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Preface

During the end of the nineteenth and the beginning of the twentieth centuries, the
centers of many urban areas suffered important transformations that were respon-
sible for the demolition of a considerable number of constructions, giving place
to wider open areas and avenues. Also, new agglomerates of buildings were cre-
ated outside the city centers, leading to the abandon and degradation of a consider-
able number of constructions. In reality, the way constructions are understood has
modified over the years, following the changes in peoples’ lifestyle and demands.
In some cases this made people to move to new and modern areas, in other cases
to intervene on the existing buildings, or to demolish and substitute them with new
ones.

Intervening on an old building is, therefore, a matter that concerns social, eco-
nomic, and cultural issues, which may assume different weights depending on the
available funding, the knowledge and sensibility of the owners and technicians
involved, the location and importance of the construction, the perspective of the
authorities, among many other issues. The gathering of these data will constrain
the procedures and techniques involved on the intervention of an old building,
which, however, should always aim, in parallel with other concerns, the accom-
plishment of structural safety and the usage or service requirements, but without
ignoring the particular value of the building.

Unfortunately, in the past many interventions on existent buildings have been
inadequate in terms of the protection of their materials and constructive systems.
An extreme, but paradigmatic example is the demolishment and substitution of
the whole interior of the buildings, substituting it with new structural systems,
just preserving the fagades. Such types of interventions are quite invasive and
ignore the constructive typologies and techniques that characterize the buildings.
Moreover, they may introduce different materials and systems, not always suf-
ficiently tested and known and that can create physical, chemical, and structural
incompatibilities with those already existing in the buildings. In some countries,
the lack of specific codes for the rehabilitation, enforcing the use of codes aimed
for the design of new constructions, has strongly contributed to these results.

Actually, there are international recommendations and charts describing prin-
ciples that should be respected when intervening on old constructions. They refer
to some characteristics the interventions should aim; in particular, they should be
i i i ible with the preexistences. Although they
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are not always easy or possible to be fully respected, a growing effort has been
made to converge to interventions closer to these principles, which can be only
achieved with a proper knowledge of the materials, structural systems, and con-
struction techniques used in the constructions. In fact, the lack of knowledge is,
probably, the most important aspect that leads to the disrespect of the built herit-
age. It leads to the lack of confidence on old materials and induces technicians to
look to old constructions not as something capable of sustaining the current needs
of people, providing that proper interventions are made, but as something meant to
be replaced by a new construction made of materials they know and rely on bet-
ter, namely concrete and steel. Such perception often makes technicians to propose
solutions on old constructions that lead to invasive and barely reversible interven-
tions, and eventually to the near total destruction of the existing building.

Following this purpose, the book highlights the most important aspects
involved in the characterization and understanding of the behavior of the most
common structural systems and materials that are part of old constructions. It
starts with the description of the structural systems of traditional buildings, refer-
ring to the most common structural elements and to their influence on the over-
all behavior of the construction. The subsequent chapters go more in detail in the
structural elements and characterize, separately, the main elements that constitute
an old building, namely: masonry walls either made of earth, bricks, or stone, tim-
ber and composite walls made of timber and infill material, and timber structural
floors and roofs. In the book is also included a chapter dedicated to reinforced
concrete structures, probably the most important structural material that, by the
beginning of the twentieth century, progressively substituted the previous materi-
als, being used in many constructions from that period on. Each of these chapters
describes, with different levels of detailing, the materials, the construction proce-
dures, the mechanical properties, the mechanical behavior, the damage patterns,
and the most probable collapse mechanisms. Some of the chapters also present
common or pioneering intervention measures applied to the repair and/or strength-
ening of structural elements, referring to their applicability and expected results.

To conclude, the editors believe that the book gives important information
about the characterization of old buildings, helping the reader to have a better
understanding of the behavior of these constructions and facilitating information
that may help in the development of more precise and correct interventions, more
in agreement with their original characteristics and cultural value.

Anibal Costa
Jodo Miranda Guedes
Humberto Varum
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Construction Systems

Alice Tavares, Dina D’Ayala, Anibal Costa and Humberto Varum

Abstract Understanding the character of a construction system is the base of any
pre-evaluation process to support correct, sustainable rehabilitation decisions.
For the uniqueness of a building lies partly in the preservation of its construction
system, this testifies to the history or culture of a region with its environmental
approaches. This chapter presents an overview of important influences as through
treatises and a sample of traditional construction systems including other engi-
neered solutions from the eighteenth century. The evolution of system characteris-
tics and the systems’ relationships with seismic regions or routes of dissemination
is discussed, with archaeological and published examples. The wall-to-wall con-
nections of antique systems are also emphasised to interpret the links between
different traditional construction systems appearing all over the world, for the
improvement of box behaviour. The debate around the definition of construction
systems and their division in categories is also included to emphasise the particu-
lar understanding of the vernacular architecture.

KeyWords Constructions systems * Written sources ® Treatises ¢ Structural
historical ~ evolution ¢ Structural vulnerabilities * Connections ¢ Vernacular
architecture
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1 Introduction

Understanding how a construction system is assembled is the first step towards an
insight of how it works, how it behave not only for the loadings and actions it was
designed or conceived to withstand, but more importantly towards the ones that
it needs to endure in time and for which no provision were made at its inception.
This is particularly the case for traditional construction systems exposed to seismic
action. The first requirement is a robust definition of what is intended for traditional
construction in this context versus industrialized systems, as the former and its struc-
tural behaviour is the object of this book. The history of architecture and the built
environment is often portrayed as a two-track path where formal and grander archi-
tecture has followed a route separate from the ordinary and vernacular construction
with modest reciprocal influence. A review of historic treatises, from Vitruvius’ and
Alberti’s to the some of the eighteenth century authors more specifically interested
in the seismic resistance of contemporary construction, proves not only the deep
contamination of the two areas of architecture (the courtly and the ordinary) in seis-
mic prone regions, but also the continuity of thought between architectural design
solutions and technical solutions, resulting in concerted choices in each part of the
building resulting in a more resilient construction system. The enhanced seismic per-
formance of masonry construction in which perpendicular walls are well connected
to provide a box behaviour is a well proven concept in seismic engineering and one
that informs most repair and retrofitting solutions proposed in modern design seis-
mic codes and guidelines. A comparative analysis of a number of historic and ver-
nacular construction systems, from diverse seismic prone regions and diverse age
shows that this is a fundamental construction detail that found robust solutions well
before the development of seismic engineering. The necessity to provide a construc-
tion system with sturdiness together with flexural capacity and ductility has led in
the past to several more or less “vernacular” composite solutions.

Finally, in this chapter are discussed historical and architectural aspects related
to the different construction systems studied in this book, with particular emphasis
on traditional systems, but retrofitting solutions for the strengthening of buildings
from the Modernism style are also presented.

2 Definitions of Construction System

The evolution of a construction system over the centuries is the result of a pro-
cess of adaptation to climate, to geographical location and soil conditions, but is
also influenced by past and present cultural background, economic considerations,
taste and fashion. However, the progressive industrialization of methods of con-
struction and the growing requirement from society for quality controls, assurance
in the construction practice and in building codes has fostered increased control
over the characteristics of materials and components used and over the structural

irtonmental-buildingsperformances; The concept of construction system has
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gradually become more closely linked to the definition of an industrial process, as
shown by the following set of statements stretching over the past 40 years. A con-
struction system is:

e a “combination of structures involving organisation, technology and design pro-
cess” [1] (Schmid T. and Testa C.);

e a “combination of production technologies, component design and construction
organisation” [2] (Warszawski A.);

e a concept that “must only be applied to identify advanced industrialised pro-
cesses of construction, which can be divided into three categories: (i) the design
process and the management and control of construction methods; (ii) the tech-
nical subsystems such as structure, roof, walls, etc.; and (iii) the full range of
activities involved in the production, construction and maintenance of all the
specific components” [3] (Sebestyén G.);

e a concept that “encompasses the activities required to build and validate a new
system to the point that it can be turned over for acceptance. This presumes an
emphasis on the design process to ensure that technical solutions are based on
the functional and operational requirements captured during the analysis phase,
which includes a series of tests of each component to verify the entire system”
[4, pp.129] (NYS ITS).

These definitions reveal the underlying assumption that a construction can be
considered a system only if the foreseen performance of each of its materials and
components follows a continuous process of appraisal and control from the plan-
ning through to the design and the construction phases, and eventually its use.

As correctly pointed out by Sebestyén statement [3], difficulties may arise
when such definitions are applied to pre-industrial or vernacular architecture.
Indeed the production processes involving these construction systems were con-
ditioned by diverse social structures and cultural background. The production of
construction well into the twentieth century was still based in many regions of
Europe on the organisation, delivery and application of different crafts within the
building site; crafts learned by apprenticeship and oral communication and whose
quality control relied conspicuously upon the pride, skill and sense of ownership
of the process by the craftsmen. A process which entailed the repeated applica-
tion of “rules of thumbs” and procedures with well-established performance, and
which saw over the years relatively modest variations and improvements to adapt
it to different environmental and economic condition and client demand.

Not withstanding the differences in the mode of production of traditional ver-
sus industrialised construction, the requirements that both classes of buildings are
expected to fulfil are the same, as first formally stated by Vitruvius: environmental
comfort, aesthetic comfort, and durability through robustness. Any system is by def-
inition made up of different components with different shapes, functions, materials
and crafting. However, for their optimal performance, it is important to guarantee not
only the quality of all materials and their compatibility but also the correct design and
dimensioning for each component to fulfil its function and the correct type of connec-
1 ensure that the system works as a whole.
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The connectivity between elements and components fulfilling different func-
tions is a critical aspect for the ability of the system to withstand the actions a
building is designed for, and most importantly, for its resilience against unfore-
seen environmental demands. In particular such connectivity can be identified as
follows:

1. The foundations and their relation with the characteristics of the soil;

2. The connection between the upper structure and its footing, including water-
proof layers;

. The connection between vertical elements;

. The connection between vertical and horizontal elements;

. The connection between vertical elements and the roof; and.

. The connection and correct position of non-structural elements such as chim-
neys, balconies, windows, doors and other elements with respect to the overall
layout and the position of the structural elements.

AN B~ W

These concepts have been codified since Roman times in the western world
(Vitruvius, De architectura libri decem [5, 6]) and since a similar time in the
Asian world (although Yangzi Fashi, the earliest surviving treatise of Chinese
architecture was written by Li Jie during the mid-Song dynasty 1097-1100, it is
a re-visitation of older pre-existing texts [7]) and represent the basis of any good
construction, be it vernacular or formal architecture. To accomplish the Vitruvian
“firmitas”, knowledge of the mechanical behaviour of materials and components
and of their expected as opposed to the achievable performance is essential. For
traditional construction this knowledge was developed empirically and through
the act of building and it was transmitted from generation to generation by the
systems of apprenticeship. It constituted nonetheless a system of knowledge to be
applied to a complex system. While a minority of sources exist documenting the
process of knowledge transmission in the pre-industrial construction yard (one
for all Villard de Honnecurt), more information on the development of structural
resilience against seismic action in historical construction and its dissemination
through ages and different regions can be obtained by a comparative reading of
historic architectural treatises, as outlined in the next section.

3 Knowledge Dissemination Through Treatises

As it is well known western architectural theory and treatises have their arche-
type in the De Architettura libri decem of the roman Vitruvius (30-20 B.C.) [5, 6].
According to Vitruvius two fundamental concepts relate directly to robustness: the
concept of proportion as the correspondence of members to one another and to the
whole, measured by means of a “fixed part” [5, pp. 196] and the concept of sym-
metry taken as the fundamental condition for “coherence”, the result of calculated
relationships where each part bears measurable relation to every other part as well

i 452 the De re aedificatoria [8, 9] of Leon
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Battista Alberti (1404—1472), fashioned along the same structure of Vitruvius’ trea-
tise, traces back the current construction knowledge to the observation of roman
archaeological sites and defines the aesthetic value in architecture as “the unity
of all the parts founded upon a precise law and in such a way that nothing can be
added, diminished, or altered but for worse” [8, p. 240]. More interestingly to the
present discussion, however, in the third book Alberti explains this concept in terms
of construction, considering that “the whole method of construction is summed up
and accomplished in one principle: the ordered and skilful composition of various
materials, be they squared stones, aggregate, timber, or whatever, to form a solid
and as far as possible, integral and unified structure” [9, p. 61]. Moreover such
structure shall be considered integral and unified only “when the parts it contains
are not to be separate or displaced, but their every line joins and matches” [9, p. 61].

This concept that unity and integrity are fundamental to structural robustness and
resilience is, to the authors knowledge, further developed and applied in practice in at
least two instances following destructive earthquakes in the eighteenth century: the
case of the Pombalino cage construction system of Lisbon (capital of Portugal) used
in the reconstruction of Lisbon after the devastating earthquake of 1755, and in the
so called Casa Baraccata theorised by Milizia in 1781 and extensively used through
Calabria region in the reconstruction post the destructive seismic events of 1783.

The authors of the Pombalino cage (to which a whole chapter is dedicated in
this book),were military architects and civil engineers (Manuel da Maya, Eugénio
dos Santos and Carlos Mardel) emphasized the needs for proportion and symme-
try, but also introduced regularity and progressive standardization as essential prin-
ciples to design a timber frame structure with infill materials, using the idea of a
unified construction system, where the connections had a particular importance to
balance and guarantee the distribution of loads in a seismic event and to prevent
the collapse of the timber cage.

In 1781, 2 years before the strong earthquake of Calabria (Italy) Francesco Milizia
(1725-1798) published his Principij di architettura civile of where he proposed a com-
posite timber framed building infilled with masonry where every piece needed to be
well connected and embedded with the others explicitly to resist seismic actions [10].

In the following sections a detailed reading of these and other contemporary
sources is carried out with relevance to the list of connectivity introduced in Sect. 2.
The aim is to identify the specific advice and provision contained in the treatises, on
the role of each component including size and relationship among parts, and com-
pare these with the details of historic traditional composite construction as it can be
observed in seismic region nowadays. The latter will be carried out in Sect. 4.

3.1 Foundations

Alberti’s in his third book (1452) provides detailed advice on soil characteris-
tics requirements to withstand the weight of the building, including the impor-
nderground i i byptiench digging and wells [9] with the aim of
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identifying the most suitable stratum to implant the foundations the presence of
underground water courses or other instances that could hinder the erection of the
building [9]. For construction on marshy ground with poor load bearing capac-
ity, he recommends the use of inverted stakes and piles covering twice the sur-
face footprint of the proposed wall, establishing the length of the piles no less than
one eight of the planned height of the building and with a diameter no less than
a twelfth of their length. Moreover he advises on ventilation of basements and
foundations to prevent rotting [9]. Very specifically he indicated that the founda-
tion should be made of solid stones and that this should be built up to a level of
0.30 m off the ground to prevent rising damp and rain erosion. This assumption
is later present in other treatises as in the Vivenzio’s, who advocated the use of a
lower stone platform bigger than the perimeter of walls, considering the separation
between foundation and base soil [10]. These concerns were wider disseminated
for earth constructions and even timber-framed constructions in many European
regions.

Pirro Ligorio (1513-1583) in his report of the long Ferrara earthquake (1570-
1572)—Libri di diversi terremoti—specifically stresses the importance of sound
foundation to guarantee the stability of the building in a seismic event [11].

Milizia in his treatise voices wider concerns, more akin to a comprehensive
hazard assessment from the salubrity of the area to its seismic hazard from expo-
sure to floods, to ground depressions and landslides, soft soil and other forms of
unstable ground [12].

These particular concerns involved the shape and desired characteristics of
the foundations of walls or of columns. Alberti considered a detachment between
structure and foundation despite include the plinth as an element of the founda-
tion [9]. Also, the discontinuity of the wall foundations through the use of arches
was addressed for pillars or columns for particular grounds characteristics [9]. The
capacity of the ground to withstand the intended load of the building was also high-
lighted [9]. For the stability of the structure he recommended foundations wider
than the thickness of the wall [9], this is also present in the 18th century treatises as
of Bélidor (1754), discussing also the correct depth of foundations [13].

3.2 Walls and Openings

Alberti treatise (1452) emphasized the needs of guarantee that the walls connect
perpendicularly and complete, as much as possible unbroken from the ground
to the roof and the placement of the openings in a way that would maintain the
strength of the structure. For this reason he also proposed to keep windows away
from the corners, mentioning that in ancient architecture it was custom ‘“never
allow openings of any kind to occupy more than a seventh or less than a ninth of
walls surface” [9, p. 27]. The proportion of the openings was dependent on the
distance between columns. Moreover he recommended the use of arched openings
ideri i i rable form, however taking in account
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to “avoid having an arch of less than a semicircle with one seventh of the radius
added”[9, p. 30], i.e. a raised profile. He stated that this was the only one that does
not require ties or other means of support, mentioning that “all the others, when on
their own and without the restraint of ties and opposing weights, seemed to crack
and give way” [9, p. 31]. Alberti considered that attention should be applied to the
wall around the openings, which should be “strengthened according to the size of
the load that should bear” [9, p. 71].

Recommendations about corners, arches and openings were also present in the
treatise Trattato del Terremoto of 1571 by Stefano Breventano (1502-1577) [10],
while Antonio Buoni in his book Dialogo del Terremoto reported detailed observa-
tion of damages to arches after the Bologna and Ferrara earthquake [11].

In the Pombalino constructions built from 1756 special attention was given to
the regular distribution and dimensions of the openings and the corners, obeying
to official design plans of the facades. In 1758 a regulation was published limiting
the height of the building and imposing restriction on element jutting out of the
facades [14]. The design plans of the interior proposed also regular dimensions
with standardized measures for the timber, stone and iron elements. These allowed
the prefabrication of the elements in the outskirts of Lisbon, which were trans-
ported to the Baixa’s construction sites only when needed it [14]. Such procedure
allowed cost reduction for materials, production and workmanship [14]. The mili-
tary civil engineer Manuel da Maya in a first proposal considered a restriction on
the height of the buildings just for two floors. However, due to the social pres-
sure imposed by necessity of housing and construction profit, the allowable height
was extended to 4-5 floors, making the need for a seismic-proof solution all the
more pressing [14]. The allowable height of the building was also correlated to the
width of the street, to reduce the risk of people being injured by debris falling in
the street from the buildings during an earthquake and to maintain a safe area to
rescue people and to allow circulation in the immediate aftermath of a destructive
shock.

Also Milizia (1781) establishes similar correlations between the height of the
building and the width of the street. He proposed that dwellings built along prin-
cipal streets could have three floors while along secondary streets no more than
two floors [12]. While already Scamozzi (1548-1616) in the 16th century had
advised that a building should be no taller than the width of the street is built
along, Milizia considered that it was more appropriate to adopt a proportional
measure [12].

After the 1783 Calabria earthquake an seismic-proof solution for residential
buildings conceived by the architect Vincenzio Ferraresi was shown in the treatise
of Giovanni Vivenzio Istoria e teoria de tremuoti 1783 [15]. This had a specific
urban connotation as it foresee a two storey building flanked by two single sto-
rey buildings with the role of propping the taller building. Vivenzio argued that
such solution was good because in this way at street corners the height of the con-
struction will be smaller, less vulnerable and with lower risk of obstructing the two
streets [16]. His consideration were purely static, and he overlooked the possibility

ildi i 1 ve diverse natural periods and stiffness’s
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and could damage each other through pounding. In 1784 the Istruzioni Reali of the
Borboni’s Government of the reconstruction of Reggio Calabria, included the pro-
posals of Vivenzio and established the maximum height of buildings at approxi-
mately 30 palms [17, 18]. In large streets and squares were allowed buildings with
the addition of a mezzanine floor with no more than 9-10 palms [17].

3.3 Corners and Wall Materials

Alberti considered each corner as “half of the whole Structure” and the point of
the building where any damage or decay would start [9]. So he stated that corners
throughout the building need to be exceptionally strong and be solidly constructed
[9]. Alberti emphasized the ancient practice of considerably thickening the walls
at the corner by adding pilasters to reinforce that area “to keep the wall up to its
duty and hinder it from leaning any way from its perpendicular” [9]. In addition
he underlined the need to use a system of quoins, stones longer and of the same
thickness of the wall so as to avoid filling, that would extend into each of the walls
at the corner in alternate courses that could support the remaining panelling [9].
Most importantly, in relation to the connections of fagades of adjacent buildings
along a street he states: “Stones left every other Row jutting out at the Ends of the
Wall, like Teeth, for the Stones of the other Front of the Wall to fasten and catch
into” [9]. This attention for the construction of the corners was also present in the
treatises of Bélidor [13] (Bélidor B. 1754) and Milizia (1781), who highlighted the
importance of this due to the effect of loads on the corners in a seismic event [12].

Recommendations for the most appropriate use of materials in diverse
parts of the construction were already present in Vitruvius and cited by Alberti.
Several other treatises and books had specific chapter dedicated to materials, as
the L’Encyclopédie [19] coordinated by Denis Diderot (1713—1784) and Jean Le
Rond D’Alembert (1717-1783) whose several books were published during 1751
until 1772. This work intended to record different fields of knowledge, including
information about construction practices, catalogues of construction elements and
their organization into construction systems, taking into account their regional
variations.

Another encyclopaedia related to the existing building typologies seismically
deficient, the World Housing Encyclopaedia (www.worldhousing-net.com) is been
developed by EERI with the contribution of many researchers from different coun-
tries over the past 15 years. This resource, available online, contains important
information concerning vernacular traditional and modern housing construction
systems in seismic prone regions of the World. The aim is to identify the specific
construction elements and construction practices that render a particular system
more or less prone to earth-quake damage, classifying them with respect to the
EMS’ 98 vulnerability scale [20].

The introduction of tie rods in specific locations is one of the measures adopted
iti i 1 e better connection between walls and



http://www.worldhousing-net.com

Construction Systems 9

between walls and the roof or floors [21]. This measure would have a very sig-
nificant effect on the vulnerability, most outstandingly for taller buildings, 4-6 sto-
reys high, as demonstrated in a study carried out on the traditional constructions of
Alfama, a district of Lisbon [22].

From the information of the treatises analysed in this chapter is interest-
ing some specific to walls. Alberti considered in his treatise (1452) that one of
the most important rules was to build the wall in level and uniform considering
that any side could had larger stones and the other small ones [9]. The explana-
tion for such measure was associated with the assumption that imposed weight put
irregular pressure on the structure, in addition to the less grip of the drying mortar
leaded to cracks in the wall [9]. After the Calabria earthquake (1783), La Vega pre-
sented proposals with similar concerns, mentioning references to the sizing of the
stones to be included in rubble stone masonry, highlighting also the need of using
a quality blend for the mortar [18]. Also Milizia (1781) emphasized the need of
uniform distribution of the weight for the structural equilibrium, considering that
the materials used should be of the same quality to ensure such purpose [12].

Observing the ancient constructions Alberti concluded that the infilling of
the walls was based on the rule that imposed every single section of infill with
no more than 1.52 m approximately without being bonded in some areas with a
course of long and broad squared stones [9]. He considered this squared stones as
acting as “ligatures or muscles, girding and holding the structure together and also
ensured that should subsidence occur in any part of the infill, either by accident or
as the result of poor workmanship, it would have a form of fresh base on which
to rest” [9, pp. 72]. This construction detail can be observed in many Roman con-
structions, in some cases of the stone being replaced by brick layers along the wall
made of thin ceramic elements. In vernacular constructions in seismic regions this
form of lacing is achieved by the use of timber elements laid along and across the
wall, as it will be discussed in the next section. Milizia also recommends the use
of “a succession of ties made of charred olive wood, binding the two faces of the
wall together like pins, to give it lasting endurance” [23, p. 45].

Another interesting statement related with different types of stone masonry is the
recommendation to improve the durability of the structure. Alberti emphasized the
need of each course of the whole wall be composed entirely by squared stone [9].
Nevertheless, if it was necessary to fill the gaps between the two vertical plans of
the wall, must be ensured that the courses on either side were bonded together and
level [9]. In addition, he recommended the use of spaced block stones, spanning
across the wall connecting both vertical plans “to prevent the two outer surfaces that
frame the work from bulging out when the infill is poured in” [9, p. 73]. This rec-
ommendation is used even in vernacular construction made of stone masonry, as
for public buildings, dwellings and walls. It is also associated to the stability of the
structure and the need to improve the mechanical behaviour of the entire wall unify-
ing as much as possible its elements.

In relation to the infill materials, Alberti emphasized again the ancient knowl-
edge, considering that small stones joint and bond together better than the bigger
i ed that the infill did not contain stones
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weighing more than 327.45 g approximately and all the materials should be care-
fully bound together and filled in [9], again a concern to maintain the stability of
the wall.

The same concern is pointed out for the construction of the cornice, that
Alberti stated again as important to bind the wall tightly together [9]. For this rea-
son a special care should be given to the stone characteristics used in this area.
Considering that the blocks should be extremely long and wide, the jointing con-
tinuous and well made, the courses perfectly level and squared [9]. The care in this
particular component of the construction is justified by Alberti assuming that is a
potential vulnerable area of the construction where “it binds the work together at
a point where it is most likely to give way”’[9, p.74], besides its function of upper
protection of the wall to prevent damages by the rain. This particular aspect can be
observed in vernacular architecture with stone masonry and in earth constructions
with the use of stone or layers of thin tile bricks on that area, in addition to the
protection of the eaves.

3.4 Roof and Protection Against Fire

The connections between walls and roof structure received particular attention
in the treatise and practice of reconstruction in seismic region in the eighteenth
century. The Pombalino cage considered specific connections involving the struc-
ture of the roof. Lisbon regulations at the time (from 1756) also forbid any ele-
ment protruding from the roof, allowing in a first stage only the kitchen chimney.
Similar restriction was imposed in Calabria (Italy) in 1784, forbidding the con-
struction of cupolas and steeples in churches [16].

A very extensive proportion of the damage experienced in the events of Lisbon
(1755) and Reggio Calabria (1783) was the consequence of the fires that devel-
oped after the earthquake in adjacent houses.

The regulation applied for the reconstruction of London after the Great Fire of
1666 [24] was known by the Portuguese civil engineers responsible for the recon-
struction of Lisbon. To prevent fire from spreading from house to house the civil
engineer Manuel da Maya (1756) proposed that each wall dividing the properties
within an urban block should be built above the level of the roof [24] as presented
in the drawings of Eugénio dos Santos. A similar rule was introduced in Istanbul
in the reconstruction of the Fener-Balat area damage by earthquake and following
fire in 1894 [25].

The enthusiasm and admiration for classical architecture developed in the post
medieval period and the Renaissance, fostered among others by Alberti’s trea-
tises, led to the perception of stone masonry construction, as the most durable
and robust form of architecture, the only worthy material for formal and celebra-
tive Architecture, royal and nobles palaces and religious buildings, while brick-
work and timberwork was relegated to ordinary construction. However, from its
i 1 1 ing i ified as essential attributes of earthquake
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resistant constructions, redundancy and deformability, without failure, or with
controlled failure, i.e. ductility. These were achieved by the coupling of masonry
and timber elements.

4 Seismic Positive Performance of Traditional Composite
Structures

As shown in the previous section the treatises of the Enlightenment and the early
engineering solutions for the reconstruction of building following major destruc-
tive earthquakes in the second half of the 18th century, all converged towards
mixed construction system with timber frames infilled with masonry as the most
suitable construction in seismic regions. Very early examples of composite timber-
masonry structure are mentioned by Boethius [26] in the reconstruction of ancient
Etruscan civilisation settlement in central Italy, dating back to 600 B.C. This are
described as made of sun-dried brick and half-timber on stone foundations. Many
more examples of composite systems exist still in several regions of the world
prone to seismic hazard. These systems are usually the results of the organic
development through time of vernacular and traditional architecture altered fol-
lowing destructive earthquake to withstand the next event. Their actual seismic
resilience is a direct function of the relative capacity of timber and masonry as
primary and secondary bearing structure or vice versa. A detailed analysis of their
structural role in several vernacular examples, bahareque in El Salvador, quin-
cha in Peru, taquezal in Nicaragua, pontelarisma in Greece, taq or dhajji dewari
in Kashmir, hatil and hinus, in Turkey is presented wherein. Their construction
details and seismic performance are compared with the corresponding elements of
the Pombalino Cage and the Baraccata house, the two early examples of engi-
neered seismic construction introduced in the previous section.

In the case of the Pombalino and Baraccata systems, the solutions chosen to
ensure robustness were also conditioned by the need to rebuild many dwellings
in a short time with local available material. A review of the progress of recon-
struction by the responsible in Reggio Calabria, noted that in practice less timber
than the original design was employed in the reconstruction due to shortages of
the material in the immediate region. In Lisbon and a more expedite and economic
rebuilt was achieved by using also debris materials from the collapsed construc-
tions. Attempts were made to standardise elements configuration and connections
to allow the necessary regularity and a quicker production of the framing elements.

Construction systems that used timber as a framing structural material with
masonry in-fill have two important characteristics: first, the use of a lightweight
construction system, easy to build with the capability to be built higher and with
more available space due to thinner walls; and second the improvement of the duc-
tility of the whole system to withstand seismic loads.

However, mixed systems with timber with no anti-seismic capacity can be
i i e, some even showing similarities with
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Oriental systems considered to have those characteristics, such as the himus.
Nevertheless, many European systems, despite the ductility of the timber, do not
have the necessary regularity or number of bracing diagonal elements or specific
connections to hold up well during seismic events.

It was mentioned in the previous section how important is the connection
among orthogonal walls to ensure a global behaviour of the system and how such
importance has been emphasised through the ages in treatises and in practice.
Such connection in masonry structures was typically ensured by the insertion of
quoins and stone keys and later reinforced through iron ties and anchors. The con-
nection among walls is fundamental not only for the robustness of the system and
to keep the walls in plumb, but is essential to resist lateral loading as the ones pro-
duced by wind or earthquake by the ensemble of the walls in a box like behaviour,
transferring the action from out-of-plane to in-plane behaviour. Hence particular
construction solutions aimed at strengthening such connection, implicitly testify
of an awareness, if not a knowledge on the part of their builders, of how building
behave under seismic loading and of efficient ways to resist such loading. In many
of the traditional and historic timber masonry composite systems found in seismic
prone areas, the role of the timber rather than one of framing is one of reinforcing.

Tracing the presence and evolution through history of these construction solu-
tions and identifying the conceptual links between a construction system made
mainly of masonry reinforced with timber to one of timber framing stabilised with
masonry will help us understanding the degree of seismic performance awareness
on the basis of which these traditional systems were constructed and how they
have influenced if any the early engineered solutions.

The basic composite system is made of series of masonry courses interlaced
by timber logs laid horizontally along the sides of the wall and meeting at corner
with another couple of timber logs laid in a similar manner along the perpendicu-
lar wall. The timber forming the couple of runners are connected to each other by
transversal elements at regular intervals, while the two couples are sometimes con-
nected at the corner, otherwise simply lay on top of each other. The connections
among the timbers are sometime by scarf joint or simple cut, others by nails.

Palyvou K. (1988) describes an ancient mixed structure with timber that
belongs to a construction in the Akrotiri settlement (1650 B.C.) on Santorini Island
[27] (Fig. 1).

The construction had exterior walls of stone masonry and interior walls rein-
forced by a timber structure, load-bearing frames around the door and window
openings [28]. According to Touliatos’s interpretation the aim of this construction
is to improve the tensile capacity of the stone walls by using timber grids embod-
ied in them connected to vertical studs. Touliatos assumes this to be an ancient
anti-seismic solution [28]. The ductility of the walls, the type of confinement of
the material in-fill and the regularity seem to be relevant characteristics in this evo-
lutionary process.

Buildings with laced bearing walls on the ground floor level and in-fill-frame
used for the upper stories were commonly used during the Ottoman Empire and
i iati yut Greek regions such as Pelion Epirus,
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Fig. 1 Timber structure based on the drawings of Palyvou K. [27] of the ground floor construc-
tion “Xesti 37, without scale (credit A. Tavares)

Macedonia and Central Greece and also in some Aegean islands such as Thasos
and Lesvos that experienced significant urban growth [29].This variation on the
use of horizontal timber elements is present in the exterior walls of a traditional
Greek construction system (Fig. 2), studied by Sakellaropoulou [30]. Adobe
masonry, in many regions of Greece, were built as confined bearing masonry with
horizontal timber ties, which were either visible at the facade of the wall or not.
The timber ties were spaced at 0.70-1.00 m inside the masonry laid at the level of
floor and/or at the openings [31]. The main characteristic of this solution, however,
is the use of thinner horizontal elements laid on both sides of the wall and regu-
larly spaced through its whole height. These longitudinal elements are transver-
sally connected also with timber elements (see Fig. 2 for details). The introduction
of these horizontal elements improves the overall behaviour of the system, namely
and the confinement of the infill material.

