
percent change is calculated as the target value minus the observed value divided by
the observed value.

From Table 3, we can observe that, on average, for solutions A, B, C and D the
largest scope for improvement concerns the inter drift displacement (see the highest
percent reduction required in this dimension). In turn, the largest scope for
improvement for solution E lays in cost of intervention.

Finally, we perform a sensitivity analysis on the models developed in order to
check the importance of including the variable cost in the selection of the best
strengthening solution. This would allow comparing the benefits of the model
proposed with the traditional approaches that typically do not take into account the
economic dimension. In particular, we run model (1) using the variable cost equal
to a constant value for all observations (i.e., equal to one). From this analysis, it is
possible to conclude that if the assessment only focuses on technical characteristics
(displacement, stress and energy), the average performance scores of the five
strengthening solutions would be quite similar. In particular, the average perfor-
mance score of solutions A, B, C, D and E would be equal to 0.60, 0.59, 0.52, 0.51,
and 0.54, respectively. This confirms that the cost of intervention is an important
factor that enables to distinguish the best strengthening solution.
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Table 3 Targets for performance improvement

331

House_Strengthening

Targets (% change)

Cost Total drift Inter drift Stress Energy
H6_D 0 0 0 0 0
H6_C 0 0 0 0 0
H6_E —34 -2 1 -2 0
H1_C -1 —74 -90 —47 1
H6_A -9 -9 -9 —18 9
H5_C —-16 —32 —-13 -59 16
H6_B -19 —20 -18 —28 19
H2_C -33 —59 —71 —42 33
H1_D —35 -59 —85 —35 35
H1_A —38 —68 —88 —38 38
H5_D =77 —54 —40 =73 39
H3_C —43 —45 —62 —66 43
H4_C —44 —44 =75 —53 44
H1_B -52 -71 -89 —47 47
H5_E —88 —60 —49 =76 48
H1_E =71 =75 —91 -59 59
H4_D —88 —67 —85 —78 67
H4_E -94 —68 -85 =77 69
H2_A =70 =78 —83 =70 70
H4_A =70 =71 —80 =72 70
H3_E -93 =71 —85 —81 71
H3_A -72 -72 -79 -84 72
H3_D —84 =71 -84 —81 72
H4_B —86 =73 —83 =76 73
H2_D —74 =75 —80 —74 74
H2_E —88 =77 —83 —76 76
H3_B —87 =77 —82 —87 77
H2_B —86 —84 —87 =78 78
H5_A —88 =79 —81 -90 79
H5_B -93 =79 =81 -90 79
Mean A —58 —63 —70 —62 56
Mean B =70 —67 73 —68 62
Mean C —23 —42 -52 —44 23
Mean D —60 —54 —62 -57 48
Mean E =78 —59 —65 —62 54




332 I.M. Horta and C. Varum

5 Concluding Remarks

A big challenge to successfully intervene in the building sector is to find effective
strategies for retrofitting of existing buildings. This challenge also applies to the
context of seismic retrofitting. It is recognized that our knowledge about the
technicalities of the different strengthening solutions improved substantially, being
possible to evaluate the different options against a number of technical criteria in
each context. In this chapter we highlight that the selection of the strengthening
method for a particular case should also consider the associated costs. Reducing
budgets and increasing safety as much as possible, requires thorough knowledge of
the cost effectiveness of different options.

In this chapter, we suggest an enhanced DEA model specified with a directional
distance function to support strengthening selection accounting for both the
strengthening technical characteristics and the costs, which are usually not con-
sidered together in most of the current research in this field. Its relevance is not only
derived from academic purposes but also from the practitioner’s urgent need to
apply better decision support tools.

We used an example to demonstrate the applicability of the model proposed. In
particular, we used data from the application of five strengthening solutions in the
walls of six houses. The analysis conducted enabled to find the most suitable
strengthening solution to be adopted when considering simultaneously the technical
characteristics and the associated costs. In addition, it was possible to identify the
priority areas in need of improvement and their extent for each strengthening
solution to behave efficiently. Moreover, from the analysis conducted we concluded
that the cost of the intervention has a major impact on the selection of the best
solution. The influence of the cost on the final choice was clearly highlighted by
showing that the best solution changes if costs are considered to be equal.

Finally, we do not attempt to say that the cost is a paramount criterion, but
neglecting the cost can be considered unrealistic. The consideration (or not) of the
cost in the decision making will depend also on the building itself and its book
value. As highlighted by Diz et al. [5] ‘It isn’t cost/effective to spend as much to
reinforce a rural building, as to retrofit a monument or a distinguished building,
because their book values are very different’. For future research it would be
interesting to include in the model developed other factors reflecting the intru-
siveness and reversibility of the techniques that may also affect the final decision.
We also suggest the possibility of extending the sample to test the impact of the
house characteristics on the efficiency results. Another topic for future develop-
ments, it would be the possibility of incorporating information on decision-maker
preferences about the relative importance of particular strengthening characteristics,
or accounting for appropriate trade-offs between the strengthening characteristics.
This could be done by extending the model applied using weight restrictions.
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