As a main concern, the horizontal timber elements were placed at the base of
the structure, at window sill and window header height, at the level where the floor
beams were fixed to the masonry and at the coronation of the walls [30, 32].

Another relevant characteristic is the solution of the corner. The couples of hor-
izontal timber elements belonging to two orthogonal walls at the same level are
connected at the corner and sometlmes extend beyond the exterior face of the wall.
s can improve the stiffness of the walls
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Fig. 2 Greek laced masonry based on the work of Sakellaropoulou [30], without scale (credit
A. Tavares)

in the corner while offering the possibility of limited horizontal movement, allow-
ing for energy dissipation during a seismic event, while limiting deformation and
cracking.

Masonry structures laced with horizontal timber elements are also observed
across the earthquake prone regions between the Eastern Mediterranean and the
foothills of the Himalayas [32], a large geographical area where such forms have
been developed for several centuries as faq (Kashmir) or hatil (Turkey) [30].

The main difference between the Greek system and tag systems is that the lat-
ter rely on the dimensions of the horizontal timber elements, which are larger and
assume the function of beams lining the walls. Additionally, the distance between
horizontal timber layers is greater, and the layers generally have connections with
the beams of the floor.

The tradition of lacing masonry with timber, squared or in the round was com-
mon throughout the territory of the Ottoman Empire.

Hughes considers the Turkish hatil system related with the cafor and cribbage
systems (Fig. 3) of northern Pakistan [33], despite its difference in the number of
timber elements, which can be much less in the hatil, the hatil also has the same type
of timber longitudinal elements embedded on the walls. In the cator system Hughes
explains that the timber elements have generally a square section of 50—120 mm and
horizontal beams are placed on both sides of the wall, at vertical spacing of 0.30—
1.30 m. “In better constructed walls the face timbers are tied together through the
wall thickness with joined/nailed cross pieces at 1-4 intervals. Where the beam is of
insufficient length for the whole length of the wall, two or more pieces are connected
with tension resisting scarf joints. Breaks in the integrity of the ring beam may occur
at doors and windows” [33 p- 3] The i 1mage of Alti Fort Tower in Hunza, Pakistan,

nted how a 1 nsesuse of horizontal timber elements given its



Construction Systems 15

Fig. 3 Scheme based on the work of Hughes R. [33] of an antique defensive tower wall,
Pakistani cator and cribbage system, without scale (credit A. Tavares)

defensive use. The cator system shows also clear similarities with the Greek tradi-
tional system as, for example, the system found in Lesvos Island. Both of these sys-
tems use horizontal timber elements as beams facing both sides of the width of the
wall. In addition to the function of confining the masonry infill, a more regular spac-
ing of the horizontal elements and their larger dimensions makes at the walls corner
more robust than for the Greek system.

Sakellaropoulou emphasizes that the placement of horizontal timber elements
within masonry bearing walls serves not only to increase the structural resistance
of each wall, but also ensuring the continuity of the load transfer between masonry
walls [30]. The objective of introducing ductility to the structure, adding cohesion
to both sides of the wall and avoiding the disintegration of the in-fill materials is
the most important purpose of the horizontal timber lacing. This construction type
is also found in earthquake prone area of Peru’, where timber logs in the round are
used to lace adobe brickwork and in Nepal, where the bracing system confines the
masonry panels adjacent to the windows and is connected with pegs to the hori-
zontal structure. Interestingly in the Nepalese system the brick masonry walls only
form the outer shell of the building, while the interior is divided by timber frames.

The coupling of timber frame and masonry is the characteristic of a second set
of similar solution also found in earthquake prone areas. The already mentioned
Casa Baraccata (Fig. 4) of the architect Vincenzo Ferraresi published by Vivenzio
G., 1783 [15] shows two horizontal ring beams at both sides of the base of the
walls at the platform level of the ground floor, which was at least 0.60 m above
the ground. Ferraresi’s drawings show the same connection arrangement between
the two orthogonal walls, which had two horizontal timber beams, as describe for
the hatil system, however in the Baraccata’s drawing, the transversal connecting
elements appear as laid on the same plane as the timber beams and dovetailed into
them, to form a continuous ring beam. However the major difference is the pres-

y i ed by the end of the beams of the two
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Fig. 4 The lower part of

the system Casa Baraccata
(1783) based on the drawings
in the book of Vivenzio G.
[15] (credit A. Tavares)

orthogonal walls. Vivenzio’s solution assumes that, for important larger 2-3 storey
buildings, the wall material in-fill could be cut stone linked with cramps, connect-
ing all the elements along the horizontal layers (as was used in some Roman con-
structions, as for instance the masonry blocks of the Coliseum [5, 34]. Moreover
the frame panels are regularly braced with diagonal elements which surround the
openings. Vivenzio also shows a second solution for one storey building, with post
of square cross section, 0.20 x 0.20 m?, maintaining a regular distance between
them of 3.0 m proximately for one direction and less than 2.0 m for the spacing’s
of the other direction. The diagonal elements had sections of 0.10 x 0.10 m? com-
bined with horizontal elements with 0.15 x 0.7 m” to form the timber frame.

Although some researchers have emphasised the similarities between the
Baraccata and the Pombalino cage, they are characterised by a very different brac-
ing system and hence they behave quite differently from a seismic point of view.
In particular the cross bracing of the Pombalino cage ensure a continuous truss
action which is not present in the Baraccata given the lay-out of the elements. The
Pombalino cage is characterized by a regular timber-frame structure with standard
dimensions, with masonry infill, with specific connections to the floors, roof and
exterior walls. The adoption of Saint’ Andrews crosses in most of the wall panels
increases the stability to the structure, which is an important measure in seismic
prone areas. In this book, the Pombalino system is discussed in detail in a specific
chapter.

The Casa Baraccata was introduced in Calabria after the earthquake of 1783.
This type of construction system is described by some researchers through the
presentation of buildings most of them dating from the end of the nineteenth
century and the beginning of the twentieth century (see for example: [35, 36]).
However, later solutions present great differences compared to the eighteenth cen-
tury solutions of Vincenzo Ferraresi, namely in terms of the type of connections
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According to Mecca [36] these later solutions for the Baraccata had a timber
frame, with vertical, horizontal and oblique chestnut or oak beams placed at a dis-
tance of approximately 1.20 m to create a truss structure. A weave of wickers and
reeds was bonded to the main structure with thin chestnut laths and covered with
an earth mortar. In some cases adobe filled the structure. For the interior walls, the
incannucciata technique, a mesh of interwoven canes or branches covered by a
clay plaster, was frequently used [36].

In the Baraccata solution, “some particular issues as symmetry, reduced heights
construction and the use of a timber structure were positive aspects in terms
of enhancement of seismic behaviour,” as described by Tobriner S. [37, pp. 72].
However, the symmetry was incomplete due to the position of certain interior walls
which could induce some torsional effects. In addition, the different volumetric
heights of the building could also induce damages in a seismic event.

The construction system pontelarisma (Fig. 5) is an ancient solution found on
the Lefkada Island (Greece) as described by Sakellaropoulou [30] and Karababa
[38] the load-bearing masonry walls of the ground floor were double-leaf walls
with a width of approximately 0.5—1.2 m and between 2.5 and 3.0 m in height, that
were constructed from local stones (sedimentary rock or limestone). The external
leaf is constructed of roughly cut stones, although for the corners of the buildings
the masons utilised quoins to ensure bracing between walls. The internal leaf is
made of rubble stones, while pieces of bricks or small stones mixed with mortar
are used for the in-fill between the two leaves [30]. The common plan dimensions
are 4.0-5.0 m along the one axis and 7.0-15.0 m along the other, while the open-
ings are as a rule symmetrically arranged in plan.

Fig. 5 Pontelarisma based on the work of Touliatos [32] and drawings of Sakellaropoulou [30],
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Karababa [38] describes the foundations as solid structure to prevent the dif-
ferential settlement of the upper superstructure. On the top of the stone masonry
walls all around its perimeter is placed a timber beam inside the wall to which
is connected the timber frame of the upper floor. Steel ties are used to secure the
connection between the masonry wall and the timber beam in regular spacing.
Steel ties are also addict to secure timber elements around windows and openings
[38]. The floors have timber joists with cross sections of 0.20 x 0.20 m?, placed
at 0.40 m centres, which are mortised into the sole beams embedded along the
perimeter of the stone masonry [38].

The load-bearing timber frame of the ground floor consists of columns and
beams that are arranged at the inner perimeter of the stone masonry wall and away
from the wall 0.5-0.10 m, which allow the independent movement and deforma-
tion of the two systems during a seismic event avoiding pounding effects [38]. The
timber columns have a cross-section of 0.15-0.20 m? [30] or even between 0.12
and 0.22 m and are built on stone bases secured onto them with steel ties embed-
ded into the stone [38].

On the top of the floor joists are placed the timber frame of the upper floor linked
by a horizontal sill beam with a cross section usually between 0.12 and 0.20 m. Each
wall is composed by a grid divided and erected at 1.0-2.0 m centres [38]. The exte-
rior posts have a cross-section between 0.12 and 0.22 m. The elbows or “bratsolia”
provide stiffness at the corners between posts and beams [30] and are cut from a
single piece of olive tree branches [38]. The roof structure is usually a truss system
often arranged in more than one dimension to ensure adequate stiffness [38].

The key difference between this solution and those discussed previously is the
idea of a double method of support, through the use of an exterior stone wall and
the interior timber columns. The main objective of this structure is to guarantee
that the upper floor will not collapse in a seismic event because it is supported by
an interior timber structure.

The underlying idea of the acceptable collapse of the stone masonry wall is also
presented in the Pombalino cage. This predicted collapse is restricted to the exte-
rior wall of the ground floor and the identical objective of resistance of the timber
structure to seismic loads without collapsing is for the safety of the people inside
the building.

Pontelarisma has another link with other types of traditional construction:
the vertically aligned double timber beam. Between these two beams, the floor
structure was placed, comprised of timber beams with regular spacing that could
have the tops outside the exterior vertical alignment of the wall, once again with
the purpose of controlling the effects of horizontal loads and allowing restricted
structural movement without collapsing. This characteristic is shared by other tra-
ditional solutions, including also the insertion of diagonal elements strategically
placed in the construction, as can be observed in the himug solution, a Turkish tra-
ditional construction system present in the western Anatolia region and Marmara.

The himus (Fig. 6) solution also has a skeleton formed by placing wooden posts
vertically and diagonally. The resulting space is filled with in-fill materials such
i e, which can be easily and economically
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Fig. 6 Scheme of a corner of
the humig construction system
based on the work of Bilge
Isik [42] without scale (credit
A. Tavares)
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obtained in the region. The use of mud mortar for the in-fill masonry is also wide-
spread [39].

Himug has rubble stone foundation walls reinforced by timber beams placed on
the interior and exterior faces of the wall about 1.0 m apart from one another, a
tradition dating back to prehistoric periods in Anatolia [40]. Sahin affirms that the
main function of the timber beams was to form a frame around the masonry and to
confine and ensure the unity of the wall [40]. The base of the foundation was sunk
more than 0.45 m below the ground surface [41].

The ground floor was of stone or adobe masonry and the upper floor has a tim-
ber frame construction defined by two main timber beams, a header and footer,
which are linked to vertical timber posts cross-section between 0.12 x 0.12 m? and
0.15 x 0.15 m? with at 1.5 m intervals [42]. Between these load-bearing main posts
are intermediate vertical elements every 0.60 m and horizontal elements to hold the
infill with cross-sections from 0.6 x 0.12 to 0.6 x 0.1 m? [42]. Diagonal elements
with the same cross-section of the main posts connect the foot beam to the main
post and have a relevant function on the stability of the whole structure [42].

The infill material used can be fired clay bricks, adobe blocks, or stone, which
can easily and economically be obtained in the region. The use of mud mortar for
the infill masonry is widespread and the walls are either left exposed or plastered
with mud and then whitewashed [39].

In Turkey, mixed construction techniques within single buildings are common
and houses were often designed with the laced bearing wall (hatil) construction on
the ground floor level and himig used for the upper stories [43].

This review of ex1st1ng comp0s1te structural systems in earthquake prone

! helps he mentsythat are recurring and hence recognised
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as essential to a successful seismic performance through the ages. It is interest-
ing that they are similar in zone with similar seismic exposure even when it is not
immediate to establish a cross fertilisation among these regions in time. These ele-
ments can be summarised as the timber lacing (or ladder) composed of two ini-
tially round the squared runners along the top of the wall of within its height at
regular intervals and connected by transversal elements. The connection of these
ladders pertaining to orthogonal walls at the corner was made using simple nails
or lapped or scarfed joints. In more prone seismic regions the progressive intro-
duction of timber frames to work in adjacency to the masonry walls or indepen-
dently from it, showing a full awareness of the use of two separate systems, one
to resist gravity loading, the masonry, one to resist seismic loading. Finally the
almost complete substitution of the masonry with braced timber frame at the upper
storeys, to achieve lighter structures, with natural frequency further from the earth-
quake content of high amplification frequency. In these cases the masonry is only
used as a plinth to isolate the timber frame for the ground and prevent its decay.

5 Main Construction Systems

The construction systems may be grouped in traditional and industrial, according to
their conception, considering that each of them has associated specific approaches
for questions related to durability and safety. This aspect was already discussed in
Sects. 2 and 3. Apart from these two groups, it has to be mentioned that in certain
periods composite construction systems were used as consequence of the archi-
tectural demands or as a simple evolution of traditional methods introducing new
materials. For this reason, in this chapter a division of the construction systems into
3 main groups is proposed, highlighting other aspects besides the structural sys-
tems, since this will be discussed in detail in the following chapters of the book.

Construction systems of buildings, such as some of those which are analysed
in the subsequent chapters of this book, can be organized into three main groups
according to the origin of the materials used, namely if they are raw materials or if
they are industrially processed:

e Group A—mostly made of natural raw materials;

e Group B—mostly made of industrial materials;

e Group C—combination mix of natural and industrial materials in different con-
structions parts or components.

Group A is mostly composed of traditional construction systems such as earth
construction solutions (adobe, rammed earth, cob, among others), timber structural
systems, composite systems made of masonry and timber (half-timbered, himus,
bagdadi, quincha, taquezal, bahareque, dhajji dewari, pontelarisma, pombalino,
baraccata, among others), stone masonry structural systems.

Group B is defined by the modern engineered systems, such as those involv-

y tures, or with industrial brick masonry.




Construction Systems 21

From this group, only the reinforced concrete structures will be discussed in this
book (Chap. 9). Buildings belonging to the Modern Architectural Movement or
Modernism, which lasted until the 1950s, are examples of the application of rein-
forced concrete structures.

Group C is defined by traditional construction materials and systems com-
bined with engineered solutions. Many of these solutions were adopted after
World War I in residential buildings, particularly until the 1940s. Composite sys-
tems were used in some European regions, mostly with reinforced concrete (RC)
elements [44, 45] some of them belonging to the first stage of the Modernism
architectural movement. Although it can be said that some of the structural rec-
ommendations/solutions for seismic regions presented in building codes include
the use of composite systems with RC. The use of RC ring beams in load-bearing
masonry wall structures of adobe or rammed earth at the level of their foundations
and openings can be seen as an example of this situation. The Turkish Building
Regulations (1998) actually refers to such procedure by stating that “masonry
foundations should be built with reinforced concrete footings and lintels” [41].
The use of reinforced concrete elements in adobe construction was also applied
by the Peruvian rural community housing after the 2001 earthquake in Moquegua
[46]. The use of ring beams or lintels, or even thin slabs of reinforced concrete
in adobe construction was common in the 1930s in Portugal [44, 47], although
they were very thin and were not intended to be a measure to improve the seismic
behaviour of the structure.

5.1 Group A

Group A includes the most important expression of ancient construction sys-
tems which may soon disappear in several regions of the world, such as the tim-
ber buildings in Turkey, mentioned in UNESCO reports, and the wide range of
earth architecture all over Europe, as mentioned by several researchers involved
in the project Terra Europae (2011) [48]. This book includes some chapters about
earth construction, due to the growing interest in the preservation of these struc-
tures considering their cultural value. The restoration of earthen buildings is being
subsidized by governmental rehabilitation schemes or through other institutional
financial support such as in Cyprus [49] and in Sardinia, although just in a very
limited number of cases. In addition, this activity is also growing in some coun-
tries such as Austria, Germany [50], Australia and the USA due to the interest in
using such materials for new architectural proposals, which can also be a way to
change mentalities and promote the desired protection of this heritage.

There is a wide variety of methods of earth construction and many research-
ers have noted the existence of earth buildings in almost all continents since the
Neolithic age. Their presence in Europe has been recorded, for example, through
the remains of the Etruscan civilisation (dating back to the 7th and 6th centu-
ildings had a similar form to wattle and
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daub buildings from approximately 4000 B.C. [52]; in Aegean areas (Bulgaria,
Greece, Cyprus and Malta) and Italy, construction styles changed little since the
Neolithic era, a phenomenon also observed in parts of northwest and southeast
Europe [53]. In Cyprus, earth constructions were built as early as 9000 B.C. [36].
During the Roman Empire, earth construction techniques such as adobe masonry
were used in southeast and east central Europe [36, 50]. The colonisation of the
Eastern Mediterranean by the Romans and the arrival of Muslims in some regions
are considered to be some of the forces that led to the dissemination of earth con-
struction techniques [54]. Some remaining evidence of this process is rammed
earth in France (Poitiers) and military fortifications made of rammed earth in
Portugal [55].

Nowadays, there are still earth constructions in many European countries, most
of them from the first half of the twentieth century. However, buildings from the
eighteenth and nineteenth centuries can be found in Greece, Portugal, Italy, Cyprus,
Denmark and many others as noted by the project Terra Europae (2011) [48].

At least twelve main techniques of construction using earth have been identi-
fied by Houben and Guillaud [56]. The construction systems identified in this
book representing some of the most widespread techniques are rammed earth
(monolithic), Fig. 7, adobe (masonry), Figs 8 and 9, and tabique (load-bearing
structures), Fig. 10.

The evolution of the earth construction system depended, as in other systems,
on the awareness and understanding of ways to improve the system.

In earth construction the foundations present some variations including the use
of stone to achieve a more efficient resistance to water effects, such as rain impact
and capillary rise in saturated soil. A concern present in ancient treatises which
also proposed foundations with stakes and pointed the most durable timber species
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Fig. 8 Adobe production,
India (credit A. Costa)

Fig. 9 Adobe construction in
Portugal (credit A. Tavares)

to use on the most vulnerable situations as silt soils. In regions with less stone
available, brick was used sometimes mixed with stone masonry with the same
objective. This solution can be seen in the Mediterranean regions as in Greece
where the foundation is extended to a height of 0.40-1.20 m [31] or in Portugal
[57] and in Cyprus until 1950s [49]. Also it can be seen in Turkey and Macedonia
[29, 58]. This characteristic was linked to the desire to improve the building’s
durability, i.e. to isolate the timber structure and the adobe masonry from direct
contact with the ground. This improves not only the resistance to decay due to

enting termites attack in hot climates.
. +& I I I
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Fig. 10 Traditional tabique construction in Portugal (credit A. Tavares)

In some regions as in Central region of Portugal or in Istanbul (Turkey), adobe
constructions included a ventilation space between the level of the ground floor
and the soil level, with holes in the foundation walls to allow air circulation
(Figs. 11 and 12). This allows for better conservation of the timber and the perma-
nent drying of the wall base [57]. As mentioned in Alberti’s treatise (see Sect. 3),
this is a very important issue that can also be observed in old stone masonry con-
structions. Another example is appointed by Sahin in relation to the base of tradi-
tional buildings in Turkey: a timber beam is placed on a stone platform inside the
foundation walls and joists are set on this beam. Between the stone platform and

Fig. 11 Scheme of earth (adobe) construction system with ventilation space below (credit
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Fig. 12 Ventilation space
in the base of an adobe
construction (credit

A. Tavares)

the pressed earth there is a minimum of 0.20-0.30 m of air space for ventilation
[40]. In the central region of Portugal this ventilation space is usually more than
0.50 m in constructions from the end of the 19th century until the half of the 20th
century.

However, other traditional construction systems lack ventilation space and pre-
sent some problems, namely due to the use of the floor girders placed above tim-
ber beams (which are inserted into the walls), a common occurrence in Turkish
construction [38]. This hampers the inspection of the structure bellow, including
the replacing of timber members that have deteriorated due to the lack of venti-
lation—one of the causes of structural degradation. The ventilation spaces in the
base of the construction thus allow for a better control of fluctuations in the high
moisture levels responsible for the degradation of the timber elements less resist-
ant to humidity effects.

Although earth construction systems may be seen to have a number of
shapes, the size of the openings remained with limited dimensions. Additionally,
the width of the walls has varied in relation to the height of building accord-
ing to local environmental conditions, i.e., thicker in cold regions and thinner in
warmer ones [36].

The insertion of beams into the construction walls is another issue solved by
traditional construction in a variety of ways. As for vernacular stone masonry or
earth constructions, beams could be placed outside the wall supported by buttress
elements connected to the wall; in holes in the wall; resting above one or two tim-

ersbeam and projecting outside the exterior
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line of the wall. The kind of insertion used for timber beams has implications for
both the durability and the structural behaviour. Again, Alberti’s treatise empha-
sises this subject and recommends that the number of voids in the walls must be
as low as possible (see Sect. 3). The ventilation of the top of the beam inside of
the wall was the major difficulty and induced, in many cases, its degradation due
to higher levels of moisture in that area. In addition, the degradation of the top of
the timber beams causes a lack of stability of the floors and also of the connec-
tion between opposite walls, which has implications on the structural behaviour.
This problem is also observed when the constructions (as earth construction and
stone masonry buildings) have a timber ring beam in the top of the exterior wall to
connect the structure of the roof. Its degradation due to lack of ventilation, lack of
roof maintenance and damages on the roof covering is one of the major problems
of this type of construction. Such problem is sometimes responsible for damages
on the walls due to the introduction of horizontal loads by the changed action of
the roof structure, which makes the upper connection of the walls difficult and can
introduce out-of-plane movements particularly relevant in seismic regions.

Concerns related with the construction of the walls and corners in vernacular
architecture revealed some links with what is presented in treatises, such as with
the use of stone blocks and their imbrication namely in rubble masonry walls.
Pilasters introduced in the architectural conception for the corners increase the
width of the wall to strengthen that area. However, in some earth constructions,
fired bricks were used to strengthen the corners. Again, areas most susceptible to
degradation include the arches and vaults, and the areas around openings. Usually
the lack of care on the construction of these elements induces damages observed
as diagonal cracks. In addition, the distance between openings and between the
openings and the corners are important to control diagonal cracks and to achieve a
greater structural performance (namely in seismic regions), as seen in the treatises
recommendations and in the characteristics of ancient construction systems.

The strengthening of the corner can be observed in Italian rammed earth con-
structions of Piemonte but also in other regions as Alessandria [36]. Similar proce-
dures can also be found in adobe constructions of the central region of Portugal in
the basement of the construction or in rubble masonry.

Other types of earth construction such as wattle and daub can be seen to exhibit
similar concerns with the stability of corners, namely by suing diagonal timber
elements placed in the corners connecting the timber columns to guarantee the sta-
bility of the structure. Diagonal elements are also important in timber construc-
tions since the lack of these elements can totally damage the building, as can be
observed in Fig. 13 where the diagonal elements from an abandoned salt ware-
house were removed. The damage of this traditional timber building resulted from
the movement of the entire construction in one direction which may then lead to
its collapse.

Timber buildings were one of the traditional construction systems with higher
level of growing standardization and improvements of the method of construction
[59 60] which allowed the prefabrication of solutions from Scandinavian coun-
reached a high level of production in
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Fig. 13 Traditional timber constructions—Portugal (credit A. Tavares)

the period between the two World Wars for exportation [61]. The system’s main
advantages are the simplicity, cheapness, and ease of construction and, obviously,
its transportation. Another factor influencing the use of natural materials in the
construction is the need for other materials, such as steel for the War equipment.

At the beginning of twentieth century, there was already a particular interest
related with the correct position of the timber elements on the building construction
as well as to the need of standardised procedures for assigning working stresses
to timber. This situation attracted special attention to the debate involving the best
kind of tests to obtain the mechanical properties of timber [59]. Military housing,
bridges, industrial plants, warehouses, and shipyard facilities used timber wherever
possible. Some of these buildings were constructed associated to specific rebuilding
programs and were conceived as temporary structures with an anticipated life of no
more than 5 years. Nevertheless, at least 36 years later, some still remain in place
[59]. The most frequent problem was related to changes in use and occupancy that
imposed different loadings than those for which buildings were originally con-
structed [59]. The same situation can be observed in many regions where timber
constructions were the main traditional method applied.

Until recently, most domestic buildings in Turkey were built of wood and most
of them were constructed up to the 1960s [62]. As in many parts of the world,
the adoption of reinforced concrete almost destroyed traditional construction prac-
tices. However, following the earthquakes of 1999, there was a renewed interest in
these typologies due to the fact that such construction system had a high seismic
performance[63]=Otherregionsywithsmany timber buildings such as Paramaribo
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in South American, Suriname, a World Heritage town since 2002, had programs
for their maintenance. Nevertheless, the interest of international organizations
such as UNESCO, the example of the relevant heritage of timber buildings of
Zeyrek (Turkey) shows that the traditional timber buildings are being deteriorated
because of man-made reasons including abandonment, fire, wrong choice of wood
materials, material fatigue, economic insufficiency, air pollution, lack of laws to
protect these structures and municipal indifference, defective workmanship and
incorrect attempts of restoration as appointed by SecKin [64]. The same problems
are being observed in many other regions of the world.

Even if this group of traditional construction systems is in a critical situation,
the knowledge dissemination of their characteristics is considered still an impor-
tant action for their protection and for the implementation of proper rehabilitation
programs in the future, including the proper capacity evaluation when they are
located in seismic prone regions.

5.2 Group B

Reinforced concrete (RC) changed the panoramic of our landscape in an irre-
versible manner. The beginning of its use was a predictable and desirable fact
at the time with strong links with architectural Movements but also with techni-
cal demands. A desire that was easily widespread all over the world and for this
reason can be assumed as associated to the globalization of a product and a tech-
nique. The Modern Movement of architecture is now a cultural value in many
regions of the world with a growing interest in its protection, namely in Europe
and in USA. The high level of experiences, in terms of space conception and tech-
nological improvements to support the new way of living, presented one of the
most extraordinary experiences all over the world in almost the same period of
time. A contemporary multicultural technology that now shows its vulnerability in
seismic regions, because of less caution in its construction methods and, in addi-
tion, due to the questionable durability of the materials.

The effects of the Industrial Revolution and the World Wars had a global impact
on construction methods. At the beginning of 1915, discussions involving politi-
cians, technicians and the industry were taking place in the United States about
the need to establish building codes to safeguard public health and safety. These
concerns were also addressed in many other countries in Europe, some of them in
an earlier stage in relation to their construction codes [65].

The need for quality control and, especially, for a standardisation of proce-
dures to achieve economical profits and the maintenance of the industry itself
imposed significant pressure on construction methods and the selection and cre-
ation of materials. The most astonishing new method was the progressive and
wide introduction of reinforced concrete. In many countries researchers identify
this fact as the one most responsible for the gradual decrease of the use of tra-
iti i igration from rural regions to urban centres
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also contributed to this situation in Europe, as reported by several international
researchers, namely the ones involved in the project Terra Europae [48].

The desire for new architectural conceptions due to progressive changes in the
lifestyle shattered the confines of traditional construction. Nevertheless, the dis-
semination of reinforced concrete and Modernist architectural shapes in seismic
regions presents today potential problems for several reasons. The most important
of them is the safety and the effective control of the construction process in those
regions.

5.3 Group C

The architectural movement of Art Nouveau was the first signal of a controver-
sial change in the way living spaces were understood, besides the resistance to the
impact of the Industrial Revolution. Despite its brief existence in many countries,
its contradictory objectives of wide cultural and artistic promotion in relation to
the significant complexity of production, including high costs, was an important
step towards the introduction of new materials and techniques in construction sys-
tems [65]. The following Art Deco and Modernism movements were responsible
for the widespread dissemination of reinforced concrete. The models and their
variations adopted in each country, however, present a similar link which can be
assumed to be the most multicultural construction process yet. In some European
countries, such as Italy and Portugal, both architectural movements caused a pro-
gressive change of the construction that included the use of natural materials and
traditional techniques in that period of time [45]. This aspect was also observed
after World War 1II in France and Britain, when faced with shortages of industrial
materials and the need to relocate affected populations en masse, and led to a brief
revival of earthen construction [52]. The same happened with specific rebuilding
programs implemented in Germany and Poland to house affected populations after
World War II in association with policies of urgent rebuilding.

In Portugal, the introduction of the reinforced concrete was gradual in some
regions until the 1940s. It was first used in some elements or short beams on the
main facades. Then it became more common in beams and, finally, it was also
used in columns and thin slabs despite the maintenance of the loadbearing walls
of adobe or stone masonry in the construction. What in some regions of Italy was
considered to be the preservation of links with traditional materials and architec-
tural volumetric configurations in order the nationalism, was seen in Portugal as
a continuity of the social structure and “natural” acceptation of the new material
in old frameworks to “improve” traditional systems [45]. Regionalist propos-
als mixing tradition and restricted innovation were adopted in Portugal from the
beginning of the 20th century. However, this period had also a high experimental
purpose in terms of technique and architecture which led to interconnected pro-
posals between these two factors. For this reason, buildings with Modernist aes-

i iti i 1 dpwere seen to appear in almost the same
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Fig. 14 Timber building,
modernism, Costa Nova,
{lhavo, Portugal (credit
A. Tavares)

Fig. 15 Old building with
reinforced concrete elements
(credit A. Tavares)

period as mixed systems with reinforced concrete in old and traditional aesthetic
shapes (Fig. 15).

Experimental proposals using natural materials such as earth were built by
great architects as Le Corbusier with a rammed earth proposal and Frank Lloyd
Wright with an adobe proposal.

It is interesting to see that mixed systems are presently applied and studied
even in seismic regions as New Zealand and Peru with specific proposals.

6 Final Comments
The debate involving the interaction between the understandings of the particular

character of traditional construction versus the wide range of techniques available,
need-ansexigentandsaceuratessensesonsthesintervention strategy.
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The lack of knowledge about traditional construction systems, the difficulty of
controlling their structural performance and the exact characterisation of their state
of conservation must not be an obstacle to their preservation. This implies that sig-
nificant background knowledge encompassing multidisciplinary approaches for
interventions in vernacular construction systems is necessary. The compatibility of
definitions must be the first step of the design process. These is one of the main
reason to continue promoting the knowledge around vernacular architecture and
its ancient background knowledge as achieved through written sources as from
cultural exchange or practical training along the years and linked with traditions
and social or production issues.

There are three key reasons to study traditional construction techniques today:

e Protection and preservation based on research and laboratory tests, strengthen-
ing solutions proposals associated to conservation actions, which, however, still
present difficulties in terms of the communication of this knowledge to techni-
cians who work in the field;

e Dissemination of the knowledge that supports multicultural values based on an
understanding of the links between traditional construction methods (which can
lead to an interesting debate on identity);

e Use of proper maintenance measures and compatible interventions in terms of
materials, techniques and strategies that can guarantee the future use of build-
ings with high cultural value.

This complex understanding also involves the actual definition appliance for con-
servation interventions. The problem rests in the difficulty of accurately char-
acterising an existing structure to implement the correct code standards for new
actions as conservation, strengthening or retrofitting. In some cases it assumes a
high level of contradiction due to the difficulties in the definition of intervention
strategies, which rely on the following: the fact that the materials are already in
place; the components were produced through a traditional process based mostly
on practice; the building has been subject to numerous undocumented alterations;
many traditional construction methods are no longer in use or understood; the life-
time of materials and components produce changes in their mechanical behaviour
(some materials may require laboratory tests); and finally, the complexity of cul-
tural value in an intervention. All of these issues create constraints on preliminary
evaluations and control of the building characteristics.

Nowadays, in the restoration of vernacular architecture, it is not uncommon
unfortunately to find inappropriate solutions to be adopted, such as irreversible
structural changes of the timber elements or repairing renderings with cement
mortars. As was discussed, the concerns on the compatibility between materials
and the definition of adequate components were already presented as main issues
in ancient treatises. Specific recommendations were made for aspects related to
the structural safety of the constructions, putting the emphasis on the informa-
tion captured from the observation of ancient buildings contributing for the bet-
ter establishment of the durability requirements. Particularly, the connections of
i all-to-floors, wall-to-roof) were issues
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discussed in several treatises as well in the engineered proposals of the 18th
century, considering special rules on seismic prone regions. These concerns, in
vernacular construction, can be observed in the foundations, corners, distance
between openings (doors and windows), as well as in the choice of the materials
and in the definition of the construction geometry.

The comparative study of some historic and vernacular construction systems,
from different seismic prone regions, shows the relevance given in the construction
to the connections between perpendicular walls to improve the global capacity.

Although the type of traditional construction systems present in some seismic
regions, may achieve a considerable level of seismic capacity, other do not have
guaranty it. For these structures new strengthening solutions should be proposed
and applied. Nevertheless, for structural assessment or for strengthening inter-
ventions, it should be encouraged the development of knowledge concerning the
evolutionary process of the construction and its relation with the surrounding con-
structions, in order to achieve less intrusive actions, maintaining the cultural value
of the constructions.

It is necessary to spread adequate maintenance know-how for traditional con-
struction and presently also for the buildings from the beginning of the Modern
Movement which are the following cultural assumed heritage.
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to study the structural behaviour of the adobe masonry constructions, analysing
their seismic vulnerability, which may help in preventing social, cultural and eco-
nomic losses. In the present chapter, an explanation of the seismic behaviour of
adobe buildings, a summary of recent research outputs from experimental tests
conducted on adobe masonry components and from numerical modelling of full-
scale representative adobe constructions are reported. In addition, different reha-
bilitation and strengthening solutions are presented and results from the testing of
retrofitted adobe constructions and components are discussed.

Keywords Adobe ¢ Masonry ¢ Seismic vulnerability ¢ Mechanical characteri-
zation ¢ Numerical modelling ¢ Retrofitting solutions

1 Introduction

Adobe derives from the Arabic word afob, which literally means sun-dried brick,
being one of the oldest and most widely used natural building materials, especially
in developing countries (Latin America, Middle East, north and south of Africa,
etc.), many of which are also characterized by moderate to high seismic hazard.
The use of sun-dried blocks dates back to approximately 8000 B.C., and until the
end of the last century it was estimated that around 30 % of the World’s population
lived in earth-made constructions [1]. Adobe construction presents some attractive
characteristics, such as low cost, local availability, the possibility to be self/owner-
made with unskilled labour (hence the term “non-engineered constructions”), good
thermal insulation and acoustic properties [2]. Adobe buildings present high seis-
mic vulnerability due to the low tensile strength and fragile behaviour of the mate-
rial, which constitute an undesirable combination of mechanical properties. Earthen
structures are massive and thus attract large inertia forces during earthquakes; on the
other hand, these structures are weak and cannot resist large forces. Additionally,
this type of construction has a brittle behaviour and may collapse without warning
[3]. The seismic capacity of an adobe house depends on the mechanical proper-
ties of the materials (blocks and joints), on the global structural system (structural
geometry, connections, etc.), on building foundations, and also on the quality of
the construction and maintenance [4]. Each time an earthquake occurs in a region
with abundant earth-construction, enormous human, social and economic losses are
recorded, as has been the case in El Salvador (2001), Iran (2003), Peru (1970, 1996,
2001 and 2007), Pakistan (2005), and China (2008 and 2009).

2 Adobe Constructions in the World

As prev1ously sa1d 30 % of the World’s population lives in earth-made con-
h app mate Op% of them located in developing coun-
mmon in some of the World’s most
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Fig. 1 Map of earthen constructions around the World and distribution of earthquake epicentres.
a Distribution of earthen constructions [5]. b Earthquake epicentres (1963—-1998) [6]

hazard-prone regions, such as Latin America, Africa, the Indian subcontinent
and other parts of Asia, Middle East and Southern Europe [5]. Figure 1 com-
pares the distribution of earthen constructions with the seismic hazard distribu-
tion in the World.

2.1 Typology of Adobe Dwellings in Southern Europe

A wide range of earth buildings can be found in Europe, particularly in Southern
regions, as Portugal, Italy and Spain. But, in countries as Germany, England and
France it can be also found a significant number of earth buildings. In France, for
example, 15 % of the population lives in earth buildings, constructed with differ-
ent techniques like adobe and rammed earth (‘pisé’) 0.

Italy, being one of the countries with the tradition in adobe construction, has a
very pronounced historic and cultural earth built heritage. In old houses in urban
areas, the load-bearing walls at ground floor are made mainly of stone masonry, in
the intermediate floors walls are made of stone and/or adobe masonry, and in the
upper floor walls are made of adobe masonry. In certain regions, the rural houses
have their foundations made of stone and the walls of rammed earth or adobe
masonry [7].

In Portugal, earth construction dates back to several hundreds of years ago,
located mainly in the centre and south coastline [8—10]. These buildings are
examples of the vernacular architecture, part of the Portuguese built heritage. In
the district of Aveiro, a particular type of adobe was produced and used in con-
struction. In this region, adobe blocks were stabilized with lime, to improve its
mechanical strength and durability. In this region, the use of adobe in the con-
struction was widely applied until mid of the twentieth century. After, the rein-
forced concrete as being used as the main building material/solution. The typical
adobe houses in urban areas are two or three storey buildings (Fig. 2), sometimes
covered with high valued tiling. In the city of Aveiro, it can be found several
examples of buildings 1nﬂuenced Art-Nouveau architectural style [11, 12]. The

------ areas are simpler and with only one storey,
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Fig. 2 Historical constructions in urban areas of Aveiro city

Fig. 3 Typical rural house in Aveiro surroundings

2.2 Other Typologies of Adobe Dwellings in the World

In South America, adobe is mainly used by low-income families. Adobe houses
are predominant in rural areas, though they also exist in urban areas generally with
a better quality of construction.

The typology of adobe dwellings is similar in most countries, with a rectan-
gular plan, single door entry and small lateral windows. The walls are made with
adobe blocks connected with mud mortar. The stucco is made with mud and some-
times mixing mud and gypsum. The foundation, if present, is made of medium to
large stones joined with mud or coarse mortar. The roof supporting structure is
made of wood joists restlng dlrectly on the walls or supported inside indentations

y overing depends principally on the family
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incomes and on the location of the constructions, and could be made of corrugated
zinc sheets or clay tiles [13], this last preferable at the Peruvian highland.

In Peru, the percentage of the country’s population living in earth dwellings
has gone down from 54 to 43 % in the last 15 years [14] with most of the con-
centration in urban and coastline areas. Figure 4 shows some typical Peruvian
adobe dwellings located at the countryside. But also in Lima, capital of Peru, some
Colonial houses made of adobe can be found (Fig. 4c). These houses are typically
characterized by a first floor made with adobe and clay bricks, and the second and
third floors made with quincha (wooden frame with infill of mud and cane). Due
to fragilities presented by adobe construction, some South American countries
have been restricting its construction.

In Asia and Middle East (e.g.: Pakistan, Iran), see Fig. 5, adobe is a very tra-
ditional construction material. Luxurious adobe residences are constructed by
wealthy families, and modest adobe houses by poor families.

In Iran, walls from rural constructions are usually built with adobe mixed with
mud, stone, wood or bricks and concrete blocks [15]. In more than 4 million rural
houses, at least 26 % have adobe and mud walls. Adobe dwellings in Iran are
mainly characterized by the type of roof. The most common types are the vault

Fig. 4 Typical Peruvian adobe houses. a Adobe house located at the peruvian coast. b Adobe
i i i C i ses of two and three storeys in Lima, Peru
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Fig. 5 Adobe houses in Pakistan. a Adobe house in Sindh. b Adobe house in Khuzdar (Courtesy
Prof Sarosh Lodi)

and dome roofs. Vault roofs are built following a semi-cylindrical shape, with two
plates or semi-spherical caps at their ends, being locally called ‘tharby’. When the
vault covers only part of the roof it is called ‘kalil’. Other type of roofs are the
quadripartite arched and crescent-arched roofs, in addition to the typical flat roof
formed by wooden beams covered with branches of trees and mud.

In the northern regions of Africa, like in Morocco, the typologies of earth build-
ings vary from place to place. In Morocco, the Atlas chain divides the type of
adobe dwellings. In the Draa region, the constructions are built in fortified villages
known as ‘ksur’. In these villages, the external walls are made from a technique
called ‘pisé’ (rammed earth), which allows the construction of very high walls,
depending on the wall width. In this type of construction, adobe is used in the con-
struction of columns and decorative elements both inside the patios and at the top
of buildings [16].

3 Fragilities of Adobe Constructions

As stated before, adobe has been used in construction since ancient times due to
cultural, climatic and economic reasons. Adobe structures can be in fact durable,
but they present fragilities that have to be accounted for [9, 17].

Particular care should be taken with adobe constructions in high rainfall or
humid areas, due to the susceptibility to of the materials to water and humidity. To
avoid rising damp from the soil, an adequate solution at the foundation should be
considered. Adobe masonry walls may also suffer erosion due to the wind actions.
In order to protect adobe houses from the rain and winds, the covering of the exte-
rior adobe masonry walls should be restored regularly to prevent the development
of more severe damages, cracks and crumbling.

But, one of the most important fragility of adobe houses is related to their
limited capacity to resist to earthquake demands, presenting poor behaviour for
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moderate to strong ground shakings, as observed in previous earthquakes, with
important human losses and structural damages associated to adobe constructions.

As previously referred, the capacity of an adobe construction to resist earth-
quakes depends on the individual adobe block and mortar characteristics, on the
mechanical behaviour and characteristics of the masonry system (considering
blocks and joints), dimensions of the adobe wall (especially its thickness), build-
ing location and building geometry, as well as on the quality of construction and
maintenance [4]. The extent of damage to an adobe structure depends on several
factors such as: the severity of the ground motion; the geometry of the structure;
the overall integrity of the adobe masonry; the existence and effectiveness of seis-
mic retrofit measures; and the structure conservation state when the earthquake
strikes.

The seismic vulnerability of adobe buildings is mainly associated to the per-
verse combination of the mechanical properties of their materials (low tensile
strength and rupture in a brittle manner) with high density of their walls. As a con-
sequence, every significant earthquake that has occurred in regions where earthen
construction is common has produced life losses and considerable material dam-
age (see examples in Fig. 6).

From the damage survey carried after the Peruvian earthquake of 2007
(Mw 7.9, 510 fatalities), it was concluded that the most common failure observed
in non-reinforced earthen buildings, especially in those with slender walls, was the
overturning of the facade walls and their collapse onto the street [18]. This hap-
pened because the effectiveness of the wall connection at the intersection between
the facade wall and the perpendicular walls was too low to withstand the earth-
quake demands. The walls collapsed as follows: first vertical cracks occur at the
wall’s corners, originating damage in the adobe blocks in that area (Fig. 7). This
triggered the walls to disconnect until finally the facade wall overturns. This is
the most common collapse mechanism of adobe walls under earthquake actions.
Observations made after the Peruvian earthquake have shown that the magni-
tude of damage suffered by the buildings was directly related to quality of the
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Fig. 7 Vertical crack at the
corner of an adobe house,
Pisco earthquake, Peru, 2007

Fig. 8 Collapse of adobe houses during the Pisco earthquake in 2007, Peru. a Roof supported on
the facade walls. b Roof supported by transversal walls

connection between the roof’s wooden joists and the top of the fagade walls. When
the roof joists were supported by the facade wall, its collapse affects the roof sup-
port conditions, and finally the roof to collapse as well (Fig. 8a). If, on the other
hand, the joists were supported by the walls that were perpendicular to the facade
wall, the roof didn’t fall apart (Fig. 8b).

Lateral seismic forces acting within the plane of the walls generate shear forces
that produce diagonal cracks, which usually—but not always—follow stepped
patterns along the mortar joints. The diagonal cracks often start at the corners
of openings, such as doors and windows, due to the stress concentration at these
locations (Fig. 9). If the seismic movement continues after the adobe walls have
cracked, the wall breaks into separate pieces, which may collapse independently in
an out-of-plane mode.

Dowling [4] makes a brief description of the common damage patterns of
adobe dwellings based on a damage survey carried out after El Salvador earth-
quake (Mw 7.7, 825 fatalities) in 2001, where more than 200,000 adobe houses
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Fig. 9 Typical X-cracks on adobe walls due to in-plane actions

As exemplified in Fig. 10, the more common damage patterns can be summa-
rized as follows:

e Vertical cracking at corner angles associated to large relative displace-
ment between orthogonal walls. This type of failure is very common because
demands are largest at the wall-wall interface. Cracking occurs when the mate-
rial strength is exceeded in either shear or tension;

e Vertical cracking and overturning of upper part of wall panel. Bending about the
vertical axis causes a splitting-crushing cycle generating vertical cracks in the
upper part of the wall;

e Overturning of wall panel due to vertical cracks at the wall intersections. Here
the wall foundation interface behaves as a pin connection, which has little
strength to overturning when an out-of-plane force is applied. This type of fail-
ure has been seen in long walls without other lateral restraints along the wall;

e Inclined cracking in walls due to large in-plane demands, which generates max-
imum tensile stresses in directions of about 45° relatively to the horizontal;

e Dislocation of corner. Initial failure is due to vertical corner cracking induced
by shear or tearing stresses. The lack of connection at wall corners allows
greater out-of-plane displacement of the wall panels, which generates a pound-
ing impact with the orthogonal wall. The top of the wall is subjected to larger
displacements, which tends to cause larger pounding, thus inducing greater
stresses that may lead to failure;

e Horizontal cracking in upper section of wall panels, and displacement and
deformation of the roof structure;

e Falling and slipping of roof tiles.

Webster and Tolles [19] conducted a damage survey on 20 historic and 9
older adobe buildings in California after the Northridge earthquake (Mw 6.7, 60
fatalities), in 1994. They concluded that ground shaking levels between 0.1 and
0.2 g PGA are necessary to initiate damage in well-maintained, but otherwise
unreinforced, adobes. This study confirms that the most typical failure mecha-
nism is due to out-of-plane flexural damage (Fig. 11). These cracks initiate as
i i i endicular walls, extending vertically or
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Fig. 10 Typical damage and failure mechanisms on adobe masonry constructions [4]. a Vertical
corner angle cracking due to shear forces. b Vertical corner angle cracking due to to out-of-plane
forces. ¢ Diagonal cracking in wall due to in-plane shear forces. d Global overturning of wall
panel. e Diagonal cracking in wall due to in-plane shear forces. f Sequence leading to corner
dislocation

diagonally and running horizontally along the base between the transverse walls.
Then, the wall rocks out-of-plane, back and forth, rotating round the horizontal
cracks at the base. The gable-wall collapse is more specific for historic build-
ings. For long walls, the separation of these walls with the perpendicular ones
results in out-of-plane moving of the wall. Diagonal cracks (X-shape) result from
shear forces in the plane of the wall, and these cracks are not particularly serious
unless the relative dlsplacement across them becomes large. When the building
regate, some diagonal cracks appear at
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Fig. 11 Typical damages observed in adobe buildings after the Northridge earthquake [19]
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exterior walls since they form wedges that can easily move sideways and down-
ward as the building shakes, and also vertical cracks at the intersection of walls
due to the out-of-plane actions.

4 Mechanical Characterization of Adobe Units
and Masonry Panels

The properties of the adobe material are quite scattered and their values princi-
pally depend on the type of soil used for the fabrication of the blocks. In addi-
tion, the property values change if some binder or additive is included in the
composition of bricks or mortar. Results of tests performed at two universities are
described as follows showing the variation that can occur in terms of the material
properties and mechanical behaviour of the adobe masonry.

4.1 Tests on Adobe Walls

4.1.1 Tests Performed at Aveiro University

A series of tests on 10 adobe masonry walls was developed at the Civil
Engineering Department of Aveiro University. The adobe walls presented dimen-
sions of 1.26 x 1.26 x 0.29 m? and were built using adobe blocks from a dem-
olition in Aveiro region and lime mortar formulated in the laboratory with a
composition similar to the traditionally used [9].

Tests were performed according to the recommendations of ASTM E519 [20] and
EN 1052-1 [21]. Five walls were tested in diagonal compression and the other 5 walls
were tested in compression perpendicular to the horizontal joints. Tests were per-
formed in a closed reaction frame using a servo-hydraulic actuator with a maximum
load capacity of 300 kN to impose the displacements on the walls. The deformations
1 th a set of displacement potentiometers.
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The adobe blocks used presented mean dimensions of 46 x 32 x 12 cm?, spe-
cific weight of approximately 15 kN/m?3, mean compressive strength of 0.56 MPa and
mean tensile strength of 0.13 MPa. A detailed analysis and discussion on the mechan-
ical properties of the adobe blocks from the region of Aveiro can be found in [22-24].

Mean shear strength of 0.026 MPa and mean modulus of rigidity (shear modu-
lus) of 40 MPa were obtained in the diagonal compression tests. The results in
terms of stress versus deformation measured in both directions (vertical and hori-
zontal) during the test are presented in Fig. 12.

The other five walls were tested in compression perpendicular to the horizontal
joints. The scheme of the test and the distribution of instrumentation are presented
in Fig. 13. From the tests, a mean compressive strength of 0.33 MPa and a mean
modulus of elasticity of 664 MPa were obtained.

4.1.2 Tests Performed at the Catholic University of Peru

For the evaluation of the tensile strength, 10 square wallets of 0.6 x 0.6 x 0.2 m3
were built using 0.2 x 0.40 x 0.08 m> adobe bricks, which imply 6 layers of 1 ¥4
adobe bricks [25]. The load was applied at two opposite corners of each wallet.
Instrumentation to measure the diagonal deformations was applied in each adobe
panel, and was used to compute the shear modulus. For a second group of tests
[26], 7 panels were built and tested. More precise equipment for load application
and to read deformations was used. From all the tests, the mean maximum shear
strength stress was 0.026 MPa and the mean modulus of rigidity was 39.8 MPa,
similar to the values reported by Aveiro University.

For the evaluation of the compressive strength of adobe prisms, a total of
120 samples were built by Blondet and Vargas [25] and Vargas and Ottazzi [26].
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Fig. 13 Perpendicular compression tests

Specimens presented different slenderness ratios (thickness:height): 1:1, 1:1.5, 1:2,
1:3, 1:4 and 1:5. The adobe bricks had dimensions of 0.20 x 0.40 x 0.08 m3, and
were laid on top of each other with mortar in between: 89 specimens were built
with mud mortar and 31 with a combination of cement, gypsum and mud mortar.
Only the tests on adobe prisms built with mud mortar are reported here. The
irregularity of the top surface of each prism was corrected by adding a cement/
sand mortar. Two steel plates of 0.20 x 0.40 x 0.02 m? were placed at both ends
of each pile and were loaded axially. The axial load was applied perpendicularly to
the joints with 2.45 kN increments until failure of the specimen. The test was force
controlled. The axial deformation was measured in each prism tested. In all cases,
the observed failure was brittle, and cracks did not follow a common pattern. As a
preliminary conclusion it was established that the compression strength for prisms
of slenderness 1:4 is between 0.80 and 1.20 MPa, depending on the specimen’s
age. The modulus of elasticity computed from full adobe wall tests was 170 MPa.

5 Tests on Full-scale Structures

5.1 Double-T wall Tested at Catholic University of Peru

Blondet et al. [27] camed out a dlsplacement controlled cyclic test (pseudo static
push—p N a al adobe atgthe Catholic University of Peru. With the
lic response of the wall and the damage



50 H. Varum et al.

pattern evolution caused by in-plane forces. The wall presented a double-T shape
in-plan view (Fig. 14a), and the main longitudinal wall (with a central win-
dow opening) was 3.06 m long, 1.93 m high and 0.30 m thick. The structure also
included two 2.48 m long transverse walls that were intended to: (a) simulate the
influence of the connection between transversal walls found in typical buildings;
(b) avoid rocking due to in-plane actions. The specimen was built on a reinforced
concrete continuous foundation beam. A reinforced concrete beam was built at the
top of the adobe wall to provide gravity loads corresponding to a roof composed
of wooden beams, canes, straw, mud and corrugated zinc sheet. The top beam also
ensures a more uniform distribution of the horizontal forces applied to the wall.
The window lintel was made of wood. The horizontal load was applied in a series
of increasing load cycles. Loads and displacements were applied slowly in order
to avoid dynamic effects. Each displacement cycle was repeated twice. During the
test, the cracks started at the windows’ corners and advanced diagonally up to the
top and down to the base of the wall. During reversal loads, the cracks generated the
typical X-shape crack due to in-plane forces. Figure 14b shows the crack patterns
that settled in the adobe wall during the tests. Considering, as control displacement,
the lateral displacement at the base of the top beam, the cracks observed after two
consecutive cycles for the displacement levels of 1, 2, 5 and 10 mm are marked in

Force (kN)

=60

Displacement (mm)
(©

Fig. 14 Cyclic test carried out on a double-T wall [27]. a Tested wall. b Damage pattern evolu-

on a double-T wall [27
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Fig. 14b. After an imposed displacement of 10 mm at the top of the wall, it was
observed sliding of the adobe wall panels, as can be interpreted from Fig. 14c.

5.2 Dynamic Tests on Adobe Modules

A dynamic test analyses the response and the damage pattern evolution of adobe
masonry structures when subjected to seismic actions. The unidirectional dynamic
test was performed on an adobe module built on a reinforced concrete ring beam
to simplify the anchorage of the specimen to the unidirectional shaking-table [3].
With this module it was intended to represent a typical Peruvian adobe construc-
tion located at the coast. The total weight (module + foundation) was approxi-
mately 135 kN. The weight of the concrete beam was 30 kN. The adobe bricks
and the mud mortar used for the construction of the module had a soil/coarse sand/
straw volume proportion of 5/1/1 and 3/1/1, respectively. The module consisted of
four walls 3.21 m long, identified as right, left, front and rear wall. The thickness
of the walls was 0.25 m, except for the right wall which had a thickness of 0.28 m
because it was plastered with mud stucco (Fig. 15).

The adobe module was subjected to three levels of unidirectional displace-
ment signals, which were scaled to present maximum displacements ate the base

b Wall s i Wall N A
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Fig. 15 Adobe module tested on PUCP shaking-table. a Plan dimentions. b 3D view
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Fig. 16 Displacement input used in Phase 2 and scaled to present maximum amplitude of
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of 30 (Phase 1), 80 (Phase 2, Fig. 16) and 120 mm (Phase 3), to comparatively
represent the effects of a frequent, moderate and severe earthquake. The input
signals were scaled from an acceleration record of the Peruvian earthquake
occurred in 1970.

At the end of Phase 1 and during Phase 2 typical vertical cracks appeared at the
walls intersections causing the separation of the walls (Fig. 17), as typically occurs
during moderate ground motions. Subsequently, X-shape cracks appeared at the
longitudinal walls, and cracks appeared at the transverse walls due to horizontal
and vertical bending. The anchorage of the steel nails that connected the wooden
beams to the walls was lost during the movement, and as a result the roof was sup-
ported by the walls just through its own weight and friction. Major damage was
observed at the end of Phase 2 and total collapse was observed during Phase 3.

Fig. 17 Views of the adobe module during and after the dynamic test [3]. a Adobe odue after

Phase 2. ¢ Adobe modue after Phase 3
L4
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Wall W, which was itself broken more or less into 3 big blocks (typical of walls
supported only by three sides), presented a rocking behaviour due to out-of-plane
actions. During Phase 3, with a maximum displacement at the base of 130 mm,
the walls perpendicular to the movement (walls W and E) fell down at the begin-
ning of the input signal, while the parallel walls S and N were completely cracked
(Fig. 17). As the roof was supported by the lateral walls, it did not collapse. The
formation of vertical cracks caused the separation of walls, allowing them to move
independently.

5.3 Double-T wall Tested at Aveiro University

With the objective of conducting a thorough evaluation of the performance of
adobe structures with and without seismic retrofit, an experimental study with a
double-T wall was carried out at Aveiro University. A full-scale adobe wall was
built in the Civil Engineering Laboratory using adobe blocks from a demolition
in Aveiro region. A series of pseudo-static cyclic in-plane tests was carried out on
the wall in order to evaluate and characterize the existing adobe construction in
the region.

With the intention of considering the influence of adjacent walls, the wall
was built in the shape of double-T in-plan view (Fig. 18a). The real-scale adobe
wall presented the following dimensions: height of 3.07 m, length of 3.5 m and
mean thickness of 0.32 m. The adobe blocks used in the construction of the
wall presented mean dimensions of 24 x 44 x 12 cm?, specific weight (approx-
imately) 15 kN/m3, mean compressive strength of 0.42 MPa, and mean tensile
of 0.14 MPa.

A vertical uniform load was added at the top of the wall through an equivalent
mass of 20 kN to simulate the common dead and live loads on typical adobe con-
structions. A cyclic horizontal demand of increasing amplitude was applied 2.5 m
above the base of the wall, until failure.

(a) (b)

Fig. 18 Cyclic test on the double-T wall. a 3D View of the idealized adobe wall. b Final damage
igi Fi of the strengthened wall
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From the cyclic tests, the maximum lateral force obtained was 58.14 kN, with
a corresponding shear strength capacity of 57.28 kPa and a maximum drift of
0.61 %.

After the first cycle, the wall’s strength registered a strong decrease, with an
important stiffness reduction. The failure mode was fragile, as expected for adobe
constructions. An important factor for the decrease in the strength of a masonry
wall is the strength capacity of the bond between the mortar and the adobe blocks.
The initial development of cracks is mainly in the diagonal direction (Fig. 18b)
[28, 29].

After the first experimental test series, the wall was repaired by pressure injec-
tion of a hydraulic lime gum into the cracks. Afterwards, the original plaster was
removed, and a synthetic mesh was applied on the surface of the wall. The mesh
was fixed to the wall with PVC angle pins and angle profiles, using highly resist-
ant nylon thread on all concave vertices of the wall [28].

After repairing and retrofitting, the strengthened wall was tested using the same
test procedure described for the original (non-strengthened) wall.

In the second test, the maximum shear strength of the wall was approximately
70.69 kPa with a corresponding force of 71.75 kN. The shear strength obtained for
1 % drift was approximately 45 kPa (70 % of its maximum shear strength) and the
maximum imposed deformation was 1.6 % with a corresponding displacement of
45 mm. During the first cycles the wall response was almost linear, even though
some small cracking occurred (Fig. 18b).

In order to evaluate the efficiency of the retrofit solution, a stress-drift plot was
built with the results obtained in the two tests conducted on the original and retro-
fitted wall. With this plot it is possible to compare the wall responses before and
after strengthening.

After repair and strengthening, the stiffness of the wall improved becom-
ing very close to the stiffness of the original wall. The maximum resistant shear
capacity of the wall increased 23.43 % after retrofit and the maximum deformation
tripled.

The fragility of the wall post peak force decreased, and the ductility and energy
deformation capacity increased. In consecutive cycles, a lower degradation of
strength was observed.

The efficiency of the repairing and strengthening measures conducted on the
wall was also evaluated by the observation of the values of the natural frequency
of the wall before testing, in the original state of the wall and after reinforcement
(Fig. 19b) [30].

By analysing the values obtained for the first frequency of the wall before
and after retrofitting, it is clear that the rehabilitation process restored the origi-
nal stiffness corresponding to the undamaged wall. The first frequency displayed
in the graph corresponds to the wall before the beginning of the cyclic tests. The
response of the retrofitted wall presented a smoother decrease of stiffness and con-
sequently of natural frequency. Hence, it is possible to conclude that the repairing
and strengthening measures performed are beneficial to the behaviour of the wall
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Fig. 19 Comparative results obtained in the test performed on the original and strengthened
wall. a Comparative response of the original and strengthened adobe wall (stress versus drift).
b First natural frequency evolution of the original and strengthened adobe wall

These significant improvements suggest that this solution can be used effi-
ciently by construction and rehabilitation companies in the preservation and
strengthening of existing adobe structures.

6 Numerical Modelling: Actual Knowledge and Needs
for Research

6.1 Introduction

Masonry is a composite material made of bricks and mortar joints, each of the con-
stituents with its own material properties. The level of accuracy in the numerical
models strongly depends on the knowledge of the material properties (e.g. constitu-
tive laws, isotropic or orthotropic behaviour, etc.), on the type of analyses conducted
(e.g. linear, nonlinear), on the model used (e.g. shell elements, brick elements),
and on the solution scheme adopted (e.g. implicit or explicit). Since adobe mate-
rial is almost brittle, elastic analysis can give only information on the first cracking
zones and not on the cracking process and cracking developing. In order to properly
describe the seismic behaviour it is necessary to conduct nonlinear analyses.

The description of the nonlinear behaviour of adobe masonry is more com-
plex than in the case of other materials (e.g. reinforced concrete, steel). The non-
homogeneous nature and variability of the material, the lack of information on
the constituent material properties and the numerical convergence problems due
to brittle behaviour are challenges that need to be overcome to properly analyse
this material.

In addition, the cracking pattern observed in adobe walls subjected to hori-
zontal loading is quite complex and difficult to predict. Generally, the mortar is
weaker and softer than the bricks and therefore cracking tends to follow the mortar
joints (Fig. 20a). However, sometimes failure of masonry may involve crushing
and tensile fracturing of masonry units [31], in particular in adobe walls where the
1 i the bricks.
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Fig. 20 Typical crack patterns in adobe masonry walls. a Stair crack shape (concentrated on
mortar). b Vertical crack (fracture of bricks)

Detailed modelling of the masonry components, describing constituents sepa-
rately, or modelling masonry as an equivalent and homogenous material are two
possible options. Simplification by considering a homogeneous isotropic material
for adobe is acceptable since adobe bricks and mortar are made of the same mate-
rial, raw earth, and with the same binder when it is used.

6.2 Numerical Methods for Nonlinear Analysis of Adobe
Structures

Numerical analysis of unreinforced masonry structures (URM) can be performed
using different methods, such as: limit analysis, finite element method, discrete ele-
ment method, amongst others [32-35]. Simplified approaches consist of idealizing
the structure through an equivalent frame where each wall is discretized by a set of
masonry panels where the nonlinear response is concentrated at the pier and span-
drels [36—40]). In all cases the nonlinear information of the adobe material is impor-
tant to describe properly the material behaviour. Each of the mentioned methods has
advantages and disadvantages, and the analyst should adapt any of these methods
according to his experience and expertise, computational facility available and data
information. In the following sections some relevant methods are described.

6.3 Finite Elements Method

Following the finite element method, the analysis of masonry structures (e.g. clay
brick, adobe, stone, etc.) can be classified according to the level of accuracy [33],
Fig. 21:

e Detailed micro- modelhng Brlcks and mortar joints are represented by contin-
eleme e ardinterface is represented by discontinuous
is level of refinement is computationally
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Fig. 21 Modelling strategies for masonry structures within a finite element approach [33].
a Masonry sample. b Detailed micro-modelling. ¢ Simplified micro-modelling. d Macro-modelling

intensive and requires a well-documented representation of the properties (elas-
tic and inelastic) of the constituents;

e Simplified micro-modelling: Bricks are represented by continuum elements, where
the behaviour of the mortar joints and unit-mortar interface is lumped in discontinu-
ous elements [34, 45-47]. This approach can be compared with the discrete element
method, originally proposed by Cundall [48] in the area of rock mechanics, where a
special procedure is used for contact detection and contact force evaluation [46];

e Macro-modelling or continuum mechanics finite element: Bricks, mortar and
unit-mortar interface are smeared out in the continuum and masonry is treated
as a homogeneous isotropic/orthotropic material. This methodology is relatively
less time consuming than the previous ones, but still complex because of the
brittle material behaviour.

The first two approaches are computationally intensive for the analysis of large
masonry structures, but they accurately describe the behaviour of adobe and are an
important research tool in comparison with the costly and often time-consuming
laboratory testing. The third approach is faster than the previous ones and, in the
case of adobe structures, does not significantly reduce the accuracy of the results.
In the case of macro modelling, the selection of the nonlinear model used to rep-
resent the soil behaviour is very important to achieve accurate results (e.g. Mohr—
Coulomb model, Drucker-Prager model, Concrete Damage Plasticity model,
Smeared Cracking model, amongst others).

6.4 Discrete Elements Method

In the discrete element method the masonry structure is represented by an assem-
b S h special nonlinea haviour at their boundaries (e.g. mor-
a micro-scale level. This methodology
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Fig. 22 Modelling of an unreinforced masonry structure (left) and a vaulted wall (right) within a
discrete element approach [49]
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Fig. 23 Modelling strategies for masonry structures based on macro-elements [36]. a Modelling
with FEM. b Modelling with the equivalent approach

allows the representation of large movements and complete block separation with
results in changes in the structural geometry and connectivity as seen in Fig. 22.
The algorithm recognizes new contact zones between the bodies (blocks, units,
particles) as the analysis progresses [35]. As it is usual in a micro-scale model, the
computational effort is demanding for the analysis of real adobe masonry structures.
Normally, an explicit solution procedure is selected for the non-linear analyses.

6.5 Approaches Based on Macro-models

In the equivalent approach the masonry walls are modelled in a macro-scale level.
This is a simplified method which can be used to evaluate the global strength of
the building. Each masonry wall is represented by pier elements, spandrel beam
elements and joint rigid elements (one-dimensional beam-column elements), as
seen in F1g 23. The piers are the principal vertical and horizontal seismic resist-

----- y ple the piers in case of seismic loading.
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The effective height of the pier should be able to represent well the non-linear
behaviour of the panel. Nonlinear force-drift relationships represent the damage
in the masonry panels due to flexion, shear and sliding. This equivalent approach
is more accurate when the masonry walls are well connected by horizontal floors
(not necessarily rigid floors) and the openings have a regular vertical distribution
[40]. It is assumed that the global building response is more influenced by the
in-plane response than the out-of-plane response of the walls. The out-of-plane is
evaluated locally or it can be indirectly measured by the drift at roof level.

Each of the previous methodologies uses algorithm to compute the equilibrium
at each step of the analysis. Those are called solution schemes and are divided into
implicit and explicit procedures as it is explained in the next section.

6.6 Solution Schemes for Nonlinear Material Behaviour:
Implicit and Explicit

One of the important issues in solving the nonlinear response of structures is the
type of solution schemes used to indirectly evaluate the equilibrium of the system
and the accuracy of the results. The solution of the problem is found by checking the
convergence or the non-divergence of the structures under the application of incre-
mental loading (force or displacement). There are two schemes: implicit and explicit.

6.6.1 Implicit

An implicit analysis is an iterative procedure used for checking the equilibrium in
terms of internal and external forces of the system at each time step. This analysis
implies the solution of a group of non-linear equations from time 7 to time ¢ + dt
based on information of ¢ + dt. For example, if Y(¢) is the current system state and
Y(t + dr) is the state at the later time, so the Eq. (1) should be solved to find Y(r 4 d).

GY@®,Y(t+d)) =0 (D

Amongst the different solution procedures used in the implicit finite element
solvers, the Newton—Raphson solution is the faster intended for solving non-linear
problems under force control. The convergence is measured by ensuring that the
difference between external and internal forces, displacement increment and dis-
placement correction are sufficiently small.

6.6.2 Explicit

Explicit solution was originally created to analyse high-speed dynamic events and
models with fast material degradatlon (such as almost-brittle materials), which
may cause COnverg p em henganalysed with implicit procedures. The
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explicit method solves the state of a finite element model at time 7 + df exclusively
based on information at time ¢ (Eq. 2). It implies no iterative procedure and no
evaluation of the tangent stiffness matrix, which results in advantages comparing
with the implicit procedure.

Y (t|dt) = F (Y (1)) (2)

Here, the movement equations are integrated using the central difference inte-
gration rule, which is conditionally stable (this means the necessity of a small time
increment). The stability limit for this integration rule is normally smaller than the
Newton—Raphson procedure. The explicit stability limit is the time that an elastic
wave spends to cross the smallest shell element dimension in the model.

6.6.3 Particular Aspects for the Modelling of Adobe Structures

In the case of adopting implicit solutions when analysing complex problems of
brittle materials, such as adobe masonry, the algorithms to evaluate the nonlin-
ear dynamic response may face convergence problems. In such cases, an explicit
solution procedure could be used. The explicit modelling strategies can provide a
robust method for large nonlinear problems. However, the accuracy of the model
must be controlled, for example, by the crack pattern evolution and by the quanti-
fication of the energy (e.g. internal energy, external energy, etc.).

Normally, a non-linear analysis within an explicit scheme needs more running
time that an analysis within the implicit one. This is because the time step for the
explicit method should be small to avoid divergence in the results.

In addition, when dealing with quasi-static problems, like in pushover analyses,
with an explicit scheme, the inertial forces should be reduced as much as possible.
This procedure is not straight forward and some assumptions, like mass scaling,
should be applied to the model. In this case (pseudo-static analyses), an implicit
scheme could be more convenient for obtaining preliminary results of the numeri-
cal models [50].

7 Seismic Vulnerability Assessment of Adobe Constructions

7.1 Earthquake Loss Estimation

Earthquake loss estimation is considered one of the important components of dis-
aster management programmes. In Chap. 1 this topic is addressed in more detail
and in this section are just briefly introduced the general concepts and the results
of recent research on earthquake loss estimation of adobe constructions. Loss
estimation models can be used by the experts in the insurance industry, emer-

planning and seismic code drafting committees [51]. The studies aimed at
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determining losses are based on earthquake risk, which is a product of hazard and
vulnerability. Hazard refers to the probability of earthquake occurrence at a place
within a specified time period, whereas seismic vulnerability refers to the potential
damage of elements at risk. The elements at risk include buildings, infrastructures,
people, services, processes, organisations, etc. [52]. For building infrastructure,
vulnerability is expressed as expected damages to structures during ground shak-
ing. The loss estimation studies can be carried out using either scenario studies or
probabilistic analysis.

7.2 Seismic Hazard Analysis

Hazard is described in terms of a ground motion parameter such as peak ground
displacement (PGD), peak ground acceleration (PGA), spectral displacement (Sd)
and earthquake macroseismic intensity. The selection of a suitable parameter is
dependent on the type of vulnerability analysis [53]. There are two approaches
for carrying out a seismic hazard analysis: deterministic seismic hazard analysis
(DSHA) and probabilistic seismic hazard analysis (PSHA). The size and location
of the earthquake is assumed to remain unchanged in DSHA and the hazard evalu-
ation is based on a particular seismic scenario. On the other hand, PSHA allows
considering uncertainties in the size, location and rate of occurrence of earth-
quakes and variation in the ground motion due to these factors. Nevertheless, iden-
tification and characterisation of potential earthquake sources, which are capable
of producing significant ground motion at a site, are common elements in both
approaches. The characterisation of a source includes its location, geometry and
earthquake potential. The determination of earthquake size on macroseismic inten-
sity scale is based on human observations which are made during an earthquake
regarding the damage of natural and built environment [54]. Different macroseis-
mic scales are employed, such as, Modified Mercalli Intensity (MMI), European
Macroseismic Scale (EMS-98) [55], parameter scale of seismic intensity (PSI
scale) [56], etc. These provide a qualitative assessment of the effects of earth-
quakes on the building taxonomy, at a particular location.

7.3 Seismic Vulnerability Analysis

Vulnerability assessment methods provide a relationship between the intensity of
ground shaking (hazard) and expected building damages in terms of mean dam-
age grade (\p). This relation is termed as vulnerability curve. The results obtained
from vulnerability curves can be extended to develop building fragility curves,
which provide an estimate of conditional probability of exceeding a damage state
of a building, or portfolio of buildings, under a given level of earthquake loading.
In probabilistic terms, fragility is a cumulative density function (CDF) which rep-
ili ildi ilding stock to failure [57].
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Vulnerability analysis can be carried out with the help of building inventory for
the area of interest. Different vulnerability assessment methods have been proposed
in the published technical literature. These can be divided into four categories:
empirical methods, judgement-based methods, mechanical methods and hybrid
techniques. Of these, the first two are qualitative whereas the last two are quantita-
tive methods. A brief description of these is given in the following paragraphs:

e Empirical Methods: These methods are based on the data of observed damage
which is collected from the post-earthquake field surveys. These are the oldest
seismic vulnerability assessment methods which were developed as a function
of macroseismic intensities [58]. Different empirical methods include damage
probability matrix (DPM) [59], vulnerability index [60], vulnerability curves
[61], continuous vulnerability functions [62], etc.

e Judgement-based Methods: These methods employ the information provided by
the earthquake engineering experts based on their judgement. The experts pro-
vide estimates of probability of damage likely to be experienced by different
structure types at several ground shaking intensities. A judgement-based method
was first employed by the Applied Technology Council (ATC) for California
and a summary of the method is available in ATC-13 [63].

e Mechanical Methods: Nonlinear numerical analyses of computer models of the
buildings are carried out for different intensity earthquakes. The information
on damage distribution obtained from the analyses is statistically analysed to
develop vulnerability curves. These methods are employed when the available
earthquake damage data is insufficient.

e Hybrid Techniques: Different researchers, e.g. [64-66], have employed hybrid
methods of seismic vulnerability assessment. The development of these is a
result of deficiencies in the aforementioned methods in carrying out damage
assessment, such as incomplete damage statistics from surveys, bias in the opin-
ion of experts, limitations of computer models, etc. The development of fragility
curves in hybrid methods is based on the combination of several damage predic-
tion methods.

The empirical and judgement-based methods are suitable for a set of buildings
whereas mechanical and hybrid methods are employed for individual building
analysis.

7.4 Vulnerability Assessment of Adobe Buildings

Various approaches have been employed by researchers in the vulnerability assess-
ment of adobe structures. Owing to the nonstandard nature of adobe materials and
differences in construction practices these studies are region specific and results
present significant variability.

Giovinazzi and Lagomarsino [67] developed a method for carrying out a mac-
ismi ili ilding infrastructures in a given area. The
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seismic hazard for this method can be described using EMS-98 [55] or any other
macroseismic intensity scale. In addition, the method can be employed either with
the field survey data or with statistically obtained data which varies in origin and
quality as compared to Europe. The method is based on determining vulnerability
index (V) and ductility index (Q). The former is a measure of the ability of a build-
ing/building stock to resist lateral seismic loading. The higher is the value of V, the
lower the building resistance and vice versa. The ductility index describes the duc-
tility of a building/building stock and controls the rate of increase in the damage
with earthquake demand level. The distribution of building damage is represented
using beta distribution. For a continuous variable x, which ranges between a and
b, the shape of distribution is controlled by the beta-distribution parameters desig-
nated as ¢ and r. The values of a and b are taken as 0 and 6, respectively. The mean
value of x (11,) can be related to up through a third degree polynomial (Eq. 3).

e = 0.0423) —0.315u% + 1.725up 3)

The distribution parameters ¢ and r are correlated with up, as given in Eq. (4):

r=1(0.007u3) — 0.0525143 + 0.287up €))

An analytical expression was obtained by [67], based on probability and fuzzy set
theory, that relates up with V and Q (Eq. 4).

I +625V — 13.1)]

5
0 )

up = |:1 + tanh (
A good agreement between pup calculated from Eq. (5), and the observed dam-
age data was found. The values of V, Q and ¢ came out to be 0.84, 2.3 and 6,
respectively, for the European adobe buildings. Figure 24 illustrates vulnerability
curves for adobe buildings in Europe. It is noted in Fig. 24 that the building vul-
nerability increases rapidly at lower intensity levels, as compared to higher levels.
Figure 25 presents probability of exceedance of damage to adobe buildings versus
macroseismic intensity. These are developed using the method described above for
damage grades given by EMS-98. These damage grades are: D1 = slight dam-
age; D2 = moderate damage; D3 = heavy damage; D4 = very heavy damage and
D5 = total collapse. It is noted in Fig. 25 that a small percentage of buildings face
the risk of collapse up to an intensity of VIIL. This percentage rises above 90 % at
an intensity of XII.

Demircioglu [68] employed a macroseismic approach for carrying out seis-
mic risk studies of building typologies in Turkey. Adobe buildings were part of
the building typologies and were included in this analysis. Damage states for the
buildings were selected as defined by EMS-98 [55]. The vulnerability assessment
methods proposed by Giovinazzi and Lagomarsino [67] and Modified KOERI
[69] were employed. The latter is based on the vulnerability relationships sug-
results from both the employed models
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Fig. 25 Fragility curves for adobe buildings in Europe [53]

were compared with the observed earthquake damage data and a good agreement
between them was found. Table 1 shows the results of V, Q and #, as obtained from
the two models for adobe buildings in Turkey.

Omidvar et al. [70] conducted vulnerability analysis for Iranian building typol-
ogies which included adobe construction. DPM of all the building types were
developed based on the observed damage data from the Bam earthquake in 2003.
The macroseismic method, as suggested by Giovinazzi [67], was employed. The
results indicated that adobe building damage was initiated at an earthquake inten-
ity © on-EMS-98 intensity-scales The vulnerability index (V) for adobe
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Table 1 Comparison of parameters for vulnerability assessment models [68]
Modified KOERI method [69] Giovinazzi and Lagomarsino method [67]

Adobe building V 0 t \4 0 t
Low rise 0.6 2.3 4 0.84 2.3 6
Mid rise 0.6 2.3 4 0.84 2.3 6
High rise 0.6 2.3 4 0.84 2.3 6
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Fig. 26 Fragility curves for in-plane adobe behaviour [72]

buildings in Iran came out to be 0.9. The results co-related well with those pre-
sented by JICA [71] for adobe buildings in Tehran on the basis of Manjil earth-
quake in 1990.

Tarque [72] carried out a seismic risk analysis of adobe buildings in Cusco
(Peru) which considered both the in-plane and out-of-plane adobe wall behaviour.
Displacement response spectra of Cusco for different earthquake return periods
were obtained using PSHA. These were employed to determine the demand for
adobe structures. The capacities of the buildings were calculated for different limit
states (LS) in terms of displacement capacity and period of vibration (mechani-
cal displacement based procedures). The probabilities of failure for the employed
return periods were calculated by comparing the capacity with the demand.
Fragility curves were plotted for conditional seismic risk analysis. These relate
failure probability in each limit state, as a function PGA (and its associated return
period) for both in-plane and out-of-plane behaviour. For the unconditional analy-
sis, all the ground motions with their return periods were considered for a specified
time window, up to 100 years. The results of fragility curves indicated that 77 %
of adobe buildings will have in-plane failure and 75 % buildings will develop wide
cracks at the wall junction due to out-of-plane wall bending at a PGA of 0.18 g
Wthh is recommended by the Adobe Peruvian Code for Cusco region. Figure 26

ates g esbehaviour at different limit states.
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8 Strengthening and Retrofitting Solutions

Walls are the fundamental structural elements in earthen buildings. Earthquakes
cause the sudden formation of cracks in the adobe walls at the beginning of any
ground motion. Adequate seismic reinforcement solutions are needed to assure the
safety of adobe construction by controlling the displacements of cracked walls.
Furthermore, due to the fact that the large majority of adobe dwellings are located
in developing countries, the implementation of low-cost seismic strengthening
solutions using widely available materials is desirable.

Several studies to achieve this goal have been conducted [2, 27]. The main
objectives of the developed strengthening or reinforcement schemes are to assure
a proper connection between construction elements and to reach overall stability.

One simple and effective method for structural rehabilitation of adobe struc-
tures in general and also valuable for seismic retrofit is the injection of grouts into
the cracks existing on the constructions [73]. Other traditional techniques used to
repair cracks in adobe constructions can be very disturbing and intrusive when
compared to grout injection. This could be, however, a non-reversible technique,
which can originate durability and compatibility problems if non-suitable mate-
rials are chosen to compose the grout, particularly for earthen structures [74].
Earthen grouts could be good enough to get a restitution of the low tensile strength
of earthen construction.

The improvement of the mechanical behaviour requires a fluid grout with very
good penetrability and bonding properties, while durability requires the develop-
ment of a microstructure as close as possible to the microstructure of the existing
materials. Currently, a design methodology for grout injection of earthen construc-
tions is under study [75], which could represent an important step forward in the
repair of these structures. However, mechanical injection techniques are not yet
totally developed.

Regarding seismic retrofit, grout injection must be complemented with other
techniques that could increase ductility to dissipate seismic energy. From several
possible solutions, the following are mentioned: cane or timber internal reinforce-
ments, cane external reinforcement, reinforced concrete as internal reinforcement
and synthetic mesh strengthening systems.

8.1 Cane or Timber Internal Reinforcements

This type of reinforcement consists of placing an internal grid, with vertical and
horizontal elements, able to bond efficiently with the structure, improving its
seismic performance (see example in Fig. 27). The vertical elements should be
conveniently anchored to the foundation and to a ring beam on top of the walls.
The spacmg of the vertical or horizontal elements should be such to provide an

ctionytonthesstructuressBamboo canes or eucalypt dry timber is
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Fig. 27 Internal cane mesh
reinforcement [77]

recommended for these reinforcements [76, 77]. It should be noted that this type
of reinforcement can only be done in new constructions.

The placement of the horizontal layers should be carefully carried out, as
these can become weak points, which, under seismic forces, can cause horizon-
tal cracks. For adobe structures, in order to provide an effective bonding, mortar
thickness between two rows of adobe blocks, with reinforcement in between, can
become larger than desirable [78]. Laboratory tests proved that high thickness
mortars correspond to lower wall masonry strength.

Full-scale shaking table tests were conducted with adobe houses using this kind
of reinforcement, demonstrating a good response to save lives [79]. The model
reinforced with an internal cane mesh suffered significant damage, but did not col-
lapse. A major restraint in using this strengthening solution is the fact that cane or
adequate timber is not available in all seismic regions.

8.2 Cane External Reinforcement

For repair or seismic retrofit of existing structures, an external reinforcement using
a grid of canes and ropes can be a good solution. Canes are placed vertically and
externally to the wall, on both sides, inside and outside. Ropes are then positioned
horizontally tying the vertical canes along the walls and involving the structure.
Different rows of horizontal ropes are placed along the height of the wall with a
spacing of 30—40 cm. In order to connect the two grids—outside and inside grids—
and thus confine the earthen structure, small extension lines are placed connecting
the two grids, crossing the wall from one side to another through holes, made at
each 30—40 cm. This reinforcement grid can then be covered with plaster for ade-
ishi idi ime more confinement to the earth structure.
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Fig. 28 External cane-rope
mesh reinforcement [80]

Figure 28 shows an example of this type of reinforcement applied to a real-scale
model tested at the PUCP, where only part of the structure was covered with plaster.

The main limitation of this type of reinforcement is the fact that a great quan-
tity of cane is required. As cane is not available in all regions, industrial material
must be studied and tested.

8.3 Reinforced Concrete Elements as Reinforcement

This technique consists of building first the adobe walls with gaps in the cor-
ners, or connections with other walls to be filled by concrete. Steel bars are then
placed and the concrete is poured in order to form a confined system with columns
and collar beam. This solution is rather expensive, conducting to a high stiffness
system with low ductility [78]. Furthermore, important collapses in earthen con-
struction with reinforced concrete elements were reported, implying that this can
be an inadequate reinforcement solution, though more studies on the subject are
required. Figure 29 shows examples of collapses after reinforcement actions using
concrete: Tarapacd Cathedral, Iquique earthquake, 2005, Chile, and San Luis de
Caiiete Church, Pisco earthquake, 2007, Peru. In Tarapaca Cathedral, the bending
of the reinforced concrete beam destroyed completely the main adobe wall with
1.30 m of thickness. In San Luis de Caifiete Church, the reinforced concrete frames
changed the global behaviour of the structure, creating discontinuities, and the
adobe walls overturned during the earthquake.

8.4 Synthetic Mesh Strengthening Solutions

Reinforcement solutions with synthetic meshes (geogrids) involving the walls
e-bee ie este ing.its applicability, simplicity and efficiency.
. In Figueiredo et al. [28] and Oliveira
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Fig. 29 Examples of collapses after reinforcement using concrete. a Tarapacd Cathedral, Chile,
2005 (courtesy: Chesta J.). b San Luis de Cafiete Church, Peru, 2007 [81]

Fig. 30 Synthetic meshes used in adobe structures strengthening. a Double-T adobe wall [82].
b Adobe module [83]

et al. [82], is described a test performed in a real-scale adobe wall with and
without reinforcement and the results of both tests were compared. The solu-
tion for filling the wall cracks (injection of hydraulic lime grout) combined with
the strengthening solution (synthetic mesh incorporated in the plaster) proved to
be very effective. Figure 31 shows the comparison between the results obtained
for the original wall and the strengthened wall. The tests on the retrofitted wall
demonstrated that the lateral strength increased slightly, and the ductility and the
energy dissipation capacity improved significantly. The wall was able to recover
its initial stiffness.

In Blondet et al. [3], several similar full-scale adobe housing models with
different density and types of synthetic mesh were tested in a shaking-table.
The results showed that the damage decreased as the amount of synthetic mesh
placed involving the walls increased. In Vargas et al. [81], the use of geogrid
in adobe constructions is extensively explained, with comprehensible details
i ith the objective of improving seismic
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Fig. 31 Horizontal force
versus lateral displacement
for the original and
strengthened walls [82]

Force (KN)

— Original wall

e Strengthened wall

The use of synthetic mesh bands involving the adobe walls and covered with
mortar is also possible. The mesh is placed in horizontal and vertical strips, fol-
lowing a layout similar to that of beams and columns. This solution is able to pro-
vide additional strength to the structure, though the failure mode observed was
brittle and dangerous. The use of cement also makes this an expensive solution.

9 Final Comments

The adobe bricks are basically composed of farm soil mixed with other materials,
like straw or lime, depending on the soil characteristics. The bricks are sun-dried
and the building construction process passed from generation to generation, in a
learning by doing process. In comparison to other building materials, as reinforced
concrete, the adobe is costless, for this reason it is massively used by families with
low-incomes, without paying adequate attention on the structural safety and rein-
forcement issues [84]. In many regions of the World, vernacular buildings have
thickness of around 0.30 m, which may influences on the stability of walls due to
their pronounced slenderness.

Adobe is classified as a brittle material with a fragile behaviour, in particular
when subjected to horizontal forces, like those induced by earthquakes. Adobe con-
structions are heavy, brittle and during earthquakes may attract large inertia forces
that lead to the collapse of the adobe constructions. Survey of damage and experi-
mental test results on adobe buildings subjected to earthquake demands reveals that
one of the most common failure mechanisms in these constructions is the over-
turning on the walls out-of-plane. For this reason, a simple improvement of the
diaphragm (roof) may stabilize and promote the “box behaviour” of the construc-
tion. In recent years, some solutions have been proposed and studied to improve
the seismic behaviour of adobe constructions, and some low-cost and easy to apply

i en i e i constructions as in Pisco (Peru).
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The results of tests and numerical models developed and calibrated allow for
a better understanding of the behaviour of adobes constructions under different
loading conditions, which may help in designing economical and sustainable reha-
bilitation and strengthening solutions for the existing constructions.

The rehabilitation and strengthening solutions studied by different research
groups showed to be efficient, as observed in their test results. It was concluded
that these techniques are affordable and easy to apply techniques to improve the
seismic behaviour of adobe masonry constructions.

The information given in this chapter pretends to summarize the actual knowl-
edge and research outputs on the structural behaviour of adobe buildings. It is
clear the need for further research in this field, and particularly for other types of
constructions, as monuments, to which the strengthening should provide seismic
capacity, but using non-intrusive solutions.

References

1. Houben, H., Guillard, H.: Earth Construction: a Comprehensive Guide. Practical Action,
London (1994)

2. Memari, A.M., Kauffman, A.: Review of existing seismic retrofit methodologies for adobe
dwellings and introduction of a new concept. In: Proceedings of SismoAdobe2005, Pontificia
Universidad Cat6lica del Perd, 15, Lima, Peru. (2005)

3. Blondet, M., Vargas, J., Veldsquez, J., Tarque, N.: Experimental study of synthetic mesh rein-
forcement of historical adobe buildings. In: Lourengo, P.B., Roca, P., Modena, C., Agrawal.
S. (eds) Proceedings of Structural Analysis of Historical Constructions, pp. 1-8, New Delhi,
India (2006)

4. Dowling, D.: Adobe housing in El Salvador: Earthquake performance and seismic improve-
ment. In: Rose, 1., Bommer, J.J., Lépez, D.L., Carr, M.J., Major, J.J. (eds) Geological Society
of America Special Papers, 281-300 (2004)

5. De Sensi, B.: Terracruda, la diffusione dell’architettura di terra. www.terracruda.com/architet
turadiffusione.htm (2003)

6. Lowman, P.D., Montgomery, B.C.: Preliminary determination of epicenters of 358,214
events between 1963 and 1998, (2008). http://denali.gsfc.nasa.gov/dtam/seismic/. Accessed
in June 2011

7. Fratini, E., Pecchioni, E., Rovero, L., Tonietti, U.: The earth in the architecture of the histori-
cal centre of Lamezia Terme (Italy): Characterization for restoration. Constr. Build. Mater.
53,509-516 (2011)

8. Fernandes, M., Portugal, M.V.: Atlantico versus Portugal Mediterraneo: Tipologias arqui-
tectonicas em terra. In: International Conference TerraBrasil 2006, Ouro Preto, Minas Gerais,
Brazil (2006)

9. Varum, H., Figueiredo, A., Silveira, D., Martins, T., Costa, A.: Outputs from the research
developed at the University of Aveiro regarding the mechanical characterization of existing
adobe constructions in Portugal—Informes de la Construccion, doi: 10.3989/ic.10.016, July—
Sept 2011, 63(523), 127-142 (2011)

10. Tavares, A., Costa, A., Varum, H.: Adobe and modernism in [Ihavo, Portugal. Int. J. Architect.
Heritage, Taylor & Francis, ISSN 1558-3058, Paper reference ID UARC-2011-0357.R1,
6(5), 525-541, doi: 10.1080/15583058.2011.590267 (2012)

11. Sandrolini, F., Franzoni, E., Varum, H., Niezabitowska, E.: Materials and technologies in Art

Nouveau architecture: Facade decoration cases in Italy, Portugal and Poland for a consistent

oLl Zyl_i.lbl



http://www.terracruda.com/architetturadiffusione.htm
http://www.terracruda.com/architetturadiffusione.htm
http://denali.gsfc.nasa.gov/dtam/seismic/
http://dx.doi.org/10.3989/ic.10.016
http://dx.doi.org/10.1080/15583058.2011.590267

72

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

H. Varum et al.

restoration—Informes de la Construccion, Instituto de Ciencias de la Construccién Eduardo
Torroja (IETcc), ISSN 0020-0883, doi 10.3989/ic.10.053, 63(524), 5-11 (2011)

Dell’ Acqua, A.C., Franzoni, E., Sandrolini, F., Varum, H.: Materials and techniques of Art
Nouveau architecture in Italy and Portugal: A first insight for an European route to consistent
restoration—International Journal for Restoration of Buildings and Monuments, Aedificatio
Verlag Publishers, ISSN 1864—7251 (print-version); ISSN 1864-7022 (online-version), 15(2),
129-143 (2009)

. Blondet, M., Villa-Garcia, G., Brzev S.: Earthquake-resistant construction of adobe build-

ings: In: Greene, M. (ed) A Tutorial, Report, EERI/IAEE world Housing Enciclopedy,
Okland, California, USA (2003)

INEI (National Institution for Statistics and Informatic): Census 2007: XI de Poblacién y VI
de Vivienda” Report. National Institute of Statistics and Informatics, Lima (2008)

Mousavi, S.E., Khosravifar, A., Bakhshi, A., Taheri, A., Bozorgnia, Y.: Structural typology
of traditional houses in iran based on their seismic behaviour.In: Proceedings of 8th U.S.
National Conference on Earthquake Engineering, (2006)

Baglioni, E., Fratini, F., Rovero, L.: The material utilised in the earthen buildings sited in the
Draa Valley (Morocco): Mineral and mechanical characteristics. 6ATP, 9SIACOT, (2010)
Ruano, A., Costa, A.G., Varum, H.: Study of the common pathologies in composite adobe
and reinforced concrete constructions. ASCE’s J. Perform. Constr. Facil. Am. Soc. Civil Eng.
doi 10.1061/(ASCE)CF.1943-5509.0000200, 26(4), 389-401 (2012)

Blondet, M., Vargas, J., Tarque, N.: Observed behaviour of earthen structures during
the Pisco earthquake (Peru). In: Proceedings of 14th World Conference on Earthquake
Engineering, Beijing, China (2008)

Webster, F., Tolles. L.: Earthquake damage to historic and older adobe buildings during
the 1994 Northridge, California Earthquake. In: Proceedings of 12th World Conference on
Earthquake Engineering, Auckland, New Zealand (2000)

ASTM E519/E519 M-10: Standard Test Method for Diagonal Tension (Shear) in Masonry
Assemblages. ASTM International, West Conshohocken (2010)

EN 1052-1: Methods of test for masonry—Part 1: Determination of compressive strength.
European Committee for Standardization (CEN), Brussels (1998)

Martins, T., Varum, H.: Adobe’s Mechanical Characterization in Ancient Constructions: The
Case of Aveiro’s Region—Materials Science Forum, Trans Tech Publications, Switzerland,
ISSN 0255-5476, vol. 514-516, pp. 1571-1575 (2006)

Silveira, D., Varum, H., Costa, A.: Influence of the testing procedures in the mechanical char-
acterization of adobe bricks. Constr. Build. Mater. J. doi 10.1016/j.conbuildmat.2012.11.058,
40, 719-728 (2013)

Silveira, D., Varum, H., Costa, A., Martins, T., Pereira, H., Almeida, J.: Mechanical proper-
ties of adobe bricks in ancient constructions—Construction & Building Materials, Elsevier,
Manuscript reference CONBUILDMAT-D-11-00604, doi 10.1016/j.conbuildmat.2011.08.046,
28, 3644 (2012)

Blondet, M., Vargas, J.: Investigacion sobre vivienda rural. Report, Division of Civil
Engineering, Pontificia Universidad Catélica del Perd, Lima, Peru (1978)

Vargas, J., Ottazzi, G.: Investigaciones en adobe. Report, Division of Civil Engineering,
Pontificia Universidad Catdlica del Perd, Lima, (1981)

Blondet, M., Madueiio, 1., Torrealva, D., Villa-Garcia, G., Ginocchio, F.: Using industrial
materials for the construction of safe adobe houses in seismic areas. In: Proceedings of Earth
Build 2005 Conference, Sydney, Australia, (2005)

Figueiredo, A., Varum, H., Costa, A., Silveira, D., Oliveira, C.: Seismic retrofitting solution
of an adobe masonry wall. Mater. Struct. RILEM, ISSN 1359-5997, doi 10.1617/s11527-
012-9895-1, 46(1-2), 203-219 (2013)

Tareco, H., Grangeia, C., Varum, H., Senos-Matias, M.: A high resolution GPR experiment to
characterize the internal structure of a damaged adobe wall. EAGE First Break 27(8), 79-84
(2009)



http://dx.doi.org/10.3989/ic.10.053
http://dx.doi.org/10.1061/(ASCE)CF.1943-5509.0000200
http://dx.doi.org/10.1016/j.conbuildmat.2012.11.058
http://dx.doi.org/10.1016/j.conbuildmat.2011.08.046
http://dx.doi.org/10.1617/s11527-012-9895-1
http://dx.doi.org/10.1617/s11527-012-9895-1

Structural Behaviour and Retrofitting of Adobe Masonry Buildings 73

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Antunes, P.,, Lima, H., Varum, H., André, P.: Optical fiber sensors for static and dynamic
health monitoring of civil engineering infrastructures abode wall case study. Measurement
45, 1695-1705 (2012)

Stavridis, A., Shing, P.B.: Finite Element Modeling of Nonlinear Behavior of Masonry-
Infilled RC Frames. J. Struct. Eng. ASCE 2010, 136(3), 285-296 (2010)

Kappos, A.J., Penelis, G.G., Drakopoulos, C.G.: Evaluation of simplified models for lateral
load analysis of unreinforced masonry buildings. J. Struct. Eng. 128(7), 890 (2002)
Lourenco, P.B.: Computational strategies for masonry structures. Ph.D. Thesis, Delft
University, Delft, The Netherlands (1996)

Page, A.W.: Finite element model for masonry. J. Struct. Eng. 104(8), 12671285 (1978)
Roca, P, Cervera, M., Gariup, G., Pela, L.: Structural analysis of masonry historical construc-
tions. Classical and advanced approaches. Arch. Comput. Methods Eng 17(3), 299-325 (2010)
Calderini, C., Cattari, S., Lagomarsino, S.: In plane seismic response of unrein-
forced masonry walls: comparison between detailed and equivalent frame models. In:
Papadrakakis, M., Lagaros, N.D., Fragiadakis, M. (eds) ECCOMAS Thematic Conference
on Computational Methods in Structural Dynamics and Earthquake Engineering, Rhodes,
Greece, (2009)

Gambarotta, L., Lagomarsino, S.: Damage models for the seismic response of brick masonry
shear walls. Part I: The mortar joint and its applications. Earthquake Eng. Struct. Dynamics
26(4), 423-439 (1997)

Gambarotta, L., Lagomarsino, S.: Damage models for the seismic response of brick masonry
shear walls. Part II: The continuum model and its applications. Earthquake Eng. Struct. Dyn.
26(4), 441-462 (1997)

Lagomarsino, S., Galasco, A., Penna A.: Non-linear macro-element dynamic analysis of
masonry buildings. In: Proceedings of ECCOMAS Thematic Conference on Computational
Methods in Structural Dynamics and Earthquake Engineering, Rethymno, Crete, Greece,
(2007)

Magenes, G., Della, FA.: Simplified non-linear seismic analysis of masonry buildings. In:
Proceedings of Fifth International Masonry Conference, British Masonry Society, London,
England, (1998)

Ali, S.S., Page, A.W.: Finite element model for masonry subjected to concentrated loads.
J. Struct. Eng. 114(8), 1761 (1987)

Cao, Z., Watanabe, H.: Earthquake response predication and retrofitting techniques of adobe
structures. In: Proceedings of 13th World Conference on Earthquake Engineering, Vancouver,
Canada, (2004)

Furukawa, A., Ohta, Y.: Failure process of masonry buildings during earthquake and associ-
ated casualty risk evaluation. Nat. Hazards, 49, 25-51 (2009)

Rots, J.G.: Numerical simulation of cracking in structural masonry. Heron 36(2), 49-63
(1991)

Arya, S.K., Hegemier, G.A.: On nonlinear response prediction of concrete masonry assem-
blies. In: Proceedings of North American Masonry Conference, Boulder, Colorado, USA,
pp 19.1-19.24 (1978)

Lotfi, H.R., Shing, P.B.: Interface Model Applied to fracture of masonry Structures. ASCE
120(1), 63-80 (1994)

Lourenco, P.B., Rots, J.G.: Multisurface interface model for analysis of masonry structures.
J. Eng. Mech. 123(7), 660 (1997)

Cundall, P.A.: A computer model for simulating progressive large scale movements in blocky
rock systems. In: Proceedings of Symposium on Rock Fracture (ISRM), Nancy, France, (1971)
Alexandris, A., Protopapa, E., Psycharis, I.: Collapse mechanisms of masonry build-
ings derived by distinct element method. In: Proceedings of 13th World Conference on
Earthquake Engineering, (2004)

Tarque, N.: Numerical modelling of the seismic behaviour of adobe buildings. PhD thesis.
Universita degli Studi di Pavia, Istituto Universitario di Studi Superiori. Pavia, Italy, (2011)




74

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

H. Varum et al.

Bommer, J.J., Scherbaum, F., Bungum, H., Cotton, F., Sabetta, F., Abrahamson, N.A.: On the
use of logic trees for ground-motion prediction equations in seismic hazard analysis. Bull.
Seismol. Soc. Am. 95(2), 377-389 (2005)

Foerster, E., Krien, Y., Dandoulaki, M., Priest, S., Tapsell, S., Delmonaco, G., Margottini,
C., Bonadonna, C.: Methodologies to assess vulnerability of structural systems, pp. 1-139.
Seventh Framework Programme, European Commission (2009)

Giovinazzi, S.: The Vulnerability Assessment and the Damage Scenario in Seismic Risk
Analysis. PhD Thesis, University of Florence and Technical University of Braunschweig, (2005)
Kramer, S.: Geotechnical Earthquake Engineering. Prentice Hall International Series, Ohio
(1996)

Griinthal, G.: European Macroseicmic Scale (EMS-98), Cahiers du Centre Européen de
Géodynamique et de Séismologie 15. Centre Européen de Géodynamique et de Séismologie,
Luxembourg (1998)

Coburn, A., Spence, R.: Earthquake Protection. Wiley, USA (2002)

Jozefiak, S.: Fragility Curves for Simple Retrofitted Structures. CM-4 Consequence, (2005)
Calvi, G.M., Pinho, R., Magenes, G., Bommer, J.J., Restrepo-Velez, L.F.,, Crowley, H.:
Development of seismic vulnerability assessment methodologies over the past 30 years.
J. Earthquake Technol. paper no 472, 43(3), 75-104 (2006)

Whitman, R.V., Reed, J.W., Hong, S.T.: Earthquake damage probability matrices. In:
Procedings of 5th European Conference on Earthquake Engineering, Rome, 25-31, (1973)
Benedetti, D., Sulla, Petrini V.: Vulnerabilita di Edifici in Muratura: Proposta di un Metodo di
Valutazione. L’industria delle Costruzioni 149(1), 66-74 (1984)

Lagomarsino, S., Giovinazzi, S.: Macroseismic and mechanical models for the vulnerability
and damage assessment of current buildings. Bull. Earthq. Eng. 4, 445-463 (2006)

Spence, R., Coburn, A.W., Pomonis, A.: correlation of ground motion with building damage:
the definition of a new damage-based seismic intensity scale. In: Proceedings of the Tenth
World Conference on Earthquake Engineering, Madrid, Spain, vol. 1, pp. 551-556 (1992)
Applied Technology Council (ATC): Earthquake damage evaluation data for California,
Applied Technology Council, ATC-13. Redwood, California (1985)

Barbat, A.H., Moya, F.Y., Canas, J.A.: Damage scenarios simulation for seismic risk assess-
ment in urban zones. Earthquake Spectra 12(3), 371-394 (1996)

Kappos, A.J., Panagopoulos, G., Panagiotopoulos, C., Penelis, G.: A hybrid method for the
vulnerability assessment of R/C and URM buildings. Bull. Earthquake Eng. 4, 391413
(2006)

Vicente, R., Parodi, S., Lagomarsino, S., Varum, H., Silva, J., Mendes, A.R.: Seismic vul-
nerability and risk assessment: Case study of the historic city centre of Coimbra, Portugal.
Bulletin of Earthquake Engineering, Springer, Manuscript Ref. BEEE325R1, doi 10.1007/
$10518-010-9233-3, vol. 9, 1067-1096 (2011)

Giovinazzi, S., Lagomarsino, S.: Fuzzy-Random Approach for a Seismic Vulnerability
Model. In: Proceedings of ICOSSAR, Rome, Italy (2005)

Demircioglu, M.B.: Earthquake Hazard and Risk Assessment for Turkey. PhD Thesis.
Bogazigi University, Turkey, (2010)

DEE-KOERI.: Earthquake Risk Assessment for the Istanbul Metropolitan Area. Report
prepared by Department of Earthquake Engineering-Kandilli Observatory and Earthquake
Research Institute, Bogazici University Press, Istanbul (2003)

Omidvar, B., Gatmini, B., Derakhshan, S.: Experimental vulnerability curves for the residen-
tial buildings of Iran. J. Nat. Hazards 60(2), 345-365 (2012)

JICA.: The study on seismic microzoning of the greater Tehran area in the Islamic Republic
of Iran, Final report (2000)

Tarque, N., Crowley, H., Varum, H., Pinho, R.: Displacement-based fragility curves for seismic
assessment of adobe buildings in Cusco Peru. Earthquake Spectra J. 28(2), 759-794 (2012)
Silva. R.A., Schueremans. L., Oliveira. D.V.: Grouting as a repair/strengthening solution for
earth constructions. In: Proceedings of the Ist WTA International PhD Symposium, WTA



http://dx.doi.org/10.1007/s10518-010-9233-3
http://dx.doi.org/10.1007/s10518-010-9233-3

Structural Behaviour and Retrofitting of Adobe Masonry Buildings 75

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

The Getty Conservation Institute, Pontificia Universidad Catdlica del Perd: Interdisciplinary
Experts Meeting on Grouting Repairs for Large-scale Structural Cracks in Historic Earthen
Buildings in Seismic Areas. Peru (2007)

Vargas-Neumann, J., Blondet, M., Ginocchio, F., Morales, K., Iwaki, C.: Uso de grouts de
barro liquido para reparar fisuras estructurales en muros histéricos de adobe. V Congresso de
Tierra en Cuenca de Campos, Valladolid (2008)

NTE E.080: Norma Técnica de Edificacion. “Adobe Peruvian Code”. In: Spanish,
MTC/SENCICO. Peru (2000)

Blondet, M., Vargas, J., Tarque, N., Iwaki, C.: Seismic resistant earthen construction: the
contemporary experience at the Pontificia Universidad Catdlica del Perd. J. Informes de la
Construccién 63(523), 41-50 (2011)

Minke, G.: Manual de construccion para viviendas antisismicas de tierra. Universidad de
Kassel, Alemania (2001)

Ottazzi, G., Yep, J., Blondet, M., Villa-Garcia, G., Ginocchio, J.: Shaking table tests of
improved adobe masonry houses. In: Proceedings of Ninth World Conference on Earthquake
Engineering. Japan (1988)

Torrealva, D., Acero, J.: Reinforcing adobe buildings with exterior compatible mesh. In
SismoAdobe 2005: Architecture, Construction and Conservation of Earthen Buildings in
Seismic Areas, Lima, Pontificia Universidad Catélica del Perd, Lima, Peru, May 16-19 2005
[CD], ed. Marcial Blondet (2005) http://www.pucp.edu.pe/eventos/ SismoAdobe2005
Vargas-Neumann, J., Torrealva, D., Blondet, M.: Construccién de casas saludables y sismor-
resistentes de adobe reforzado con geomallas. Fondo Editorial, PUCP (2007)

Oliveira, C., Varum, H., Figueiredo, A., Silveira, D., Costa, A.: Experimental tests for seismic
assessment and strengthening of adobe structures. 14th ECEE (2010)

Blondet, M., Aguillar, R.: Seismic Protection of Earthen Buildings. Conferencia
Internacional en Ingenieria Sismica, Peru (2007)

North, G.: Waitakere City Council’s Sustainable Home Guidelines—Earth building;
Waitakere City Council. http://www.waitakere.govt.nz/abtcit/ec/bldsus/pdf/materials/earthbu
ilding.pdf (2008)



http://www.pucp.edu.pe/eventos/
http://www.waitakere.govt.nz/abtcit/ec/bldsus/pdf/materials/earthbuilding.pdf
http://www.waitakere.govt.nz/abtcit/ec/bldsus/pdf/materials/earthbuilding.pdf

Conservation and New Construction
Solutions in Rammed Earth

Rui A. Silva, Paul Jaquin, Daniel V. Oliveira, Tiago F. Miranda,
Luc Schueremans and Nuno Cristelo

Abstract The conservation and rehabilitation of several sites of cultural heritage
and of the large housing stock built from rammed earth requires adopting inter-
vention techniques that aim at their repair or strengthening. The present work
discusses the main causes of the decay of rammed earth constructions. The inter-
vention techniques used to repair cracks and lost volumes of material are also
discussed. Regarding the strengthening of rammed earth walls, the discussion is
focused on the techniques that improve the out-of-plane behaviour. Special atten-
tion is given to the injection of mud grouts for crack repair in rammed earth walls,
including the presentation of the most recent developments on the topic, namely
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regarding their fresh-state rheology, hardened-state strength and adhesion. Finally,
the use of the rammed earth is discussed as a modern building solution. In addi-
tion, several typical techniques for improving rammed earth constructions are
discussed, aiming at adequate those to modern demands. In addition, the alkaline
activation of fly ash is presented and discussed as a novel improvement technique.

Keywords Rammed earth ¢ Damage ¢ Repair * Conservation ¢ Strengthening °
Grout injection * Alkaline activation ¢ Fly ash

1 Introduction

Nowadays, building with earth is still considered to be one of the most popular
solutions for shelter and housing. In fact, thirty per cent of the World’s population,
i.e. nearly 1500 million people live in a house built with raw earth [1]. In general,
earth constructions have great presence in developing countries, where economi-
cal and technical limitations often make this type of construction the only feasible
alternative. On the other hand, in developed countries the practice of building with
raw earth has fallen into disuse over the past century, as a consequence of the tech-
nological development and extensive use of modern building materials (mainly
concrete sand steel). Despite that, there is a large housing stock built from earth,
widely distributed around the world comprising many monuments and buildings of
acknowledged historic, cultural and architectural value [2, 3].

The earth construction concept includes several building techniques that have
different constructive features [1], which depend mostly on local limitations
related to the properties of the available soil and other resources, and thus this type
of constructions is often associated with vernacular architecture. From all the tra-
ditional earth construction techniques, rammed earth, adobe masonry, wattle-and-
daub are the most commonly found around the World, while CEB (compressed
earth blocks) masonry is the most common from the modern techniques [4].

Rammed earth, also known as “taipa”, “taipa de pildo”, “tapial”, “pise de
terre”, “pisé” or “stampflehm”, consists in compacting layers of moist earth
inside a removable formwork, therefore building monolithic walls (Fig. 1). In fact,
the formwork constitutes a key feature, which differentiates this technique from
the others. The conception and design of the formwork have been an evolving pro-
cess, which resulted in several configurations. In order to grant the quality of the
rammed earth wall, this element must present adequate strength and stability to
support the dynamic loads of the compaction process, and adequate stiffness to
mitigate the consequent deformations [4].

Another important feature that requires tight control is the weight of the
formwork, which must be sufficiently low in order to make it easily handled by
the workers (in the assembling and disassembling operations). Typically, the form-
work is supported directly on the wall and is dislocated as the rammed earth blocks
i y this is called crawling formwork [5].
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Fig. 1 Construction of a new rammed earth house in Odemira, Portugal

The construction is carried out by courses (like masonry), in which the formwork
runs horizontally around the entire building perimeter and then is moved vertically
to build the next course. Alternatively, a formwork externally supported can also
be used to perform rammed earth, thus implying the assembly of a scaffolding
structure (see Fig. 2a). In Spain, there are some pre-Muslim rammed earth sites
reported, where this type of formwork was used, which is identified by the absence
of putlogs holes (which usually result from the removal or deterioration of timber
elements used to support a crawling formwork, and get embedded in the wall when
the block is compacted) [5].

The elements of traditional formworks are made of timber, but not exclusively,
as ropes and tying needles, for example, can be used for holding the shutters in
place (Fig. 2b). Nowadays, the trend is to use the same metallic shutters used in
concrete technology to constitute the formwork; a crawling formwork is composed
by two metallic shutters or a self-supporting formwork is constituted by assem-
bling the shutters in such way that they cover the entire wall.

Vertical timber
Horizontal timber
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The compaction of rammed earth blocks is traditionally carried out by man-
ual means, resorting to rammers that in general are made of timber (Fig. 3a).
Nowadays, the compaction process has been simplified by the introduction of
mechanical apparatus such as pneumatic (Fig. 3b) and vibratory rammers, which
comparatively reduce substantially the labour and time consumed in the construc-
tion. The dimensions of the rammed earth blocks are very variable from country
to country, from region to region or even within the same region; for example in
Alentejo (Portugal) the length of rammed earth blocks from typical dwellings may
vary from 1.4 to 2.5 m, the height from 0.4 to 0.6 m and the thickness from 0.4 to
0.6 m [7].

The conservation of rammed earth constructions according to modern standards
and principles requires the development of repair, consolidation and strengthening
solutions that are compatible, but at the same time effective. For example, cement
based materials have good mechanical properties, but their use as a repair mate-
rial should be avoided, since their properties are rather different from those of
rammed earth. In extreme situations, such differences can result in severe damage
to the construction. Currently, the trend is to use earth based materials that grant
the requirements of the construction demanding repair measures. Some of these
repair solutions will be further discussed in detail, as well as solutions for struc-
tural strengthening.

Nowadays, rammed earth construction is regarded as a sustainable building
solution for housing, but in most countries rammed earth is considered as a non-
standard building material, which can be an obstacle to its utilization. On the other
hand, there are some countries that have developed documents to regulate rammed

Fig. 3 Rammers used to compact rammed earth: a manual rammer; b pneumatic rammer (cour-
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earth construction [2], but the demanded properties often limit the use of local
soils. In most cases, this is surpassed by chemical stabilization of the soil, using
binders such as cement and lime, which results in solutions less attractive from
economical and sustainable points of view.

2 Rammed Earth in the World

From the history of all earth construction techniques, rammed earth is relatively
recent [8], but its origin is not consensual. According to Houben and Guillaud
[1] this technique was first developed in its “true” form in China during the
Three Kingdoms period (221-581 AD). On the other hand, Jaquin et al. [3] argue
that the technique had two independent origin focuses: in China and around the
Mediterranean basin. It first appeared in China, where Jest et al. [9] claim that
remnants of rammed earth walls and houses found in Qinghai, Tsaidam (between
Tibet and Central Asia), date from the Muomhong period (2000-500 BC). The
Phoenicians used rammed earth in their settlements in Iberian Peninsula and in
northern Africa from around 800 BC, and a type of rammed earth vernacular con-
struction has existed in Iberian Peninsula since that time [3]. Rammed earth tech-
nique also developed in northern Africa, particularly as a military building material.
The spread of Islam from northern Africa to Iberian Peninsula from 711 AD brought
rammed earth as a quick construction technique. As a consequence, the rammed
earth technique is documented in several Arabic documents from the 8th century AD
in military constructions of settlements and in alcazabas such as that of Badajoz [8].

In the sixteenth century AD, the rammed earth technique was used in South
America by the Portuguese and Spanish settlers and later on (eighteenth and nine-
teenth centuries) in North America and Australia by European settlers. It was also
used in the construction of many European settlements in South America, such
as Sao Paulo, where there is a rich earth construction heritage. The publication of
construction manuals by Cointeraux in 1791 [6] marked and stimulated rammed
earth construction in Europe, which was re-introduced as a fireproof alternative
solution to the typical timber constructions of that period. Then, with the invention
of Portland cement in the nineteenth century, rammed earth construction waned.
However, this technique helped solving the housing problem in Germany generated
after the end of World War II [8]. More recently, there has been a growing interest
on earth construction (including rammed earth) which led, for example, to the crea-
tion of the CRATerre group by University of Grenoble, one of the most important
international centres concerning earth construction. Most recently, rammed earth
has been championed in Australia, New Zealand and North America, where rec-
ommendations and standards to regulate earth construction have been developed.
Rammed earth is still used as a vernacular construction technique in parts of Nepal
and Bhutan, and is being developed in many other parts of the world.

This short overview on the history of rammed earth shows that this technique is
i i arth construction (where rammed earth is
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Fig. 4 World’s geographical distribution: a earth construction (source: CRATerre-ENSAG);
b zones of moderate to very high seismic hazard (based on De Sensi [10])

included) is present in all five inhabited continents. Moreover, it is shown that the
geographical distribution of earth construction is almost coincident with zones of
moderate to very high seismic hazard.

3 Damage and Rehabilitation

3.1 Damaging Agents and Pathologies

Like other building materials, rammed earth is also subjected to different types of
degradation, but in this case the degradation rate is in general faster, especially if
compared to modern materials [11]. In general, the earth constructions decay may

erattributedstom(i)mmaterialydeficienciesy (ii) foundation problems; (iii) structural
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defects; (iv) thermal movements; (v) water; (vi) biological activity; (vii) wind;
(viii) natural disasters.

Material deficiencies are normally related to the texture of the soil used in the
construction or to the composition of the earth mixture. If the soil has low clay
content and presents excessive percentage of stones and gravel, it may result in
rammed earth walls with low compressive strength and water resistance. On the
other hand, if the clay content of the soil is excessive, it may result into excessive
cracking due to shrinkage [11]. The addition of natural materials, such as straw
and manure, to the earth mixture is a common procedure in earth construction.
Straw has beneficial effects in terms of tensile strength, but at long-term and if
adverse conditions are observed, it will decompose, leaving undesired voids that
have negative impact on the mechanical properties.

Commonly to other types of structures, foundation deficiencies may result in
terrible consequences to the structural integrity, such as severe cracking or even
collapse (Fig. 5a). These problems are related to the capacity of the foundation
soil to bear the loads transmitted by the massive rammed earth walls. Moreover,
the poor tensile strength of rammed earth walls does not allow them to absorb
differential settlements caused by seasonal variations of the water table or by the
presence of different foundation soils along the length of the wall.

Structural defects may also result into severe damage to rammed earth con-
struction. These may be caused by incorrect or inexistent design or due to con-
struction errors. For example, timber A-frame trusses are often used as support
structure of the roof of rammed earth constructions, but if they are incorrectly
designed they may transmit horizontal thrust that cannot be absorbed by the walls,
resulting into leaning and cracking of the walls [12].

Thermal movements are often ignored as decay agent, since it is assumed
that the inherent softness and pliability of earthen structures may render them
immune to such problems, but in general this is not true [11]. These movements

¥

Fig. 5 Damage in rammed earth constructions: a corner crack caused by settlements of the
foundations or by horizontal thrust of the roof; b basal erosion caused by rainfall; ¢ damage
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normally result in vertical cracks, found through the walls length (spaced at regu-
lar intervals) and at walls junctions, which debilitate the monolithic behaviour and
stiffness.

Water is considered to be one of the worst enemies of rammed earth construc-
tions. The water-related problems start immediately after finishing the construction,
due to the inherent drying shrinkage, which typically results in cracking of the
material, reducing its strength and exposing it to other decay agents. The shrinkage
behaviour of earthen materials is function of the water content of the earth mix-
ture upon compaction, i.e. the higher the water content, the higher the shrinkage.
However, there is a maximum limit to this volume decrease, set at the shrinkage
limit of the soil [4, 12].

On the other hand, the strength of rammed earth walls is strongly affected
by its moisture content; the higher the moisture content, the lower the strength.
Therefore rammed earth walls must be protected against the direct influence of
rainwater after being built. Additionally, the direct impact of rainwater may also
have other prejudicial long-term effects, such as the occurrence of basal erosion
that reduces the bearing section of the wall (Fig. 5b). These problems are usu-
ally mitigated by protecting walls with roof overhangs, external renderings and
masonry plinths [12]. This last element serves also to avoid the direct contact of
rammed earth with the ground to prevent the occurrence of rising damp. It should
be noted that renderings with low water vapour permeability (e.g.: from cement
mortar) are harmful for rammed earth constructions, since the interior moisture
accumulates inside the walls. In fact, this is judged to be the underlying cause of
some recent earth constructions collapses [12].

The high moisture content in an earth construction, may also lead to the appear-
ance of biological activity. The development and penetration of plant roots results
in cracking, due to the tensile stress caused by their expansion. The voids, result-
ing from shrinkage cracks or from decomposition of the straw, attract animals
searching for food or shelter (Fig. 5c), extending even more the damage, by drill-
ing tunnels and feed from the incorporated organic matter (e.g. straw) [11]. Small
animals, like insects, are more damaging than the larger (e.g. rodents), since huge
colonies may develop extending the damage to larger areas.

Wind has mainly an erosive action over earth constructions. However, it can
also contribute to other decay agents, like shrinkage or rainwater impact.

Natural disasters, such as earthquakes and floods, can inflict severe damage and
even lead to the collapse of rammed earth constructions. Nevertheless, earthquakes
are the natural disasters with the highest catastrophic effects, thus being of special
interest among researchers dealing with this kind of constructions. In general, the
seismic performance of earth constructions is very deficient when compared with
contemporary structures, due to their low strength and high deadweight. Deficient
constructive details also greatly contribute to the poor seismic behaviour of earth con-
structions. Such deficiencies are typically related to the lack of connection between
the elements composing the earthen structures. Therefore, a strong earthquake may
lead them to collapse or may inflict severe structural damage, by originating harsh
i iffness [13].
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3.2 Structural Intervention Techniques

The rammed earth building stock is large, worldwide spread and includes both
ordinary and monumental buildings. The conservation of this stock requires the
adoption of intervention measures that must follow specific principles, but this is a
topic almost absent from technical documents on conservation of historical build-
ings. However, it is generally accepted that the intervention measures must allow
the structure to function in a soft mode, and that excessive stiffening of a structure
can lead to further damage. This was the result of a technical meeting after the
TERRA 2000 conference, where it was accepted that not only guidelines for clear
identification of structural and seismic cracks are necessary, but also that improved
methods for the repair of such cracks are required [14].

The purpose of a structural intervention on a rammed earth construction can be
at repairing or/and at improving its structural capacity. In the first case the inten-
tion is to recover the original structural behaviour partially or totally, which is in
agreement with the principles referred to previously. The second case intends to
improve the structural behaviour significantly, and thus such interventions are not
so prone to follow these principles.

There is little documentation reporting and describing structural interventions
specifically for rammed earth constructions. Generally, such documents propose
intervention solutions that are adapted from other earth construction techniques,
similar to rammed earth (e.g. cob), which result from an extensive practical expe-
rience on such constructions. In the following paragraphs the most significant
intervention techniques on rammed earth will be discussed, including a novel tech-
nique based on the injection of mud grouts.

3.2.1 Refill Lost Volumes

A repair intervention on rammed earth walls can have two main goals: to refill lost
volumes of material and to connect cracked parts. The absence of great volumes
of material is a common pathology of rammed earth constructions, which can be
attributed to several factors such as: partial collapse caused by an earthquake or
another external factor, presence of biological activity, basal erosion caused by
rising damp and erosion caused by rainwater impact. The obvious repair solution
for this problem is to replace the missing material with new material, and for that
there are some techniques that serve this purpose.

A common technique used to repair basal erosion consists in using a mix of
soil (previously studied) similar to that of the rammed earth construction, which is
compacted in place (Fig. 6a). First, the missing section is regularized and the loose
material is removed. Then, a single-sided formwork partially covering the dam-
aged section is assembled, and the earth mixture is compacted from the uncovered
zone in honzontal layers One 0f the main problems with this technique is associ-
ated to the diffic 1 compacting adeqg uately the last layers due to the limited




86 R.A. Silva et al.

Fig. 6 Repair of the basal erosion of Paderne’s Castle [16]: a by compacting new rammed earth
material in place; b by projecting earth at high speed

vertical space within the formwork. This situation is normally overcome by lean-
ing the last layers, which allows compacting them from outside the wall surface.
Another problem comes from the shrinkage of the new rammed earth material
upon drying, which is responsible for difficulties in bonding the repair material to
the original rammed earth. Therefore, steel reinforcements and plastics meshes are
often included. An alternative to this procedure, which also mitigates the shrinkage
problem, consists in prefabricate rammed earth blocks that are put in place and
then bonded with earth mortar. Researchers also reported cases where bricks, ado-
bes and even concrete were used as replacing materials [11, 15].

Projected earth (Fig. 6b) is a recent intervention technique used to repair basal
erosion, which was applied successfully in the conservation of Paderne’s Castle
(Algarve, Portugal) [17] and in the Alhambra of Granada (Spain) [18]. This tech-
nique consists in projecting a mixture of moist earth at high speed against the
damaged area, whereas the impact energy is supposed to grant a similar compac-
tion to that of the original rammed earth. This technique has some aesthetical limi-
tation, since the rammed earth layers are not recreated, and instead a much more
homogenous surface texture is obtained. The shrinkage is another problem of this
technique, since the projection of the earth is only adequately executed by the wet
method [18], which requires high moisture content of the earth mixture in order to
provide adequate flowability for the projection apparatus. It should be noted that
this technique is recent and thus further investigation must be carried out.

3.2.2 Reconnect Cracked Parts

The presence of structural cracks is a common pathology of rammed earth, and
Se 1§ enpattributedstossettlements of the foundation, to concentrated
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loads, to horizontal thrusts applied by the roofs or to earthquakes. The repair
of such cracks is essential to recover the original monolithic behaviour of the
rammed earth walls. Moreover, cracks are weak points for water infiltration,
which are prone to cause further decay to the construction. Several techniques
are used to repair these cracks, but whose efficiency greatly varies from case
to case. The most basic method used to repair structural cracks consists in sim-
ply filling it with earth mortar. The mortar, with a composition similar to that
of the rammed earth, is introduced from the faces, and wherever the crack is
extremely thinner the wall needs to be cut back. In terms of re-establishing the
connection of the crack, this method is inefficient, but if the problem is strictly
the water infiltration then it constitutes an adequate solution. The filling of the
crack by grout injection is a good alternative to this method as it will be further
discussed.

Stitching the crack is another solution to reconnect cracked parts, and consists
in creating a mechanical connection between the two sides of the crack (“stapling”
the crack), see Fig. 7. According to Keefe [12], this is carried out by cutting hori-
zontal chases in the wall with a determined spacing along the crack, which are
then filled with mud bricks and earth mortar prepared with a soil similar to that of
the original rammed earth.

Fig. 7 Repair of cracks by
stitching [5]

<\ Crack
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wire mesh
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3.2.3 Strengthening

The introduction of stone masonry buttresses (see Fig. 8a) is probably one of the
most basic and ancient solutions for out-of-plane strengthening of rammed earth
walls. This solution serves both as amendment for the seismic performance and
as solution to solve the problem of leaning walls caused by horizontal thrusts
transmitted by traditional timber roofs. The introduction of steel tie bars to con-
nect opposed facades is another method to improve the out-of-plane behaviour
of rammed earth walls, see Fig. 8b. The placement of external beams tied by
wires on opposed walls is an alternative to the previous technique. This consti-
tutes a more global strengthening, as the forces from the beams are transmit-
ted along the walls. On the other hand, the forces in the tie bars are transmitted
to the walls in localized points by anchorage plates [19], whose dimensions are
designed accordingly.

The connection of perpendicular walls is generally weak, since very often
cracks are observed at this type of connection, which debilitate the structural
behaviour, specially its seismic performance. The placement of grouted anchors
connecting perpendicular walls is a valid technique for solving this problem, but
Pearson [21] argues that their use in earth walls is limited because of the low shear
strength of earthen materials, and they should not be relied upon to stitch major
structural cracks.

As it is generally accepted, the tensile strength of earthen materials is very low
and constitutes a key factor contributing to the high seismic vulnerability of earth
constructions. The improving of the tensile strength of rammed earth is possible
through the fixing of timber elements on the facades of the building, which is then
rendered with a compatible earth mortar. As alternative to timber elements, metal-
lic meshes or geo-meshes can be used, see Fig. 9. From an aesthetical point of
view, this solution should only be used where the rammed earth facades are cov-
ered by a rendering.

eans of: a buttressing [20]; b tie bars [5]
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(b) TN

Fig. 9 Strengthening by fixation: a timber elements [22]; b metallic meshes [23]
4 Repair by Injection of Mud-grouts

4.1 Mud Grouts Background

The repair of structural cracks is essential for re-establishing the structural integ-
rity of an earth construction. However, in rehabilitation interventions on earth
constructions, cracks are often not truly repaired. Most of the times, they are
“cosmetically” hidden by covering with a plaster or by filling them with mortar.
These procedures do not grant an appropriate continuity to earth constructions,
and in some situations they cause more problems than they solve [12]. Grout
injection may constitute a more feasible, efficient and economic repair solution.
Nevertheless, grouts compatible with earthen materials must be employed, which
are not similar to those used for consolidating historic masonry (based on fired
brick or stone units), including the recently developed binary and ternary grouts
[24]. The obvious trend is to adopt grouts incorporating earth, also called mud
grouts [11], but the knowledge on these grouts is still limited.

Currently, there are several published works on grouts for the consolidation
of historical masonry. However, there are only a few cases where mud grouts are
studied or applied for repairing earth constructions [25]. Roselund [26] describes
a grouting solution applied to the restoration and strengthening of the Pio Pico
mansion in Whittier, California, which is built in adobe. The damage to this man-
sion was mainly in the form of cracks in the adobe walls, as a consequence of
the 1987 California earthquake. The cracks were repaired by injecting a modified
mud grout, whose composition consisted of earth, silica sand, fly ash and hydrated
lime. The design of this mud grout (whose hardening relies not only on clay but
also on another binder) was mainly focused on obtaining a material with adequate
consistency, acceptable shrinkage, and with hardness, strength and abrasion resist-
ance similar to those of the original adobes. The results of the preliminary study of
the intervention project showed that the tested unmodified mud grouts presented
excessivesshrinkagesswhilesthesmodifiedsones presented low shrinkage, justifying
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the preference for the latter type of grout. After this intervention, the Pio Pico
mansion was struck by the 1994 Northridge earthquake. The resulting minor to
moderate damage, when compared to the damage in other buildings in a similar
condition, showed that grout injection in combination with other consolidation/
strengthening measures is effective in preventing serious additional damage [27].

Jdager and Fuchs [28] also used grout injection for consolidating the remain-
ing adobe walls of the Sistani House at Bam Citadel in Iran, severely damaged
during the 2003 Bam earthquake. A modified mud grout composed of clay pow-
der, lime and wallpaper paste was employed for this purpose. The decision on the
grout composition was preceded by a composition study that included testing the
addition of other materials (such as cement and water glass). The shrinkage and
the mechanical properties, namely the compressive, flexural and splitting tensile
strengths, were the properties tested in this study.

On the other hand, Vargas et al. [29] defend the employment of unmodified
mud grouts (mud grout whose hardening relies only on the clay fraction when
it dries out) rather than modified ones. This point of view is supported by an
extended set of splitting tests carried out on specimens consisting of adobe sand-
wiches bonded by a layer of mud grout. Several compositions were tested, includ-
ing unmodified and mud grouts modified by the addition of different percentages
of cement, lime or gypsum. Their results showed that, in general, the unmodi-
fied mud grouts have better adhesion capacity. In addition, the results of diagonal
compression tests performed on adobe masonry wallets repaired by injection of
an unmodified mud grout showed that it is possible to recover the initial strength
of the damaged walls. Furthermore, the addition of binders, such as cement or
hydraulic lime, greatly increases the Young’s modulus of a mud grout, which
may be from one to two orders of magnitude higher than that of earthen materials
[30, 31]. Despite the advantages of modified mud grouts regarding shrinkage and
resistance to water, its employment must be carefully evaluated, since excessive
stiffness constitutes an important drawback with respect to satisfying mechanical
compatibility with earthen materials.

The role of the construction and its interaction with hardened grout is another
key point that is highlighted by Vargas et al. [29], while other documents mainly
focused on the material properties of the grout.

4.2 Grout Injection Approach in Earth Construction

As pointed out by Silva et al. [32], the design of a mud grout is a complex process.
For instance, it must consider the construction demands, namely recovering the
structural behaviour and granting durability, see Fig. 10, in a similar approach to
that used in the conservation of historical masonry [24]. Then, the composition is
defined such that the properties of the mud grout meet the demands. The complex-
ity of the design lies in the interdependence between each of the grout properties,
i i ition is adjusted. Therefore, it is essential
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Fig. 10 Design methodology
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to understand how the composition of a mud grout affects its properties in order to
design it effectively. In the subsequent paragraphs, the different material properties
and their interdependencies are outlined in detail, namely rheology, strength, bond,
chemical stability, stability against sedimentation of the fresh mix and the micro-
structure compatibility.

4.2.1 Rheology

The mud grout must hold a rheological behaviour that allows it to enable com-
plete filling of cracks or voids laying in the earth constructions. This is essential
to assure the continuity of the repaired earthen walls and to re-establish the mono-
lithic behaviour of the earthen structure. Thereby, all the factors influencing the
rheology, such as the texture (particles size, distribution and shape), the interaction
between particles (dispersion or flocculation), the quantity of solids in the grout,
the mixing procedure and the action of super-plasticizers or dispersants, must be
carefully accounted for during the design of the mud grout. Moreover, the capacity
of the dry earthen materials in quickly absorbing high amounts of water requires
that the grout presents a great water retention capacity during its injection. This
is essential in order to maintain adequate fluidity and penetrability during the full
injection process.

4.2.2 Strength

The grout strength should correspond to the level demanded by the structure and
be compatible with the original material. The use of grouts much stronger than the
original earthen material should be avoided. Also, stiff grouts can cause problems

i ibilityssineestheshardened grout is hardly able to follow the
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displacements occurring in the earth construction, resulting in damage to the inter-
vention. Therefore, the addition of stabilizers has to be carefully considered, since
these increase greatly the Young’s modulus of the earthen materials. For example,
the Young’s modulus of unstabilized adobe from an old construction can range
between 80 and 500 N/mm? [33], while a mud grout prepared with 40 % binder
(50 % of hydraulic lime and 50 % of cement) and 60 % earth (mixture of 30 % of
kaolin clay with 70 % of sand) can present a Young’s modulus ranging between
10340 and 10590 N/mm? [30]. Also, not using a binder in a mud grout composi-
tion means that its hardening relies exclusively in the drying of the material. The
drying of the mud grout is processed essentially through the water absorption by
the original earthen material. The incorporation of hydraulic binders gives the mud
grout a more independent behaviour, when regarding its hardening.

4.2.3 Bond

An efficient mud grout design requires that enough bonding develops between
the hardened grout and the original earthen material. This is essential for granting
continuity throughout the earthen structure, both for structural and durability rea-
sons. The swelling/shrinkage nature of earth constitutes a major drawback. During
the drying of a mud grout, its shrinkage can lead to cracking and consequently the
required bond cannot be established. This is a problem that can also be found in
reparation works using earthen materials [12]. In order to overcome the shrink-
age problem of mud grouts, several options can be considered. The first one con-
sists in adopting selected clays with low shrinkage ratio in the composition of the
grout, such as kaolinite clays. The texture of the mud grout is another parameter
which can be intervened, by decreasing the clay content of the grout and by cor-
recting the particles size distribution with addition of “unshrinkable” fine mate-
rial (such as fly ash, silica fume, calcium carbonate powder, quartz powder, among
others). Another possibility consists in decreasing the water content. However, this
solution has significant consequences over the rheology, which can only be coun-
teracted by using dispersants. Using stabilizers is also an alternative to solve the
shrinkage problem, but other problems can arise from this decision, namely those
concerning the compatibility between materials.

4.2.4 Chemical Stability

A mud grout also needs to present chemical stability over time. The salts content
has to be limited in order to avoid efflorescence and crypto-efflorescence prob-
lems. Moreover, the grout must have adequate resistance against aggressive com-
pounds existing in the original earthen materials. For example, if a mud grout
contains Portland cement, there is a possibility that the formation of expansive
products will occur, since the presence of sulphates is very common in earthen
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4.2.5 Stability Against Sedimentation of the Fresh-State

While the mud grout is in its fresh-state, the solid particles in suspension must
not suffer sedimentation. For that, it needs to present limited bleeding, no segrega-
tion and adequate water retention. These technical aspects are essential in order to
assure that the mud grout maintains its fluidity and penetrability during the injec-
tion and remains homogeneous after hardening. For example, using a soil with
large dimension particles in the composition of the mud grout is an obvious solu-
tion to help solving the shrinkage problem, but such option can constitute a major
drawback since these larger and heavier particles are prone to sedimentation.

4.2.6 Microstructure Compatibility

Obtaining a hardened mud grout microstructure compatible with that of the origi-
nal earthen materials is essential for fulfilling the durability requirement. The
water vapour transport occurring within the original material should not be dis-
rupted by the hardened mud grout. For example, the injection of a grout with low
porosity (possible case of mud grouts modified by cement addition) can consti-
tute a barrier that condensates the water vapour at its interface with the earthen
material. This may be harmful for the construction, depending on the level of the
intervention. The condensed water can leech the material around the grout disturb-
ing the already created bond, and damage the intervention. In those cases where
a big grout barrier is created, the condensed water can lead to the weakening of
the earthen materials, that can be responsible for a possible collapse at long-term.
Therefore, the incorporation of materials such as cement has to be carefully evalu-
ated, since it reduces the porosity of the mud grout. The thermal properties of the
hardened grout must also be closer to the ones of the original earth materials. This
is even more important in monolithic earth constructions (for example rammed
earth), where the grout has to be able to follow the thermal displacements of the
earthen material.

4.3 New Developments on Unmodified Mud Grouts

Regarding the development of unmodified mud grouts, the authors have been
researching the topic and present here an overview of the research findings vali-
dated by an extensive laboratorial investigation.

A mud grout composition study has been carried out, which assessed the influ-
ence of the mud grout composition on its fresh and hardened properties, namely
rheological behaviour, strength and adhesion. By reproducibility reasons, the solid
phase of the tested mixes was composed by commercial materials with controlled
production quality, namely kaohn powder (Wienerberger, Kaolin RR40) and lime-
. The kaolin represents the clay fraction
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Fig. 11 Matrix of the tested mixes

of the mud grout, while the limestone powder represents the silt fraction. Sodium
hexametaphosphate (HMP) was also used as admixture for fluidity improvement.

Several mixes with different proportions of kaolin, limestone powder and HMP
were tested. The variables of the study were the volumetric solid fraction (¢,), the
amount of HMP added as function of the kaolin content ((HMP]) and the ratio
between the weight of kaolin and limestone powder (K/L). These variables are com-
bined in the matrix given in Fig. 11, where the mixes are grouped according to the
composition: kaolin (K); kaolin and HMP (KH); kaolin and limestone powder (KL);
and kaolin, limestone powder and HMP (KLH). The same mixing procedure was
followed for all mixes, see [34] for details. The fresh-state rheological behaviour of
the mixes was assessed by means of Marsh funnel test (ASTM C 939 [35]) and by
determining their flow curves using a Viskomat PC mixer-type rheometer [34].

The strength of the hardened KLH mixes was assessed through flexural and
compression tests, according to EN 1015-11 [36]. The specimens were tested after
achieving the equilibrium moisture content (constant mass of the specimens) at
room temperature of 20 °C and relative humidity of 65 %.

The adhesion developed between earthen materials and three selected mixes
(Table 1) was tested on 18 earthen beams with dimensions 160 x 40 x 40 mm?,
see Fig. 12a, prepared with three types of soil typically used in the construction
of rammed earth houses in Alentejo (Portugal). The soils were sieved to remove

Table 1 Composition of the mud grouts used for assessing the adhesion

[HMP] by Wi/S % % %
Mud grout (g/kg) KL (%) (Wt.) Clay Silt Sand
MG_55 20 0.15 55 0.30 16 58 26
MG_58 20 0.15 58 0.27 16 58 26

MG_60 20 0.15 60 0.25 16 58 26
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Table 2 Properties of the soils used in the bond test after being sieved

Soil % Clay % Silt % Sand PL LL
S1 19 47 34 28 44
S2 15 37 48 17 32
S3 18 29 53 20 35

Clay < 0.002 mm/silt > 0.002 mm and < 0.060 mm/sand > 0.060 mm and < 2.0 mm (fractions
usually defined for earth construction)
PL Atterberg’s plastic limit/LL Atterberg’s liquid limit

Fig. 12 Preparation of the earthen beams: a for adhesion tests; b injection of the broken earthen
beams after 3-point bending tests

particles larger than 2 mm, which resulted in the properties given in Table 2. The
beams were tested under bending, being repaired afterwards by injecting selected
KLH mixes (2 beams of each soil per mix) into the crack between the two parts
of each beam, see Fig. 12b. After 15 days, the repaired beams were tested again
under bending.

4.3.1 Fresh-state Rheology

The results of the flow time tests of the K mixes (Fig. 13a) showed that the higher
the ¢,, the higher the measured flow time. Moreover, the flow through the Marsh’s
funnel is not possible after a critical solid fraction (¢,,) is reached, which is
approximately 9 to 10 %. Higher solid percentages are not adequate to prepare
a mud grout. This behaviour is a consequence of the colloidal behaviour of the
ini i i i ichginteract with each other under Brownian
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Fig. 13 Flow time measurements: a K mixes; b KH mixes

and/or hydrodynamic motion, generating two possible particle states: defloccu-
lated or flocculated [37]. The interaction between kaolinite particles is governed
by Derjaguin-Landau-Verwey-Overbeek (DLVO) forces, namely electrostatic
forces (repulsion between like electric double layers and attraction between unlike
charged surfaces) and van der Waals attractive forces. If the attractive forces are
favoured, the clay particles tend to flocculate, forming an internal structure (house-
of-cards or scaffold structure) that opposes the flow.

The aforementioned internal structure is disturbed by the addition of HMP in
the KH mixes, where it is responsible for the following deflocculating mecha-
nisms: (i) increase in the overall negative surface charge by the adsorption of ani-
onic HMP polymeric chains onto the kaolinite surface, especially at the edges of
the kaolinite particles [38, 39]; (ii) stabilisation caused by the steric hindrance
effect of the adsorbed HMP chains [40]; (iii) complexing of the dissolved alkaline-
earth cations and replacing them by lower valence Na™ cations, which increases
the thickness of the electric double layers [38]. These mechanisms allow further
increase in ¢, (between 21 and 24 %), where the higher the [HMP], the higher
the fluidity (Fig. 13b). However, at high [HMP] the fluidity decreases due to a con-
centration of linear polyphosphate chains that is above a critical value and pro-
motes the association of kaolinite particles instead of their repulsion [40].

Figure 14 shows that the shear stress required to shear the KH mixes decreases
with increasing [HMP]. The addition of increasing amounts of HMP reduces sub-
stantially both Bingham’s parameters of the KH mixes (parameters obtained by
linear fitting of the descending branch of the flow curves). However, the yield
stress seems to have the greatest contribution to the flowing resistance, and fur-
thermore this parameter is the main responsible for the failure registered with
some Marsh funnel tests.

The results of the Marsh’s funnel tests for the KL mixes (Fig. 15a) show that
the increase in clay content (increase in K/L) increases the flow time. Moreover, it
is shown that substltutmg the clay content with a silt size material (limestone pow-
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Fig. 15 Flow time measurements: a KL mixes; b KLH mixes with ¢, = 55

The KLH mixes showed the combined effect of the addition of HMP and the
incorporation of limestone powder (Fig. 15b) by further increasing ¢,.,, since
flowing suspensions with ¢, between 55 and 60 % were obtained. However, the
flow times increased substantially when compared with those of the K, KH and
KL mixes. The addition of increasing amounts of HMP results in the reduction
of the flow resistance of the KLLH mixes (Fig. 16a), but it seems to have greater
impact on the reduction of the yield stress than it has on the plastic viscosity
(Fig. 16b). In fact, the addition of high quantities of HMP brings the yield stress
to values close to zero, which is an important finding regarding the success of a
grouting intervention [41]. This importance relies in the fact that if the injection
pressure of a mud grout inside a crack is not sufficient to keep the shear stress at
the head higher than the yield stress, the flow stops, which does not allow the com-
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KLH mixes with ¢, = 55 %

4.3.2 Strength

The flexural strength of the KLH mixes with a K/L ratio of 0.15 is presented as
function of ¢, in Fig. 17a. It appears that there is no relation between these param-
eters, with the exception of the mixes with an [HMP] of 20 g/kg. On the other
hand, the compressive strength of the mixes seems to be favoured by an increasing
¢y, see Fig. 17b. In regard to the effect of clay content, increasing K/L promoted
positive development of both strength parameters (Fig. 18). Moreover, the mixes
with a low K/L developed flexural and compressive strengths that are quite satis-
factory when compared with those of earthen materials [34].

4.3.3 Adhesion

The results of the three-point bending tests performed on the repaired earthen
beams, as well as the repair efficiency of the selected mud grouts, are presented
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Fig. 19 Adhesion capacity of the selected mud grouts for the three soil types

in Fig. 19. The grouts failed at re-establishing completely the original strength
of the earthen beams. However, the repaired beams developed a flexural strength
of at least 0.5 N/mm?, which is above the minimum flexural strength for ado-
bes required by the New Mexico [42] and New Zealand [43] standards (0.35 and
0.25 N/mm?, respectively). The volumetric solid fraction ¢, of the selected grouts
does not seem to interfere significantly with the repair efficiency, which probably
means that the water content of the mud grout may be further increased in order
to favour its injectability properties, but accounting for the possible occurrence of
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5 New Horizons for Rammed Earth

5.1 Rammed Earth as a Modern Building Solution

Rammed earth is in general considered to be a non-standard material, since
its use in the construction industry does not follow any industrialized processes
[44]; rammed earth walls are entirely built on site, which makes their properties
extremely dependent on the characteristics of the available soil and workman-
ship. In addition, there are only a few countries that have codes/standards for earth
construction (e.g. [43, 45, 46]), which together with the limited knowledge on the
technique and resulting material, discourage the option for this building solution,
especially in countries where those documents are absent. However, the recent
environmental concerns in the building industry have been recalling rammed earth
construction as a modern building solution, mostly due to its recognized sustain-
ability and interior comfort benefits [4, 47].

On the other hand, the mechanical and durability requirements for rammed
earth demand the use of soil with adequate properties [48]. Such requirements,
within the framework of modern building codes, can be excessively severe to the
traditional unstabilized rammed earth, especially in what concerns to local hazards
such as earthquakes. Therefore, finding a soil at the construction site with ade-
quate properties to meet these modern requirements is hardly possible. However,
this limitation can be overcome by transporting an adequate soil to the construc-
tion site, by improving the local soil or by improving the construction process.

Chemical stabilization by addition of binders, such as bitumen, lime and
cement is a recurrent solution used to improve the properties of the soil. The stabi-
lization by addition of bitumen aims at improving mainly the durability of rammed
earth, namely in what concerns to the resistance against water (erosion and swell-
ing). The bitumen is added in an aqueous emulsion and mixed with earth. Upon
drying, the bitumen forms a thin strong film that holds together the particles of the
soil, which also improves the cohesion of the material and thus its strength. This
stabilization technique is particularly indicated for sandy or sandy-gravel soils [1].

Lime stabilization is historically related to rammed earth construction, since
millenary fortresses from the Iberian Peninsula still exist nowadays due to the
durability and mechanical strength promoted by this stabilization technique. The
cementitious compounds resulting from pozzolanic reactions between the lime and
the clay fraction in the soil are the main responsible for this improvement. Thus,
this technique is indicated for clayey soils.

The addition of cement is currently the preferred stabilization technique for new
rammed earth constructions, since it significantly improves the strength of almost
all soil types. The stabilization effect is provided by the formation of a cementious
matrix that binds the particles of the soil. This matrix results from the hydration
reactions of the cement and from the pozzolanic reactions with the clay fraction.

Rammed earth constructions are considered to have a high seismic vulner-

ilitysplikesmostyearthseonstructionstechniques, and the main reason is the poor
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out-of-plane and in-plane behaviour of the walls. As a consequence, there are sev-
eral proposed solutions/techniques that aim at improving the behaviour of rammed
earth walls through the building process. The most basic solution consists in build-
ing walls thicker than usual, but this result in a significantly higher cost.

The walls from rammed earth constructions can be seen as masonry made of
macro-blocks, which are defined by horizontal and vertical joints existing between
them. These joints result from the building process and have an important role in
shrinkage control. However, the bond (shear-bond and adhesion) between blocks
is debilitated by cracking resulting from this phenomenon, which has negative
consequences on the in-plane shear behaviour of the walls. However, the building
process can be adapted to mitigate this problem. The “pisé” technique is a French
variation of rammed earth, where a layer of lime mortar between the blocks is
included. The lime mortar cures for several weeks, during which it remains plastic
and allows shrinkage movement between blocks without cracking [4].

The inclusion of hard materials, such as stones, bricks and tiles, in the hori-
zontal joints is frequently observed in traditional rammed earth dwelling from the
Iberian Peninsula (Fig. 20a). This is thought to improve the shear-bond behav-
iour between blocks and thus it can be adapted for new constructions. In a set
of surveys carried out in Columbia, Lacouture et al. [22] found several cases of
reinforcement of the vertical joints. These reinforcements consisted of timber ele-
ments that were embedded in the rammed earth to connect two contiguous blocks
(Fig. 20b). The same principle can be applied in new rammed earth constructions
to improve their structural behaviour.

The introduction of vertical reinforcements during the compaction of the walls,
such as bamboo canes, can also result in the improvement of their shear and out-
of-plane behaviours [49]. However, the presence of the reinforcements renders
difficult the compaction process by making it more time consuming and by com-
promising the density of the material around the reinforcements.

Fig. 20 Strengthening of rammed earth joints: a inclusion of schist stones in the horizontal
joints (abandoned dwelling); b reinforcement of the vertical joint by timber elements (based on
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Providing reinforced concrete frames for the rammed earth [50] is currently a
usual solution used in southern Portugal to obtain a construction with improved
seismic behaviour. The concrete frames assume the structural function of the
building, while the rammed earth serves as infill. The uncertainties about the non-
standard feature of rammed earth and about the respective design are thus elimi-
nated, and the reinforced concrete structure is designed according to the current
codes.

As it was shown, there are several solutions to improve the structural behav-
iour of rammed earth constructions. Nevertheless, a promising future for rammed
earth construction in the global building industry requires the development of
knowledge on this building technique and the consequent development and estab-
lishment of specific design codes. For example, the recent publishing of the book
Rammed Earth: Design and Construction Guidelines [51] led to an increase in
rammed earth construction in the UK.

There have been recent advances in the modelling of unstabilised rammed
earth samples, by using theories borrowed from unsaturated soil mechanics. These
suggest that in an unstabilised soil, the soil particles are held together by small
bridges of water acting across the pores between the particles. These bridges are
held in place by surface tension and the capillary action due to the relative humid-
ity of the pore air. There are thousands of such bridges holding all the particles
together, and these act to provide additional strength and stiffness to an unsatu-
rated soil when compared to a completely saturated or dry soil [52]. Using such a
model helps to explain the behaviour of unstabilised rammed earth in the presence
of water, why the strength reduces at increasing water contents, and why collapse
eventually occurs when a section of rammed earth becomes saturated [53].

The relationship between stabilised rammed earth and water is much more
complex, with initially free water being used in the hydration of the cementing
products, and further water acting across pores as for an unstabilised sample. In
this case, it is difficult to directly infer the behaviour of the rammed earth because
of the complex interactions between the water and the cement. There are many
aspects of this research are still being investigated, such as the nature of the pore
network in rammed earth, and the development of the micro-structure of stabilised
rammed earth.

5.2 Stabilization Using Alkaline Activativated Fly Ash

As referred previously, soil stabilisation by addition of cement is often used to
improve the properties of rammed earth. According to Reddy and Kumar [54],
the cement content has the most important contribution for the embodied energy
of cement stabilized rammed earth, which increases almost linearly with increas-
ing cement content. Lax [55] demonstrated that for a specific case, the embod-
ied energy of 8 % cement stabilized rammed earth and that of unstabilized
ifference can be even higher if traditional
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compaction methods are used instead of those mechanical and if no transporta-
tion of soil is required, as was assumed in that case. It appears that the impact
of cement stabilization on the performance of rammed earth construction is sub-
stantial; however, this procedure has a negative impact in the sustainability of this
building technique.

Soil stabilization is often required for safety and durability reasons. However,
preserving the sustainability of rammed earth requires adopting solutions that
include materials with low embodied energy. Adding natural materials, such as
cow-dung, sawdust and straw, is a possibility, but the problem lies on their low
effectiveness and reliability when compared with addition of cement or lime.

A possibility for reducing the impact of the stabilization process on sustain-
ability of rammed earth consists in using industrial wastes, such as fly ash. Fly
ashes result from the combustion of coal in power stations. This thermal treatment
makes it a material prone to be used in a technique termed alkaline activation. The
alkaline activation of raw materials such as fly ash enables the formation of what
is called a geopolymeric binder. This binder can then be mixed with the soil and
upon hardening it forms a matrix that involves and binds the particles, forming a
soil-binder interface that usually delivers strength levels higher than the soil alone.
In general terms, alkaline activation consists in a reaction between alumina-sili-
cate materials and alkali or alkali earth substances, namely: ROH, R(OH),, R,CO3,
R>S, NayS0y4, CaS04-2H50, R;-(n)Si0,, in which R represents an alkaline ion like
sodium (Na™t) or potassium (K*), or an alkaline earth ion like calcium (Ca®*). It
can be described as a polycondensation process, in which the silica (SiO;) and
alumina (AlOy) tetrahedra interconnect and share the oxygen ions. The resulting
polymeric structure of Al-O-Si bonds is the main structure of the hardened geo-
polymer matrix, which is very similar at a molecular level to natural rocks, sharing
their stiffness, durability and strength.

The authors have been doing some research on the stabilization of granitic
residual soils using alkaline activated fly ash. These soils, typically found in north-
ern Portugal, are formed from the weathering of granite rock. They are character-
ized by a well graded grain size distribution and very low plasticity indexes, which
usually classifies them as silty sands (SM) and clayey sands (SC). In fact, the clay
content of these soils is typically very low, making them unsuitable for unstabi-
lized rammed earth construction, or even for stabilization with lime. Escobar [56]
tested three granitic residual soils from northern Portugal, and verified that the
dry compressive strength of rammed earth specimens (compacted with the stand-
ard Proctor test density) barely exceeded 0.4 N/mm?. This is a very low value for
unstabilized rammed earth construction, and thus building with these soils is only
feasible if they are chemically stabilized.

Following the work of Escobar [56], one of the assessed soils (soil S1) was sta-
bilized using alkaline activation of fly ash, using a broad set of compositions, and
the unconfined compressive strength as the control parameter (see [57] for details).
The activator was composed by sodium silicate and sodium hydroxide and the
fly ash was class F (contains less than 20 % CaO and has pozzolanic properties).
i ed, such as: soil maximum particle size,
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liquid:solid ratio, activator concentration and NayO:ash ratio. A further analy-
sis was performed in order to quantify the effects of additives like hydrated lime,
sodium chloride and concrete super-plasticisers.

The main findings of this composition study were that the compressive strength
is greatly increased by the geopolymer binder, even in the case of the low-
est fly ash content (about 15 % in wt.); the compressive strength varies between
3 and 23 N/mm?, for curing periods between 1 and 7 days at 60 °C. The appli-
cation of this technique to the construction of rammed earth walls shows sig-
nificant potential. Nevertheless, further research is required for optimizing the
mixture composition in accordance with the technical and sustainability require-
ments of rammed earth. This will result possibly in lower binder quantities, since
the strength values obtained were higher than needed for this type of structure.
Authors are currently assessing the eco-efficiency of this stabilization technique
and comparing it with that from soil-cement stabilization.

6 Conclusion and Final Remarks

The rammed earth building stock is large and includes several heritage places and
monumental architecture, which are of great interest to preserve. There are several
factors contributing to the decay of rammed earth construction; however, the most
common pathologies found are cracking and loss of material. Repairing such dam-
age is crucial in order to preserve these constructions. It should be required that
the repairing materials should be similar to the original material as much as pos-
sible, which requires using earthen materials in such interventions. To refill lost
volumes of material, there are several techniques that can be used, such as recon-
struction by ramming earth in the damaged area or by projecting it. On the other
hand, cracks can be repaired by filling or stitching.

The strengthening of rammed earth constructions is another form of preserva-
tion. The majority of the intervention techniques discussed here aim at improving
the out-of-plane behaviour of rammed earth walls, which include buttressing, tie
rods, grouted anchors and rendering meshes. Finally, the approach of injection of
mud grouts for repairing cracks in rammed earth walls was discussed in detail.

It was shown that the clay fraction has great influence on the rheological behav-
iour of an unmodified mud grout. The clay particles present in the mud grout
tend to flocculate to form an internal house-of-cards or scaffold structure, which
opposes the flow. The addition of a deflocculant promotes the repulsion between
clay particles and promotes their dispersion in the liquid phase, which weakens
and disrupts the aforementioned structure. This improves the fluidity of the grouts
and allows increasing the solid fraction without compromising this last property.
Moreover, adding increasing amounts of silt size materials (such as limestone
powder), for decreasing the clay content of the mix, also allows a further increase
of the solid fraction. Thus, designing a mud grout with adequate ¢, (to avoid
i i 1 unting for the previous two effects.
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Regarding the strength of unmodified mud grouts, it was shown that the higher
the clay content, the higher the flexural and compressive strength. Nevertheless,
the maximum clay content of a mud grout must be limited, since excessive clay
content has a negative impact on its rheological behaviour. A compromise should
be found between these properties.

The adhesion capacity of selected mud grouts was also assessed. The mud grouts
recovered a reasonable part of the initial strength of the specimens (between 51 and
93 %), but not completely. However, in practical terms, this shows the great potential
of the injection of mud grouts in the conservation of the rammed earth heritage.

Despite the recognized sustainability of rammed earth construction, its future
in the building industry requires adopting improvement measures in order to ade-
quate it to modern demands. Both the material and the building process can be
improved for this purpose, which includes solutions such as chemical stabilization,
reinforcement of the joints between blocks, introduction of vertical reinforcements
(bamboo canes) and embedment of reinforced concrete structure.

Finally, it was presented and discussed an alternative chemical stabiliza-
tion technique, which consists in using alkaline activated fly ash. This is a tech-
nique in development, but preliminary results on granitic residual soils showed its
great capacity in improving the compressive strength. Further developments are
required to optimize the mixture composition in accordance with technical and
sustainability requirements.
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Abstract Clay brick is among the oldest used masonry materials. Given the
technological evolutions since the industrial revolution, old bricks are much different
from todays’ bricks. This chapter provides a review on the chemical, physical and
mechanical properties of mortar, brick and masonry. In addition, a discussion on the
possible causes of damage and the usage of expert systems in building diagnostics is
also given.
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1 Introduction

Clay brick masonry, often in combination with stone masonry and timber floors, is
well distributed all over the world. Clay brick, in its forms of sun dried and burnt,
has been around since the beginning of civilization. Brick was easily produced,
lighter than stone, easy to mould, and formed a wall that was fire resistant and
durable. The characterization of old clay bricks is a hard task due to the difficul-
ties in collecting samples, the scatter in the properties, and the lack of standard
procedures for testing [1]. Still, characterization is relevant to understand dam-
age, to assess safety, to define conservation measures, and even to make a decision
on reusing or replacing existing materials, as modern materials can be unsuit-
able from a chemical, physical or mechanical perspective. Information about old
and handmade bricks is scarce. Ancient materials generally differ from modern
ones and, frequently, exhibit high porosity and absorption, and low compressive
strength and elastic modulus. The mechanical properties of brick are relevant for
the performance of historical constructions, as this is the main influence factor on
the compressive strength and durability of masonry. Here, the properties of histori-
cal brick masonry and its components are addressed in detail.

In addition, existing buildings often exhibit damage and knowledge based
diagnostic systems are much helpful for practitioners. Through a damage atlas,
integrated in a diagnostic part, visual observation can be extensively used and a
correct definition of the observed degradation and damage can be made, or at least
one or more hypotheses can be proposed. Possible intervention techniques are not
usually automatically generated by a diagnostic module, but can be available in a
background information section. These aspects are also addressed next.

2 Chemical, Physical and Mechanical Characterization
of Old Mortars

Mortar is a material composed of one or more inorganic binders, aggregates,
water and admixtures used in masonry to provide bedding, jointing and bonding
of masonry units, or used for functions like plasters and renders. Main focus here
is on lime mortars, as the most diffused type of mortar found in historic buildings.
Figure 1 shows a thin section of a mortar, with binder and aggregates clearly visible.

The use of lime, Ca(OH),, dates back to pre-historic times even if the
Egyptians used burned gypsum (CaSQO4./2H>0) as a mortar in between the lime-
stone blocks for the construction of the pyramids [2]. The first examples of lime
as a binder in mortar date back to the sixth century BC in Greece [3]. The Romans
developed a new type of (pozzolanic) mortar, a sort of concrete, with hydraulic
properties. Vitruvius [4] describes the Roman knowledge of lime technology, with
detalls on different types of hme binder, process of calcination and slaking as well
in of the best sand.
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Fig. 1 Thin section of a lime
mortar, originating from an
early eighteenth century canal
bridge in Amsterdam.

B binder, Z aggregate

In the end of the nineteenth century, these mortars were replaced by cement
based mortars. This occurred mainly because cement binders can harden and
develop strength much quicker than lime binders. Incompatibility problems in
the use of cement based mortars for conservation lead to the re-discovery of lime
based products. Currently lime mortars are increasingly popular in conservation
because of their good compatibility (physical, chemical and mechanical) with
materials present in ancient buildings.

A binder can be defined as a material with adhesive and cohesive properties,
which bonds mineral fragments in a coherent mass. A first distinction can be made
between air-hardening (non-hydraulic) binders, which slowly harden in air, and
hydraulic binders, which set and harden by chemical interaction with water. Air-
hardening binders include air lime and gypsum. Hydraulic binders include hydrau-
lic lime, lime-pozzolan, lime-cement, lime-cement-pozzolan and cement. The lime
binder is obtained by a calcination process, the burning of (pure) limestone at ca.
900 °C. The obtained quicklime is slaked with water to become dry hydrated lime
or, in case of an excess of added water, putty lime.

Natural hydraulic lime is obtained by calcination of limestone containing a certain
amount of clay. Lime pozzolan binders are obtained by the addition of a pozzolan
(natural or artificial) to the lime while mixing mortar. A natural pozzolan is a volcanic
material, which originally derives from Pozzuoli, an Italian region around Vesuvius.
Pozzuoli earth was used in the Roman mortars but other natural pozzolans are
Santorini earth (Greece) and trass (Germany). Artificial pozzolans include metakao-
lin, silica fume, brick dust (preferably low fired brick) and others such as fly ash.

An aggregate can be defined as particles of rock, from natural origin or artifi-
cially crushed, with a range of particle sizes from 63 pm to 4 mm, or even 8§ mm.
Apart from rock aggregates, light aggregates exist such as expanded clay, ver-
miculite or perlite. The most common aggregate used in lime mortars is calcare-
ous or siliceous sand, which is constituted by grains of minerals and stone. The
i i he mortar less fat, to reduce crack formation
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Fig. 3 Pore size distribution of a mortar, assessed by mercury intrusion porosimetry (MIP). The
total porosity (ca. 29 %) can also be obtained by this technique

due to shrinkage during drying, and to give strength, hardness and porosity to the
mortar. The grain size distribution of the sand has a great influence on the final
porosity and pore size distribution of mortar. For example, the presence of both
fine and coarse grains results in a low porosity. Porosity strongly influences hard-
ening, mechanical strength, physical properties and durability. The ratio between
the mortar components may vary depending on the quality of lime, sand and on the
final use of the mortar. Historical mortars have a binder-sand ratio which may vary
between 2:1 and 1:4 by volume.

Air lime hardens by reacting with carbon dioxide from the air to form a car-
bonate. Gypsum hardens by hydration of the hemidrate form to the di-hydrate
form. Hydraulic lime contains a mix of hydrated lime, silicates and aluminates.
Hardening occurs through reaction with water and by carbonation. Pozzolans,
used in combination with air lime to obtain a hydraulic mortar, have in common
i mina. The knowledge of the chemical
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properties of a mortar is important for understanding damage processes and for
designing a repair mortar, chemically compatible with the existing one. For exam-
ple a gypsum based repair mortar is chemically not compatible with a dolomitic
lime mortar, since, in presence of water, harmful magnesium sulphate may be
formed.

Moisture transport behaviour is one of the most relevant physical properties
of mortar, since it strongly influences its durability. Moisture transport behaviour
mainly depends on the porosity and the pore size distribution, which can be sub-
divided into sorption pores (<100 nm), capillary pores (between 0.1 and 100 pm)
and coarse pores (>100 pm), see Fig. 2. Small capillary pores (<1 pum) result from
evaporation of water from the binder fraction. Wider capillary pores are formed by
the intergranular space that is not completely filled by the binder. Figure 3 shows
the pore size distribution of a mortar with a bimodal distribution.

Air lime mortars are known to have a low mechanical strength, in comparison
with hydraulic lime and even more in comparison with cement based mortars.
However, their capability of deformation is much higher than that of cement mor-
tars. The strength of air lime mortars develops due to carbonation. This process
may take several years, especially in very thick masonry. Therefore the strength
of air lime mortar will be very low, especially in the first period after brick lying.
However, if good conditions for carbonation are present, sufficient strength is
developed over time guaranteeing a long service life. The strength of a mor-
tar is greatly affected by the porosity and decreases with an increase in porosity.
Compressive strength of air lime mortars ranges around 1.5-2.0 N/mm?, whereas
hydraulic lime mortars may reach ca. 10 N/mm? Apart from the mechanical
strength of the mortar joint, the bond strength between the masonry unit (brick or
stone) and the mortar joint is important. A low binder/aggregate ratio, poor grading
of the aggregate or inadequate tooling of the mortar may limit the bond strength.

3 Characterization of Old Bricks

Clay bricks also exhibit different properties, which are important in the evalua-
tion of the strength, durability and resistance to deterioration processes. These
properties are closely related to the quality of the raw clay and the conditions of
manufacture, namely drying and firing processes. The properties of construction
materials can be grouped as chemical, physical and mechanical. Progressive age-
ing of bricks and permanent loads lead to material deterioration such as crack-
ing, peeling or efflorescence, meaning that the properties exhibited currently by
old clay bricks are affected in some degree and are not necessarily the original
properties.

Bricks are constituted by a mixture of raw clay and water. The first step to char-
acterize the raw clay is by means of chemical and mineralogical studies [5, 6],
which are fast to perform and only require small amounts of material. This infor-
i i i itable raw materials for the production of
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missing parts or the replacement of deteriorated ones, as long as the production
processes are as close as possible from the original.

The chemical composition of brick samples can be determined by x-ray fluores-
cence spectrometry, much used for old ceramics [7], which allows the identifica-
tion of the following abundant chemical oxides and elements: silicon oxide (SiOy),
aluminum oxide (Al,O3), iron oxide (Fe;O3), potassium oxide (K,O), titanium
dioxide (TiO»), sodium oxide (NayO), calcium oxide (CaO) and magnesium oxide
(MgO). Silicon and aluminum oxides constitute the base elements of the clay. As
an example, clay bricks from the twelfth—thirteenth century presented 38 % of
silicon oxide, 21.5 % of aluminum oxide and 32.5 % of ferrous oxide, in weight
[8]. In Portugal, several samples from clay bricks (Fig. 4) from monuments spread
through the country and from the twelfth—nineteenth centuries were studied in [9]:
Outeiro (OU, seventeenth century), Pombeiro (PO, twelfth—sixteenth century),
Salzedas (SA, twelfth—eighteenth century), Tarouca (TA, twelfth—seventeenth cen-
tury), Tibaes (TI, seventeenth century) and Tomar (TO, eighteenth—nineteenth cen-
tury). The results reported in Table 1 show that the base chemical components of
the raw clay used on the bricks is relatively uniform, consisting of 54—61 % of

(e)

Fig. 4 Photographs of typical old Portuguese bricks: a Salzedas (SA), b Outeiro (OU),
P iro (PO),d T 7 Tibaes(Zhrand f Tomar (70)
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Table 1 Average chemical composition of old Portuguese bricks (coefficient of variation in
square brackets)

Si02 A1203 FC304 Kzo Na20 Ti02 CaO M gO

ou 56.2 253 11.4 3.5 0.5 1.0 0.3 1.5

[9 %] [5 %] [41 %] [14%] [40%] [10%] [47 %] [29 %]
PO 57.5 25.1 8.4 49 0.5 1.3 0.4 1.6

[5 %] [10%] [18%] [12%] [33%] [10%] [106 %] [19 %]
SA 54.4 322 4.1 5.1 2.0 0.3 0.8 0.9

[5 %] [8 %] [61 %] [17%] [35%] [87 %] [66%] [41 %]
TA 55.6 30.9 4.1 5.0 1.9 0.4 0.9 1.0

[7 %] [13%] [22%] [15%] [41 %] [26%] [84 %] [29 %]
TI 53.8 29.4 8.1 4.4 0.5 1.2 0.9 1.4

[6 %] [9 %] [18 %1 [11 %] [31 %] [8 %] [60 %]  [20 %]
TO 60.8 21.6 7.0 3.6 0.4 0.8 3.6 22

[4 %] [10 %]  [9 %] [22%]  [23%] [12%] [81 %] [15 %]

SiO; and 22-32 % of Al,Os. The presence of CaO and NayO is often due to con-
tamination by lime mortars or salt, respectively.

These results were processed using statistical analysis, which compares the
chemical composition the bricks with the chemical composition of known ceramic
samples [7]. The analysis revealed that SiO, contributes very little to the distinc-
tion between old samples and that no single component was found to strongly
influence the provenance of the old bricks. The chemical composition of the clay
found in bricks is different from ceramics and suggests that the raw clays used in
the manufacture were obtained locally.

Firing of clay bricks produces a series of mineralogical, textural and physical
changes that depend on many factors and influence the porosity [6, 8]. Porosity is
again an important parameter concerning clay bricks due to its influence on prop-
erties such as chemical reactivity, mechanical strength, durability and quality of
the brick. Generally, the quality of the brick, both in terms of strength and dura-
bility, increases with the decrease of the porosity. Commonly, historic clay bricks
exhibit high porosity values, ranging between 20 and 50 % [10, 11]. The dimen-
sion and distribution of the pores are influenced by the quality of the raw clay,
the amount of water and the firing temperature. If the firing temperature increases,
the proportion of large pores (3—15 um) increases and the connectivity between
pores is reduced, whereas the amount of thin pores diminishes [6, 12]. This has a
strong impact on the durability of the bricks as it has been shown that large pores
are less influenced by soluble salts and freeze/thaw cycles. Several studies [1, 6,
13] reported that the formation of thin pores (<1.5 pum) is promoted by carbon-
ates in the raw clay and by a firing temperature between 800 and 1000 °C. Such
a pore size influences negatively the quality of bricks as their capacity to absorb
and retain water increases. The density or bulk mass is related with mechanical
and durability properties, and typical values range between 1200 and 1900 kg/
m? [5, 8 10] Table 2 presents the results from old Portuguese clay bricks, with

sulted in ave mass of 1750 kg/m? and 29 % for porosity.
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Table 2 Average porosity, bulk mass and compressive strength for old bricks from Portuguese
monuments and the coefficients of variation between square brackets [7]

Compressive strength

Porosity (%) Bulk mass (kg/m3) (N/mm?2)
ou 33.0 [13.9 %] 1742 [1.7 %) 8.5 [28 %]
PO 26.3 [25.5 %] 1754 [2.2 %) 9.2 [54 %]
SA 28.2 [10.6 %] 1800 [1.9 %] 14.5 [32 %]
TA 29.2 [14.5 %) 1747 [1.8 %] 8.7 [41 %]
TI 30.4 [14.7 %] 1739 [1.5 %] 6.7 [55 %]
TO 27.5[14.2 %] 1656 [3.0 %] 21.8 [31 %]

Table 3 Typical average values for the compressive strength and modulus of elasticity of old
bricks found in the literature

Date Compressive strength Elastic modulus
(century) Local (N/mm?) (kN/mm?)
1-5th Walls, pillars, vaults and 9.2-18.0 [10] 2.6-10.8 [10]

ovens from the
Byzantine period

11-13th Vaults of Our Lady 13.1-14.1 [14] -
Monastery,
Magdeburg, Germany

13-17th Siena’s exterior wall, 27.9 [14] -
Italy

15th Colle Val d’Else exterior 19.9 [14] 4.1[14]
wall, Italy 30.0 [15]

Pienza Episcopal Palace, - 7.3 [14]

Italy 11.6-18.6 [15]

16th Monastery of Monte 31.1[14] 6.3 [14]
Oliveto Maggiore
library wall, Italy

17th Salzedas monastery 5.2[16] 7.3[16]
vaults, Portugal

18th Lazzaretto de Ancona, 18.5 [14] 5.8 [14]
Italy

18-19th Centenary chimney 20.8 [15] -

from the ceramic
industry, Spain

No correlation can be found between the physical or chemical properties and the
mechanical properties.

The evaluation of the mechanical strength of old bricks is difficult due to their
scatter. They may also be deteriorated by weather or chemical agents such as solu-
ble salts, ice-thawing cycles or load-unload cycles. Additionally, the experimental
test set—up conditions (d1mens1ons and m01sture content of the sample, boundary
COn eten)pecangalsoginfluence the results. Typical values of the
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compressive strength of old clay bricks are reported in Table 3, with a wide range
of values (from 4 to 32 N/mm?). The average compressive strength of Portuguese
old clay bricks as well as its dispersion is reported in Table 2. A large variabil-
ity on the compressive strength was obtained, with coefficients of variation up to
50 %. It is possible to observe that the bricks with lower f. exhibit also a higher
dispersion. The wide range of strengths found is between 6.7 and 21.8 N/mm?,
with an average of 11.6 N/mm? considering the total sample and 8.3 N/mm? con-
sidering the four weakest bricks.

Another relevant mechanical parameter is the modulus of elasticity. It is not
always clear how authors measured the values presented, even if most standards
refer the use of the linear part of the stress—strain curve in a range of 10-50 % of
the maximum stress value, which is also characterized by a large variability. The
values found range from 1 to 18 GPa, which represent between 125 and 1400 f,
where f; is the compressive strength. Most common values are in the range of
200 f., with an average for the values in Table 3 of 350 f..

It is difficult to relate the tensile strength of the masonry unit to its compres-
sive strength due to the different shapes, materials, manufacture processes and vol-
ume of perforations. For the longitudinal tensile strength of clay, calcium-silicate
and concrete units, Schubert [17] carried out an extensive testing program and
obtained a ratio between tensile and compressive strength ranging from 0.03 to
0.10.

4 Mechanical Characterization of Brick Masonry

The properties of brick masonry are strongly dependent upon the properties of
its constituents. Traditional masonry is subjected to compressive stresses and
the compressive strength of masonry in the direction normal to the bed joints is
required for design and safety assessment purposes. Experimentally, this property
can be obtained according to the European norm EN 1052-1 [18], see Fig. 5a. This
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Fig. 5 Uniaxial compressive behaviour of masonry: a test specimen according to the European
standards (for units with /, < 300 mm and %, < 150 mm) [17] and b schematic plane representa-
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configuration seems to return the true uniaxial compressive strength of masonry.
Mann and Betzler [19] observed that, initially, vertical cracks appear in the units
along the middle line of the specimen, i.e., through the vertical joints. Upon
increasing deformation, additional cracks appear, normally vertical cracks at the
smaller side of the specimen that lead to failure by splitting of the prism. This per-
suaded researchers to investigate semi-empirical and analytical relations to pre-
dict masonry strength based on the components characteristics and on the type of
masonry. Several semi-empirical relations can be gathered from the literature, e.g.
[20-22], and from the codes [23, 24].

Masonry compressive failure is mainly governed by the interaction between
units and mortar. A relevant factor is the difference in elastic properties between
the unit and mortar. Assuming compatibility in the deformation of the compo-
nents and a mortar that is more deformable than the units, the difference in stiff-
ness leads to a state of stress characterized by compression/biaxial tension of units
and triaxial compression of mortar, see Fig. 5b. In the pioneer work of Hilsdorf
[25], this phenomenon was described and an equilibrium approach was developed
to predict the masonry strength, assuming that failure of mortar coincides with
failure of masonry. Later [26], this hypothesis is overcome by considering a limit
strain criterion based on the lateral strain exhibited by brick units at failure. Other
contributions were given in [27-29].

The bond between unit and mortar is often the weakest link in masonry. The
nonlinear response of the joints, controlled by the unit-mortar interface, is related
to two different phenomena that occur at the unit-mortar interface. One associ-
ated with tensile failure and another one associated with shear failure. Different
test set-ups have been used for the characterization of the tensile behaviour of
the unit-mortar interface. These include flexural testing, (three-point, four-point,
bond-wrench) [30], indirect tension testing (splitting test) [31] and direct tension
testing [32].

Fig. 6 Biaxial strength of T G, [N/mm’]
204

solid clay units masonry
[36, 37]
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Experiments on the biaxial behaviour of bricks and blocks are scarce. The
influence of the biaxial stress state has been investigated up to peak stress to pro-
vide a biaxial strength envelope, see Fig. 6. Basically, two different test set-ups
have been utilized, uniaxial compression orientated at a given angle with respect
to the bed joints [33] and true biaxial loading at a given angle with respect to the
bed joints [34, 35].

5 Deterioration and Damage Mechanisms

The most important factors influencing degradation and damage to masonry are
related to: environment; materials; building’s design; craftsmanship in the con-
struction of the building and its maintenance.

Environmental factors include, for example, the presence of moisture and salts,
air pollution, temperature changes, dynamic loads and soil settlements. Moisture
may come from sources like rain penetration, capillary rising damp or flooding.
Salts may be originally present in the material (for example, a mortar which has
been made using sea water or beach sand), they may come from the environ-
ment (aerosol, de-icing salts, etc.) or from the use of the building in the past (for
example, chloride from salt storage, nitrates in the case of stables). Temperature
variations may give rise to degradation phenomena in masonry due to differential
thermal dilation, whereas dynamic loads resulting from earthquakes and vibrations
provoked by wind or traffic may cause crack patterns.

Material factors are mainly related to the composition of the mortar (binder/sand
ratio, grain size distribution of the aggregate) and the properties of the masonry
unit/mortar combination (porosity, capillary moisture transport, adhesion, mechani-
cal strength). Many degradation processes may only occur in the presence of water;
consequently the speed at which a material absorbs and releases water has a strong
influence on its risk of degradation. Therefore, moisture transport properties, which
are related with porosity and pore size distribution, are of primary importance when
considering the durability of a mortar and the masonry as a whole.

The design of the building, i.e. its shape, orientation and above all the details,
may strongly influence the occurrence and the severity of the degradation. Also
craftsmanship in the form of quality of the execution and of adequate conditions
for hardening of mortars is an important factor that affects the susceptibility of the
mortar to damage.

The degradation processes (chemical, physical and mechanical) exert stresses
on the materials, which weaken the material until it fails and damage becomes vis-
ible. Degradation can be defined as an increase in decay, which corresponds with a
decreasing performance of the material. Thus, damage can be defined as an unac-
ceptable reduction of the performance of the material, affecting its durability. An
overview of the factors influencing the durability of masonry is given in Table 4
while Table 5 gives an outline of the most important damage processes affecting
e processes.
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Table 4 Overview of factors influencing the durability of mortars and masonry

Environment Moisture supply Rain, snow
Ground water
Surface water
Floods
Salt supply Soil or surface water
Use of the building (e.g.
stable, salt storage)
Air (aerosol)
Floods
De-icing salts
Cleaning, surface treatments

Air pollution

Exposure to fire

Temperature Variations
Extremes

Dynamic loads Earthquakes
Wind
Traffic
Vibrations

Differential settlements

Materials Mortar composition Binder type

Binder/aggregate ratio
Grain size distribution of the

sand
Properties brick/stone and Porosity
mortar system Moisture transport properties
Adhesion/bond
Presence of salt in materials
Design of the building Original structural design of
the building or modification
Choice of combinations of
materials
Detailing of the building
Choice of repair methods and
materials
‘Workmanship and Quality of the execution Quality of execution
construction procedures Mortar mixing on site

Way materials are cured and
curing conditions
Protection of fresh mortar

Lack of knowledge on
(traditional) workmanship

Maintenance Lack of maintenance
Inappropriate maintenance
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Table 5 Overview of the most important damage processes and related damage types

Physical/chemical Most important damage types
Moisture Biological growth
Salts Efflorescence
Frost Spalling
Pollution Exfoliation
Powdering

(Black) crust

Structural

Overloading, creep Crack patterns

Settlement Displacement/deformation
Thrust arches/vaults

Earthquakes

Some of the most important damage processes are discussed next. For pro-
cesses in which water is involved, the crystallization of soluble salts is probably
the most widespread process causing damage to historical masonry buildings. Salt
damage can only occur in the presence of both salt and water. Salt moves in the
capillary system of the material and accumulates where evaporation occurs. Salt
accumulation and crystallization create pressures, which can exceed the mechani-
cal strength of the material and consequently lead to damage.

As the mortar (e.g. bedding or pointing mortar, plaster, render, etc.) and brick or
stone are used in masonry in combination with each other, the risk and location of salt
damage will depend on the pore size distribution of the mortar/substrate combination
[38]. Since moisture (and salt) transport by capillarity moves from larger to smaller
pores, a fine porous mortar applied on a coarse porous material will have a larger risk
of decaying than a coarse mortar applied on a fine porous substrate (this does however
not necessarily imply that a fine porous mortar on a coarse porous substrate would
be the wrong choice). Important damaging salts are sulphates (for example NaySOy)
and chlorides (for example NaCl). Salts precipitating in the pores of a mortar may
create pressures, which may lead to damage [39, 40]. As a consequence of salt crys-
tallization, a mortar can show damage in the form of sanding, scaling, exfoliation or
crumbling, whereas the masonry units may show damages like powdering, exfoliation
and spalling. Sometimes salt crystallization causes damage to a lime bedding mortar
because a physically incompatible pointing mortar was chosen. This is the case of a
too dense pointing applied on a more porous lime mortar (Fig. 7). Because of the hin-
dering of the drying caused by the new cement pointing, crystallization of salts that
were already present in the masonry occurs at the bedding mortar-pointing interface.
This results in the detachment of the pointing (also called push-out) and also in a form
of loss of cohesion (crumbling or sanding) of the underlying lime bedding mortar.

Apart from pure crystallization, the formation of expansive compounds due to
the reaction of salts with mortar components may also cause considerable damage,
not only to mortars but to the masonry as a whole. Sometimes the resulting crack

S ctural.damage (Fig. 8a), where only after drilling
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Fig. 7 Push-out of cement re-pointing due to crystallization of salts at the interface of new

pointing and old bedding mortar

(b)
H

Fig. 8 a Crack pattern in masonry, looking like structural damage but caused by expansive reac-
tion in the internal part of the mortar. b Bursting of pointing mortar due to the formation of CaO.
Al,03.3CaCl,.31H0 (trichloride)

cores from the masonry it became clear that the cracks originated from swelling of
the mortar inside the pier. Additional investigations with optical and electron micros-

y y ettringite concentrations, initiating the
ursting, i.e. it looks like it swells because
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of an increase of volume (Fig. 8b). In this last example, the damage in the form of
bursting of the pointing was shown to be due to the formation of trichloride.

Other examples of such expansive compounds, which may cause damages,
are thaumasite and ettringite [41]. Thaumasite and ettringite are the results of
the reaction of sulphates (coming for example from the air or from bricks) with
components of the hydraulic mortar. Thaumasite (CaCO3-CaSQO4-CaSiO3-15H,0)
may form by the reaction of water with calcium carbonate, calcium sulphate and
hydrated calcium silicate, which again are present in concrete or mortar mixtures
as binders. The composition of hydrated calcium silicates, which may vary within
a relatively wide range, is indicated by the generic formula C—S-H. Ettringite
(3Ca0-Al;03:3CaS04-32H,0) may form by the reaction of water with cal-
cium sulphate and the alumina bearing hydration products (4CaO-Al,03-13H;0,
3Ca0-Alr03-6H,0, C3A-CaS04-12-18H,0, etc.). These products, sometimes
indicated as C-A-H, are formed by hydration of Portland cement or other binders,
such as hydraulic lime or mixtures of lime and pozzolan [40].

Hydrated lime (air lime) mortar cannot be affected by the reactions described
above. In this case another form of expansive reaction, the one consisting in the
conversion of the CaCO3 into CaSO4-2H70 (gypsum), can take place. Sulphates
present in the polluted air or coming from the brick react, in the presence of mois-
ture, with the CaCO3 in the mortar to form CaSO4-2H;0, i.e. gypsum.

Damages due to structural causes are generally showing as cracks, often in
combination with deformations. The first important step to make a diagnosis of
structural damages is the survey and interpretation of the crack pattern. However,
the possibility of occurring damages due to non-structural causes has also to be
taken into account. The signs of damages given by the crack direction and opening
have to be well evaluated.

The crack patterns may be caused by structural failures like overloading, set-
tlements or due to extreme events like earthquakes. The main structural failures
that may cause damages affecting the structural stability include: (i) dead load in
heavy massive structures; (ii) soil settlements; (iii) horizontal actions due to thrust
in arches and vaults; and (iv) extreme events like earthquakes or landslides. The
position, the direction and the width of the cracks indicate where the local stress
value reaches the strength of the material and hence, indirectly, the type of stress
to which it is subjected. Knowing typical causes, which can produce damage to
the structure such as vertical and horizontal actions, soil settlements, interactions
between walls and floors, roofs and walls, can help understanding the visible
effects (cracks, deformations, leaning, etc.) of these actions on the structure.

6 Diagnostic Systems and Expert Systems

The use of expert systems for diagnosis in building practice or for mitigation of
the effects of decay and damage to buildings belonging to the cultural heritage is
e mmon. Th ment, started fifteen years ago, when the first
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outcome of an EU project [38, 42]. The approach concerning the assessment of
damage to (historic) masonry buildings is quite comparable to the one used in
medicine. In medicine it consists of three steps: anamnesis, diagnosis and therapy.
In building diagnostics, generally, steps like survey, (visual) assessment, diagnosis
and intervention are commonly used.

Such an approach was already adopted in the early MDDS, although this sys-
tem would be very restrained in proposing interventions. The MDDS contained a
damage atlas, a series of damage processes and a reasoning mechanism that made
use of essential conditions to assess whether the occurrence of a certain damage
process might be possible or probable. Already in the original system, the dam-
age atlas was a very important tool, initially limited to damages concerning brick.
Restricted as that was, it certainly had an important function: the use of a common
language (damage terminology). Figure 9 gives an overview of the damage pro-
cesses included in MDDS. A process is defined by a number of “essential condi-
tions” that would allow the process to occur; together with a set of well-defined
damage types (damage atlas), this constituted the backbone of the original system.

In the practical situation of conservation works, an assessment of the state of
the building condition is the first and necessary step to properly define the problem
that is to be solved. This step also includes the decision on which investigations
have to be performed. An assessment will usually start with a visual inspection,
or survey, of the building. A correct diagnosis is the “conditio sine qua non” for
a proper assessment of the damage phenomenon and, subsequently, for the defi-
nition of the intervention. The part on structural damages in MDDS was initially
underdeveloped, as the system main focus was on damage related to the interac-
tion between materials and environmental factors.

Quite some additions have afterwards been made to the initial system: the
reasoning has been very much refined; it is possible to introduce measure-
ment data such as moisture content, salt content, etc. in the reasoning process in
order to have a more refined hypothesis and diagnosis. Moreover, other materi-
als have been introduced, like natural stone, mortars, renders and concrete as well
as composite constructions such as masonry structures. Systems such as the cur-
rent MDDS (Monument Damage Diagnostic System, successor of the Masonry
Damage Diagnostic System) intend to facilitate multidisciplinary teamwork by
offering a structured, transparent and consistent method for analysing and diagnos-
ing damage [43, 44]. Additionally, several additions and improvements have been
made into this extended system, such as those following from the EU COMPASS
project [44]. Although MDDS does not fully cover structural damages yet, a struc-
tural damage atlas is already available on the basis of the research of de Vent [45,
46] and a more complete structural analysis module will be added.

An investigation carried out with the help of MDDS will start, like any inves-
tigation, with the survey: gathering data and performing a visual inspection of the
building showing damage. The aim of this first phase of the work is to enable the
inspector to acquire more insight in the situation and to structure his observations
with the help of the system. The system helps in handling each situation found in
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Fig. 9 Tree structure of damage processes contained in the first MDDS

a building as part of a context. Its approach is based on the way of reasoning of an
expert. All information considered relevant may be inserted in the system, which
is structured in such a way that at three levels, building, construction and material,
descriptions can be made and data can be added. The user is free to make annota-
tions on the building, even if they are not directly related to its decay, but will
serve other purposes (e.g. statistics). Pictures and drawings can also be inserted in
the consultation file, which will eventually be part of the dossier of the building.
The assessment of the type of damage found can be done at distinct levels in
the system: at the level of the construction (for example a wall as a whole) and/
or at the level of each constitutive material/construction system (for example
masonry unit, brick, stone, plaster, bedding mortar, paint, etc.). With the support of
the damage atlas, which has been integrated in the diagnostic part, a correct defini-
tion of the observed damage type at both levels is possible (Fig. 10) and the results
of the visual observation (i.e. descriptions, photos, drawings, etc.) can be included.
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Fig. 10 MDDS damage atlas at construction level (a) and at material level (b)

The damages related to environmental conditions and material properties are
mainly caused by environmental causes like water, frost, salts, pollution, flooding,
etc., generally in combination with material properties. See also Sect. 5. All deg-
radation processes that take place under those conditions are related to the pres-
ence of moisture. The system will, apart from assessing the correct damage type
and coming with a hypothesis on the basis of the observations, also allow to insert
measuring data, for example on moisture and salt distribution in a wall, for a more
precise diagnosis.

The damages due to structural causes are generally perceived as large isolated
cracks or as a diffused pattern of cracks, as addressed above. In the identification
process of a structural damage pattern, the following characteristics should be
taken into account: width of the crack(s) and variations over length; as far as pos-
sible: depth of the crack(s); direction of the crack(s); combination of crack(s) with
deformations or displacements. Together with the visual characteristics of a pat-
tern, the following should also be considered: the behaviour of the crack(s) in the
course of time; comparisons of the actual damage found with previous damage and
monitoring of its behaviour; the building materials constituting the construction;
the building techniques used; the building element showing damage (e.g. wall, col-
umn, arch); and conservation measures performed over time (previous history).

For the time being, MDDS works with an integrated atlas in the diagnostic part
of the system, which makes it possible to suggest one or more hypotheses, on the
basis of the structural damage pattern that was assessed (Fig. 11). Investigations
should also be carried out to ascertain whether the damage pattern has appeared
together with other forms of deterioration: for example, a crack may occur
together with a displacement or other non-structural types of damage. There are
also damage types that appear to be structural, but are actually caused by salt or
frost damaging mechanisms. An interesting example is that of the church tower
of Noordwijk, the Netherlands (Fig. 12) [47]. The damage pattern is constituted
by vertical cracks running along the corner of the tower. They are crossed by less
evident horizontal cracks, running through the mortar joints. This damage pattern
appears, at first sight, likely to be caused by a structural deterioration process, but
ing compounds in the mortar.
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7 Conclusions

The present chapter addresses the properties of historical brick masonry and
its components. First, historic mortars are discussed with respect to binders,
aggregates, the role of porosity and mechanical strength. The strength of a mor-
tar is greatly affected by the porosity and decreases with an increase in porosity.
Compressive strength of air lime mortars ranges around 1.5-2.0 N/mm?, whereas
hydraulic lime mortars may reach ca. 10 N/mm?. The bond strength between the
masonry unit (brick or stone) and the mortar joint is also important and a low
binder/aggregate ratio, poor grading of the aggregate or inadequate tooling of the
mortar may limit the bond strength. Subsequently, old bricks are characterized in
terms of chemical composition, average porosity, bulk mass and mechanical prop-
erties. The compressive strength of old clay bricks have a wide range of values
(from 4 to 32 N/mm?), with some concentration between 7 and 20 N/mm?2. For the
modulus of elasticity, values range from 1 to 18 GPa, with an average value of 300
times the compressive strength. The ratio between tensile and compressive strength
ranges from 0.03 to 0.10. Finally, the strength theories and experimental results of
brick masonry under uniaxial and biaxial compression are briefly reviewed.

With respect to deterioration and damage, the most important influencing fac-
tors are discussed: environment; materials; building’s design; craftsmanship in the
construction of the building and its maintenance. The use of expert systems for
diagnosis in building practice or for mitigation of the effects of decay and damage
to buildings belonging to the cultural heritage is still not very common. In building
diagnostics, generally, steps like survey, (visual) assessment, diagnosis and inter-
vention are commonly used. With the support of a damage atlas in expert systems,
a correct definition of the observed damage type is possible, providing a more
objective and user-independent result.
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Characterization and Reinforcement
of Stone Masonry Walls

Bruno Quelhas, Lorenzo Cantini, Joao Miranda Guedes,
Francesca da Porto and Celeste Almeida

Abstract Stone masonry is one of the oldest “structural materials” known to man.
It is made by the superposition of stones, mortar and, very often, with infill mate-
rial between leaves. The components present complex links and interactions and,
in most cases, unknown geometry and high variability of their mechanical prop-
erties. These characteristics make stone masonry a highly heterogeneous mate-
rial for which it is difficult to define realistic behaviour laws, a challenge that
still demands further research, either through laboratory or onsite experimental
campaigns. In reality, the mechanical characteristics of a stone masonry element
strongly depend on the geometry and geometrical distribution of the stones along
the facade and cross-section of the element and, therefore, on the layout of the
interfaces, i.e. the joints. Studies developed in Italy have defined a series of param-
eters that try to quantify the level of fulfilment of good practice constructions
rules with the expectable performance of a stone masonry wall under static and
dynamic loading, in particular under seismic type loadings. This chapter discusses
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construction typologies and materials, assessment methodologies, earthquake
induced failure mechanisms and strengthening intervention techniques on stone
masonry structures, in particular walls.

Keywords Stone masonry ¢ Assessment methodologies ¢ Walls ¢ Seismic
behaviour ¢ Strengthening techniques

1 Introduction

Stone masonry is one of the oldest “structural material” known to man that
resisted time. It has been widely used, mainly up to the middle of the twentieth
century, on a large variety of constructions, either common or monumental, some
of them being today classified as local, national, or even world cultural heritage.

Stone masonry is a composite structural material made of the superposition of
stones, mortar and, very often, with infill material, presenting complex links and
interactions, for which the definition of realistic behaviour laws remains a big
challenge; by nature, it is a heterogeneous material, whose components present, in
most cases, an unknown geometry and a high variability of the mechanical prop-
erties. Thus, a great effort has been, and still is being done to gather information
on this type of structures, either through laboratory [1-9] and onsite experimen-
tal campaigns [10-14] and/or including Non Destructive Techniques (NDT) and
Slightly Destructive Techniques (SDT) using flat-jacks, sonic equipment, dynamic
identification procedures, among other techniques [7, 15-17].

Studies carried out in Italy after major earthquakes have also allowed character-
izing and classifying stone masonry walls through the assessment of the elevation
and cross-section of the walls and the mechanical state of its components [18, 19].
However, and although a series of common “good construction practices” have
been followed in different countries, the definition of a complete classification of
the existing masonry typologies is difficult. In Portugal, some work has been done
on the survey of stone masonry constructions in different regions [20], and a first
attempt to create a database was done through the study of stone walls from build-
ings of the town of Tenttigal [21].

The next points establish and discuss construction typologies and materials,
assessment methodologies, earthquake induced failure mechanisms and strength-
ening intervention techniques on existing masonry structures.

2 Masonry Typologies and Quality

Stone masonry is a composite structural material made of more or less regular lay-
ers of stones defining, approximately, horizontal (continuous) and vertical (discon-
i i i rred to as joints, which may be filled in
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with mortar, small stones (wedges) and (or) other stiff material: pieces of brick,
ceramics... In the case of a multi-leaf stone masonry, apart from those elements,
there could be infill material within leaves, being also part of the masonry struc-
ture. This element, often considered to be secondary, is usually made of a mix of
different materials, from earth to stones, broken bricks, natural fibres, etc., and
placed without any particular compaction.

According to the natural resources of a specific geographical area, masonry
structures were erected using the available materials and following the local con-
structive tradition. The construction techniques within a certain territorial ambit
were established by the builders’ empirical knowledge, successively transmitted
through oral tradition, which afterwards became rules for that territory. Thus, since
different building typologies can be found within different regions, it becomes dif-
ficult to find a complete and unique classification of the existing stone masonry.
Nevertheless, the contact between cultures allows common features to be present
in the different construction traditions. Since ancient civilizations, like the Hellenic
one, the diffusion of this technical knowledge was supported by experts in the
construction field. The treatises of architecture that appeared during the Roman
Empire, or the work promoted by these and other cultural centres and present in
the libraries of the mediaeval convents and monasteries are examples of that knowl-
edge circulation. Thus, each civilization that reached a certain cultural hegemony
left the traces of their technical capabilities through written or oral evidences.

A common tradition for masonry walls was developed by the Romans: from
the Mediterranean coasts to the Northern regions of Europe, the Romans learnt the
local building traditions and taught their own technical knowledge. During their
domination, they imposed shared rules for the construction of masonry structures.
In the first book of his treatise, Palladio [22] recalls Vitruvius’s classification for
Roman stone masonry walls, remarking that some of those building techniques
were still used at his time. Five main typologies are described through short indi-
cations and graphic layouts, as follow:

a. Opus isodomum, presenting a regular texture formed by squared stones dis-
played along horizontal settings. Due to the variation of the proportion between
the shaped stones used in the different courses, this masonry typology was also
known as opus pseudo-isodomum (see Fig. 1a);

b. Roman concrete, constituted by irregular stones having limited dimensions
(pebbles) bound by mixtures with pozzolanic properties (see Fig. 1b);

c. Infill walls, created through the so called Roman concrete, a composite material
obtained by irregular stones of various dimensions bound by pozzolanic mix-
tures. The infill could be contained through regular (see Fig. 1c) or irregular
external masonry texture;

d. Opus reticolatum, composed by squared stones displayed along diagonal laying
planes and regularly crossed by Roman bricks forming horizontal settings (see
Fig. 1d);
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Fig. 1 Examples of the main Roman stone masonry typologies: a opus pseudoisodomum;
b Roman concrete; ¢ infill wall (emplecton); d opus reticolatum with infill; e opus incertum; f
opus mixtum (layouts from Table 11 of [23])

Theses masonry typologies, still recognizable in the main Roman monuments
and ruins in Europe, North Africa and Middle East, were adopted also after the
Roman Empire: the mixed type with infill walls (Fig. 1f), for example, is a build-
ing technique that was largely used in Middle Age for the construction of Romanic
and gothic cathedrals. Regular stones textures with an internal infill were also typi-
cal of defensive structures, like fortresses.

According to the past experience of masonry constructors, the geometry of a
stone masonry, namely the distribution and superposition of the stones should respect
a series of procedures that are usually referred to in the bibliography [24] as “good
practice rules”. The respect of such rules contributes, unquestionably, to a better dis-
tribution of forces through the masonry elements and to a better global structural
behaviour. In particular, stones should be disposed along regular horizontal layers,
should create discontinues vertical interfaces and, in case of a multi-leaf masonry,
should guarantee a good connection and (or) interlock between different leaves.

When dealing with ordinary buildings (also known as diffused architecture),
the classification appears to be more complex, since more differences are usu-
ally found due to a greater influence of more local building traditions, which,
sometimes, even correspond to the introduction of new masonry typologies. The
changes produced by certain historic events (like the Arabic domination in North
Africa and in the Iberian Peninsula) determined a diversification of the classic
masonry building techniques. Moreover, natural cataclysmic have also promoted
the progressive development of the construction techniques, by showing the inef-
fectiveness of certain structures and forcing the investigation of more suitable
building solutions. The introduction of timber frames in masonry walls (as in some
seismic areas of Portugal, Greece or south Italy) was an example of a technical
response meant to contrast earthquake effects.

The studies of experts, like Giuffre [25] and De Felice [26], on diffused architec-
tonic heritage outlined that masonry structures may present defects in the connec-
tions between their layers With respect to the masonry walls built by the Romans,

alls spwere characterized by infill mixtures with
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poorer binding properties. In fact, the monolithic behaviour of Roman walls was
obtained through binding mixtures having hydraulic properties and good resist-
ance. These characteristics were rarely obtained during the further centuries, due to
the use of mixtures with low quality. As a result, multi-leaf walls are deeply influ-
enced by the organization of their masonry sections: their mechanical behaviour is
not interpretable through a simple evaluation of the external masonry texture, but
it should be based on the study in depth of the characteristics of the cross-section.
Considering large typological classes [27], common stone walls can be divided in:

e one leaf solid wall, composed by one stone per thickness [2] or stones well
connected (usually by headers) and organized in horizontal or sub-horizontal
courses (see Fig. 2a);

e two leaves wall, formed by two separate layers connected by an infill made by
small rubble materials bound with mortar (Fig. 2b), or through the periodical
overlapping of the stones (Fig. 2c¢);

e multiple leaves wall, usually constituted by external layers with a regular tex-
ture and one or more internal leaves composed by an irregular infill (Fig. 2d);

e dry stone wall, usually composed by irregular shaped blocks jointed by small
stone or brick detritus and in some cases by stone wedges (Fig. 2e).

According to research carried out by Binda [28] and Borri [29] on Italian histor-
ical centres in seismic area, the quality of the stone masonry walls can be evaluated
through the following combination of visual inspections and limited investigations:

e geometry: the dimension of the material components (the proportions of the
stones; the height of the mortar joints, etc.), the disposal of the courses, the ver-
tical joint staggering, the presence of headers, etc. [30];

(a) (d) .(e)

o 1;&# fﬁ;;

"éf‘

Fig. 2 Examples of different masonry typologies classification based on the characteristics
of their sections (courtesy of C. Almeida and L. Binda and G. Cardani). a Single leaf wall.
b Double leaves wall without connections. ¢ Double leaves wall with connections. d Multi leaves
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e decay status of the materials: identification of the pathologies causing the reduction
of the mechanical properties of the structure [31];

e physical and chemical analysis on sampled mortar: the mortar used in the struc-
ture should be investigated for different depths and the identification of certain
impurities (like hygroscopic saults or other sinterizing composts) allows to clas-
sify the mortar quality [32];

e Direct sonic tests provide qualitative indications on the connections between the
components and can indicate the presence of headers [18];

e Single and double flat jack tests are able to identify quantitative parameters:
respectively, the local state of stress and the deformability characteristics [33];

e [ocal dismantling: the direct observation of a limited area of the masonry sec-
tion (usually 1/3 of its depth) allows recognizing the presence of multiple leaves
and the technique used for assembling the components (regular mortar joints,
rubble materials, etc.) [34].

The above mentioned study-methodology is the synthesis of the guidelines for
the evaluation of the masonry quality promoted by the Italian institutions after
recent seismic events. These recommendations provide indications for the inter-
pretation of the mechanical behaviour of historical masonry structures introducing
abacus of the main stone masonry textures and abacus showing the most common
masonry cross sections (see Fig. 3). According to the characteristics of each stone
masonry type, their quality can be evaluated according to the adequacy of the real
structures to the characteristics described in the corresponding model.

2.1 Masonry Mechanical Behaviour

Studies developed in Italy have created a series of parameters that (try to) quantify
the level of fulfilment of good practice constructions rules through the measure-
ment of the deviation of the geometrical and physical characteristics of the walls
from ideal conditions [36, 37]. Moreover, the Italian codes [38—40], present tables
that link the fulfilment of these rules to the expectable performance of a stone
masonry wall under static and dynamic loading.

Fig. 3 Examples of different masonry typologies [35]. a Regular shaped stone blocks.
b Irregular blocks and pebbles mixed type. c.lrregular blocks and pebbles mixed type with brick

oLl Z'yl_ilsl
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In reality, strength and stiffness of a stone masonry element depend on the
geometry and geometrical distribution of the stones along the facade and cross-
section of the element and, therefore, on the layout of the interfaces, i.e. the joints.
This means that the mechanical parameters of a stone masonry depend on the
mechanical characteristics of the stones, which are usually the most resisting ele-
ments, but also on the physical and mechanical characteristics of the joints and of
the infill.

The contribution of the infill to the behaviour of stone masonry depends on its
mechanical characteristics and on the characteristics of the cross-section, namely
on the roughness of the inside face of the leaves and on the existence of transver-
sal stones connecting the leaves. Notice that the compression of the infill induces
its horizontal expansion (Poisson effect) that pushes the leaves to the outside. If
the external leaves are not well connected and (or) do not present a good interlock,
this phenomenon promotes an out-of-plane behaviour that may induce the vertical
instability of the leaves. On the contrary, if the connection between leaves is effi-
ciently ensured, the expansion of the infill may be avoided by the external leaves,
which induces a confinement state that improves the infill mechanical response
and, therefore, promotes a better global performance of the stone masonry.

In general, the mechanical characteristics of a stone masonry with mortar joints
are associated to the mechanical characteristics of the stones and of the mortar, in
particular to the strength and stiffness of the two materials. Many authors suggest
empirical based expressions that link the compressive strength of the two materials
to the compressive strength of the masonry. In particular, the following equation
has been proposed [41-—43]:

Oen = YO -Ug.

where ocm, 0cs and o, represent, respectively, the compressive strength of the
masonry, of the stones and of the mortar, and y, o and S the parameters that
should be calibrated to take into account the specific characteristics of each type
of stone masonry. However, the mechanical properties of a stone masonry tend
to have a high scatter; the mechanical parameters depend on the particularities of
the masonry that are hardly repeatable. This is particularly true for stone masonry
with irregular textures, which can be considered the more general situation.
Nevertheless, attempts have been made by different authors to propose ranges of
values for different types of stone masonry [2, 10, 44].

As for the stiffness, in particular for the Young modulus of stone masonry (E,,),
empirical based expressions have also been proposed to estimate this mechanical
property, in particular through a direct proportion to the compressive strength [42, 45]:

Em/Jcm =k

Also in this case the proposed ratio can have a very high scatter, and different
values for the coefficient k have already been found, or suggested. Although most
i een 500 and 1000, being the last the one
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usually used for stones and mortar, tests made on one-leaf irregular stone masonry
walls at the Laboratory of Earthquake and Structural Engineering (LESE) of the
Faculty of Engineering of Porto University (FEUP) [2] have found values between
80 and 140.

Notice that stones have, in general, high stiffness and compressive strength
when compared to mortar joints. This is particularly true when dealing with old
stone masonry structures with lime mortar type joints. Values of compressive
strength and stiffness of, respectively, 1 MPa and 1 GPa are usually found for this
type of mortar, while stones, even with some degradation, present values that are
easily greater than 20 MPa and 20 GPa, respectively. This difference makes the
initial behaviour of stone masonry to be mostly controlled by the mechanical char-
acteristics of the joints, which may crush under compression forces, open under
tensile forces and slide under shear forces, defining, in most cases, the main rup-
ture lines.

However, the contribution of the stones to the mechanical properties and
behaviour of the masonry is not restricted to the definition of its texture, i.e. to
the delimitation of the joints through the stones interfaces. To understand the role
of stones in stone masonry, firstly one should be aware that stones have a tensile
fragile behaviour with a tensile strength that is commonly more than ten times
lower than the compressive strength. Therefore, while crushing of stones is sel-
dom achieved, or is confined to limited areas where localized concentration of
forces occurs, cracking of stones happens more frequently and it interferes with
the configuration of the rupture lines. In particular, and apart from any instabil-
ity phenomenon that may occur due to slenderness and (or) the influence of infill
expansion, the stones tensile rupture is the main factor that controls and restrains
the compressive strength of a stone masonry. Nevertheless, the importance of the
tensile strength of the stones is often neglected and the compression strength is the
property that is usually underlined in the literature, even though the ultimate value
of compression strength depends, itself, on the tensile strength of the stone. Notice
that, although tensile strength and compression strength of the stones is related,
the ratio between the first and the second depends on the quality of the stones, and
a large scatter can be found even for the same type of stones. Nevertheless, typical
values for this ratio are found between 0.04 and 0.10.

In reality, when a stone masonry wall is loaded by a set of vertical (perpendicu-
lar to the horizontal interface layers) and in-plane transversal forces (perpendicu-
lar to the previous), the forces flow to the basement through a set of preferential
compression lines that depend mostly on the geometrical characteristics of the
masonry, in particular on the way the stones are supported on each other. If a set
of more or less homogeneous and continuous horizontal layers, i.e. joints, exists
in between the stones, the forces flow in a more uniform way and no particular
concentration of forces happens on the stones. On the contrary, if the horizontal
interfaces between stones are made of small stones, or other stiff material and
(or) present different mortar thicknesses, i.e. if the joints are not uniform, present-
ing a very heterogeneous and discontinuous stiffness distribution, the forces flow
i i centration of forces in those areas and
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inducing a flexural behaviour on the stones between stiffer points. Since stones
have a tensile fragile behaviour with a low tensile strength, especially when com-
pared to the compressive strength, this phenomenon promotes the tensile rupture
of the stones, which ends up being one of the most important factors that controls
the global performance of a stone masonry wall.

Notice that stone masonry is a material that is not meant to be submitted to ten-
sile forces. Moreover, the behaviour and performance of a stone masonry strongly
depends on the level of compression force applied to the masonry. In particular,
high compression axial forces induce an instable behaviour that should be avoided.
However, under ordinary static conditions, stone masonry is usually submitted to lev-
els of axial compression force that are far below its compressive strength and, there-
fore, these forces have a stabilizing role, in particular when transversal forces are
also applied to the masonry. As an example, laboratory tests made on a three-leaves
irregular stone masonry wall panel, 1.2 m high per 1.0 m wide and 0.5 m thick, have
shown a quite nonlinear plastic behaviour with a vertical axial strength and an initial
Young modulus of around 3.0 MPa and 2.4 GPa, respectively [4]. Notice that the
high plastic behaviour is one of the main characteristics of stone masonry and that is
mainly due to the crushing of the joints, a deformation that is mostly unrecoverable.

Stone masonry is, therefore, a material that is not meant to be submitted to out-
of-plane forces. But loads of this type may occur due to natural, or accidental phe-
nomena (wind, earthquakes, explosions, impacts, etc.), or static lateral impulses
from the contact with other elements, and stone masonry should be prepared to
face them. Exceptional dynamic load events, like earthquakes, can induce impor-
tant fluctuations of the compressive axial force that may vary from zero, exposing
the masonry to a very critical situation where a small lateral force could be enough
to overturn the masonry, to very high values that can overcome the compressive
strength of the masonry and may cause the crushing of the material. Figure 4
shows the compression behaviour curve of a three-leaf stone masonry wall.

3 The Seismic Behaviour of Existing Masonry Buildings:
Morphology of Damages and Failure Mechanisms

The developments that have been implemented and tested concerning stone
masonry structures, in particular walls, arches and vaults, are mainly linked to
the improvement of the behaviour of that type of masonry elements under seis-
mic type actions. In fact, throughout history, earthquakes have represented one
of the main causes of damage and losses of stone masonry buildings. The post-
earthquake damage surveys carried out after earthquakes affecting areas where
masonry buildings had an important presence came out to be an important source
of information on the recurrent damage patterns. These observations showed that
one of the main sources of vulnerability for such structures is associated to local
failure modes that can be essentially interpreted on the basis of two fundamental

i iing; to Giuffre definition [24, 52], the most
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Fig. 4 Simple compression test on a three-leaf stone masonry wall [4]: test apparatus and verti-
cal compression behaviour curve

vulnerable failure mode, referred to as the “First Damage Mode” (Fig. 5) is acti-
vated by seismic actions perpendicular to the wall, i.e. out-of-plane actions that
cause the overturning of the whole panel, or of a significant portion of it. The
building seismic response can be governed by such mechanisms when connec-
tions between orthogonal walls and between walls and floors are particularly poor.
This is often the case of stone masonry buildings, with lack of interlocking at the
connection of intersecting walls, presence of simply supported wooden floors and
thrusting roofs. Only if connections are improved by proper devices, as for example
i i is failure mechanism can be prevented.
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The second failure mode, referred to as the “Second Damage Mode” (Fig. 5),
which can occur simultaneously, or not with the first one, is activated by seismic in-
plane actions that cause the shear cracking of the panels.

Under horizontal type actions, such as those impose by earthquakes, the exter-
nal masonry walls of a house can typically be subjected to out-of-plane mecha-
nisms. This “first mode” could be considered as one the most frequent and ruinous
mechanisms, as it implies the complete collapse of the wall and consequent ruin of
all supported elements. The way in which it develops depends on the quality of the
masonry itself and of the connections with the other structural elements [55]. In the
case that the structure is not strengthened and (or) well connected to other struc-
tural elements, such as floors and roofs, the only means to restraint the overturning
mechanism is the friction produced on the contact surface between the wall and the
elements to which it is connected. Notice that, if the structure is strengthened, for
example, by introducing ties or ring beams, then usually the simple overturning is
prevented, while mechanisms relying on arch effect start to develop [56].

Out-of-plane mechanisms of masonry panels are often associated with in-plane
mechanisms, either developing within the same panel, or in different panels. In
fact, not only constructions have masonry walls distributed along orthogonal direc-
tions, as horizontal actions, as earthquakes, introduce horizontal loads coming from
different directions. As described before, this “second mode” is caused by forces
acting in the plane of the wall and it is usually characterized by diagonal cracks
associated with shear forces that often result in an “X” pattern, but hardly reaching
total collapse. However, when a full shear crack occurs during an earthquake, the
triangular sections of the panel can become unstable, leading to collapse.

Observation of seismic damage of stone masonry walls, as well as laboratory
experimental tests on stone masonry panels, showed that masonry walls subjected
to in-plane loading may have two typical types of behaviour, to which different
failure modes are associated:

o Flexural behaviour: this may involve two different modes of failure. If the applied
vertical load is low with respect to the masonry compressive strength, the hori-
zontal load produces tensile flexural cracking at the corners and the pier begins to
behave as a nearly rigid body rotating around the toe (rocking). If no significant
flexural cracking occurs, due to a sufficiently high vertical load, the pier is pro-
gressively characterized by a widespread damage pattern, with sub-vertical cracks
oriented towards the more compressed corners (crushing). In both cases, the ulti-

mi i i 1 e compressed corners, Fig. 6a.
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(a) (b) (c)
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Fig. 6 Identified masonry failure mechanism [57]

L2l

e Shear behaviour: this may produce two different modes of failure: (i) sliding
shear failure, where the development of flexural cracking at the tense corners
reduces the resisting section; failure is attained with sliding on a horizontal
plane bed joint, usually located at one of the ends of the pier, Fig. 6b; (ii) diago-
nal cracking, when failure is attained with the formation of a diagonal crack,
which usually develops at the centre of the pier and then propagates towards the
corners, Fig. 6¢. The crack may pass prevailingly through mortar joints (assum-
ing the shape of a ‘stair-stepped’ path in the case of a regular masonry pattern),
or through the blocks.

The occurrence of different failure modes depends on several parameters such as:
(a) the geometry of the pier; (b) the boundary conditions; (c) the acting axial load;
(d) the mechanical characteristics of the masonry constituents (mortar, blocks and
interfaces); (e) the masonry geometrical characteristics, namely the block aspect ratio
and the in-plane and cross-section masonry pattern. In the past, many experimental
tests have been carried out in order to analyse the influence of these parameters on
the failure mode of masonry piers. In general, it has been assessed that rocking tends
to prevail in slender piers, while bed joint sliding tends to occur in very squat piers
[58, 59]. In moderately slender piers, diagonal cracking tends to prevail over rocking
and bed joint sliding, for increasing levels of vertical compression [60].

For increasing levels of vertical compression [61], and increasing ratios of mor-
tar to stone strength [62, 63], diagonal cracking propagating through stones tends
to prevail over diagonal cracking propagating through mortar joints. Crushing, in
general, occurs for high levels of vertical compression and is related to the com-
pressive strength of the material [60].

It is worth pointing out that it is not always easy to distinguish the occurrence
of a specific type of mechanism, since many interactions may occur between
them. The damages observed in various countries due to recent earthquakes, par-
ticularly in Europe where the use of this material is very diffused in construction,
(e.g. Umbria-Marche—Italy (1997-98), Azores—Portugal (1998), Andravida—
Greece (2008), Abruzzo—Italy (2009), Lorca—Spain (2011), Van—Turkey
(2011), Reggio-Emilia—TItaly (2012), etc.—[64]) have shown that, although much
knowledge already exists, and 1mportant investigation is still being carried in this
field still m pasticular in the implementation of strengthening
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and (or) retrofitting solutions in old stone masonry constructions to improve their
performance under this type of actions. Besides, the fact that there are several
buildings that were retrofitted and (or) strengthened prior to earthquakes also
allowed assessing the performance, in particular the effectiveness of the applied
intervention techniques; not always the adopted structural models were adequate
and, therefore, the retrofitting techniques provided the expected effects. In par-
ticular, the effects of the earthquakes revealed the existence of incompatibilities
between the stone masonry constructions (materials, structural systems...) and
the applied intervention techniques, Fig. 7. Many failures were mainly related: to
analyses performed on the basis of limited or inadequate information regarding the
original structural system and the mechanical properties of the materials, to the
use of unsuitable analytical tools and to the adoption of behaviour models devel-
oped for modern structures.

Although these observations call for regulatory documents that provide tech-
nicians with adequate guidance, it is very complex to define general rules and
operative modalities, as it was tempted in the past. This is mainly related to the
complexity of the structural typologies of existing buildings, in particular those
with masonry bearing structures, but also to the fact that it is an issue that often
involves social, historic, aesthetic, technical and economic aspects.

The observation of failures due to incompatibility between the original struc-
ture and the repair intervention, showed the need for developing new structural
models for assessing the behaviour old stone masonry buildings, and code require-
ments for the intervention procedures [50, 65]. Formerly, the code requirements
were oriented to the seismic adequacy of structures. In the case of cultural her-
itage constructions, namely those classified or protected by national or inter-
national directives, the new Italian seismic code moved from the imposition of
“adequacy” to “improvement” [38—40, 66], which means more flexible, compat-
ible and respectful interventions on existing structures. Such codes promote the
improvement of the performance of old constructions through a series of interven-
tion procedures, but without imposing the fulfilment of the (too demanding) code
requirements for new constructions.

Several studies based on onsite observations after seismic events were carried out
in order to define the real structural behaviour of old masonry buildings. These studies
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allowed creating abacuses with the typical damages occurring to the different
typologies (buildings, churches, etc.), which led to the systematization of the mechan-
ical models able to describe their specific behaviour by kinematics models, both for
in-plane and out-of-plane mechanisms.

4 Methodologies and Tools for the Assessment of Stone
Masonry Structures and Control of Strengthening
Interventions

Characterization of old stone masonry structures is a very complex task, which
requires specific multidisciplinary methodologies of evaluation that have been
improved and applied, in particular to historical constructions or construc-
tions with high cultural value [18]. Such methodologies allow designers, such
as engineers and architects, to assess the materials and structural systems of the
constructions, as well as their geometry and damage state. Such information is
indispensable to calibrate and assess the representativeness of the numerical mod-
els that were selected for the simulation of the construction, and that will help to
understand the processes that contributed to the actual state of the construction and
to measure the actual performance of the recommended intervention solutions.

These evaluation methodologies are present in the Eurocode 8 [67] and in the
Italian Technical Norms for Construction [40], and specified for Cultural Heritage
in the Italian Guidelines [68]. These norms define different levels of knowledge,
correlated to the extent of application of the methodologies, which are then related
to different confidence factors. These factors are of great importance to designers
for defining retrofitting and (or) strengthening interventions.

The evaluation methodologies can be divided into two main phases: (1) knowl-
edge phase (historical research; assessment of the structure—geometry and mate-
rial; damage survey; onsite and laboratory tests) and (2) analysis phase (selection
of the type of analysis, model and tools).

The knowledge phase is characterized by several steps with the ultimate
goal of characterizing in a complete and detailed, as much as possible, way the
structural system. This phase is essentially composed by five steps: (1a) histori-
cal investigation, paying special attention to the transformations and structural
interventions performed to the structure throughout time: assessment of the effi-
ciency of those actions and discussion on their influence to the behaviour of the
structure; (1b) description of the building, through the detailed analysis of each
of the architectural and structural elements and the survey of the geometrical
and material characteristics of the structure; (1c) characterization of the compos-
ing material properties (physical, chemical and mechanical) through onsite (flat-
jacks, sonics, etc.) and laboratorial experimental tests; (1d) characterization of the
more global behaviour of the structure through onsite tests, in particular by using
dynamic identification tools, a technique that is becoming more and more diffuse,

i i i i i ower resistance areas, but also to assess,
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indirectly, the effectiveness of applied reinforcement solutions; (le) description
and definition of possible causes to the overall state of the structure. The use of
different techniques and the comparison of the different results allow a more reli-
able and effective assessment.

The level of depth and detail involved in this 1st phase depends on the proposed
objectives established for each particular case. If it intends a simplified analysis,
or the analysis of only a certain part of the structure, it may not be reasonable to
implement all the five steps with the same detail, or to apply them to the whole
structure. This depends largely on the experience of the technicians involved in the
study; a less experienced person may: (1) be extremely conservative (2) or totally
neglect the knowledge phase.

The 2nd phase is characterized by a single step: (2a) define a modelling strat-
egy for the assessment of the structures based on the previously gathered informa-
tion. Within this step, and based on the objectives defined for each case, different
matters have to be decided, such as the most effective: (i) modelling type analysis
(limit analysis, analysis with numerical models, in particular using finite elements,
etc.) and (ii) material type behaviour (linear or nonlinear).

The two phases are not always applied in a unidirectional way, i.e., after the defini-
tion of the 1st phase, and after passing to the analysis and modelling of the structure, it
is often necessary to reassess the input information, entering into an iterative process.

5 Strengthening Techniques

Recent seismic events showed the ineffectiveness of some past interventions on
masonry structures and, therefore, of the approaches/methodologies and tools
adopted on its conception. The intervention solutions have to be designed taking into
account its functional purpose, the real onsite conditions and should be validated
guaranteeing the fulfilment of certain criteria [69-71], such as the requirement for:
(1) structural authenticity; (ii) structural reliability; (iii) compatibility; (iv) durabil-
ity; (v) non-intrusiveness (non-invasive); (vi) non-obtrusiveness; (vii) removability/
reversibility, or repeatability; (viii) monitorability and controllability, all converging
to (ix) a minimum intervention approach. These criteria should not be understood as
absolute requirements, but as recommended conditions to achieve efficient, respect-
ful optimal solutions, consistent with conservation principles. In fact, the fulfilment
of all the criteria may be impossible in most cases, and some prioritization or choice,
based on engineering judgment, is necessary.

On this validation process, the experimental studies constitute an important
source of information, in particular for the development and calibration of ana-
Iytical and numerical tools capable of predicting the behaviour of these structures.
Having in mind that there is not a unique way of repairing, consolidating, strength-
ening, etc., the optimal solution should be selected among the different available
techniques that respond to the safety and serviceability needs of a construction,
inti i i ion, i.e. guaranteeing, as much as possible,
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the accomplishment of the previous criteria, within the available budget. At the
same time, maintenance and monitoring programs should be also setup to follow
the performance and physical state of the intervention solution in the long term.

As mentioned before, an important requirement to be considered in the selec-
tion of any material or technology used for repair or strengthening is the compati-
bility (chemical, physical, mechanical, thermal, rheological, etc.) between the new
and the existing elements. A choice, regarding compatibility, is usually posed in
the selection of traditional materials and techniques against modern (or innovative)
ones. The first ones present, normally, longer term compatibility with the original
elements due to the combination of similar properties and the absence of undesir-
able side-effects, as observed through past experience.

Modern and innovative materials and techniques may be considered for repair
and strengthening purposes provided that sufficient scientific research and experi-
ence are available on their adequate performance and compatibility with the origi-
nal elements. Some of these techniques have already shown severe incompatibility
problems when used to restore or strengthened stone masonry structures. In other
cases, more experience has to be gathered still before it can be said for certain
that no damaging side effects may occur in the long term. The Venice Charter
[69] refers directly to this subject; where traditional techniques prove inadequate,
the consolidation of a monument can be achieved by the use of any modern tech-
nique for conservation and construction, provided its efficacy has been shown
by scientific data and proved by experience. In turn, the ICOMOS/ISCARSAH
Recommendations [70], mention that “the choice between “traditional” and “inno-
vative” techniques should be determined on a case-by-case basis, with preference
given to those that are least invasive and most compatible with heritage values,
consistent with the need for safety and durability”.

There is a large number of intervention techniques that have direct application
to stone masonry, aiming to improve its performance under static and dynamic
loadings. Among those, a set of three that have been widely used in the recent
years was selected: (i) grout injection; (ii) deep re-pointing of mortar joints and
(iii) application of transversal ties. These techniques can be used either indepen-
dently, or combined. Nevertheless, their effectiveness continues to be studied and
analysed due to the involvement of different materials and methodologies, in com-
bination with the complexity and in-homogeneity of the masonry.

Grout Injection

The repair and strengthening by grouting of brick and stone masonry walls,
Fig. 8, has been largely applied in Italy on historic buildings and dwellings in the
seventies and eighties, after the main earthquakes of Friuli and Irpinia; neverthe-
less, no great effort was done in advance to test the effectiveness of this technique.

Even if experimental and analytical research has been carried out in the past dec-
ades on these techniques, the effectiveness was mostly assessed in terms of strength
increase, rather than in terms of compatibility with the original masonry [17, 72, 73].
However some research was carried out on the effectiveness of grout injections [6,
ks carried by Mazzon [3] and Silva [4].
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Fig. 8 Grout injection on stone masonry walls [4]: a drilling holes for the injection; b cleaning
the drilled holes by blowing compressed air; ¢ injection pump machine; d injection of a wall;
e grout mixture leaking from a “control” hole; f sealing of the hole with mortar

These studies on stone masonry walls injected with grout, which involved
cement or polymer-based grouts [9, 81-83] and lime-based grouts [3, 7, 83-85],
allowed improving the knowledge regarding the mechanical characteristics and
the structural effects of the injection technique. The conclusions recommended a
careful approach and suggested a previous knowledge of the masonry wall mor-
phology and of the masonry characteristics, since some types of walls are not
injectable. Furthermore, it is a non-reversible technique and its use can raise dura-
bility and compatibility questions.

This type of intervention should be applied when there is weak cohesion
between the different elements of the masonry and (or) there is an important
amount of voids in the masonry cross-section, sufficiently interconnected to allow
the mixture to penetrate and spread through the wall, providing a more homoge-
neous structural element. The technique is particularly appropriate for multi-leaf
stone masonry, since a higher percentage of inner voids is expected when com-
pared to other type of masonry. Nevertheless, the technique has been also used
with success in single-leaf walls from the city of Porto, Portugal [1], although, in
this case the use of this technique can be understood as deep re-pointing.

The choice of the mixture to inject is done by selecting the best characteristics
for the type of wall on which to intervene, for example, the mechanical strength
of the mixture and its deformation characteristics should be similar to those of the
original wall. Therefore, the effectiveness of a repair by grout injection depends
not only on the characteristic of the mixture used, but also on its mechanical prop-
erties, on the injection technique adopted and, once again, on the information on
the wall characteristics. The technical improvements of the last years have devel-
oped new grouts with specific properties, such as low salt content and ultra-fine
o optimize the injection methodology,
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namely the injection pressure, or the distance between the injectors in function of
the masonry characteristics.

The main problems connected to the grout injection technique can be sum-
marized as follows: (i) lack of knowledge on the size distribution of voids in the
wall; (ii) difficulty of the grout to penetrate into thin cracks (2-3 mm), even if
micro fine binders are used; (iii) presence in the wall of fine and large size voids,
together, which make difficult choosing the most suitable grain size of the grout;
(iv) segregation and shrinkage of the grout due to the high rate of absorption of the
material to be consolidated; (v) difficulty of grout penetration, especially in pres-
ence of silty or clayey materials; (vi) need for sufficiently low injection pressure to
avoid air trapping within the cracks and fine voids, or even wall disruption.

Sometimes, in the case of disastrous events such as earthquakes, an apparent inef-
fectiveness of the consolidations using injection is observed. In fact, in these cases
there is an inhomogeneous result of the intervention mainly due to: (1) poor design
of the injection mixtures, (2) rough and uncontrolled execution of the intervention
and (3) punctual distribution of the mixture due to an excessive distance between
the injection holes. In fact, in most cases the ineffectiveness of the interventions
injection is due to a poor execution of the technique, and not to the technique itself.
Surveys after the 1997 earthquake in Umbria on damaged walls have often showed
the difficulty of diffusion of the grout injection within stone masonry sections [86].

Deep Re-pointing of Mortar Joints

Deep repointing is a widely applied technique in all types of masonry, Fig. 9.
This intervention consists on the partial replacement of the mortar joints with better
quality mortar. It is meant to improve the masonry mechanical characteristics and
it should be applied if deterioration is localized only in the mortar. This technique
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can increase the masonry strength for both vertical and horizontal loads, but the best
results are obtained especially in terms of stiffness, which is greatly increased due
to the confinement effect of the joints. Actually, strength enhancement is expected
only when a significant percentage of the initial weak or deeply damaged mortar is
replaced by a new more compact and rather stiffer one, but still not excessively rigid
and resistant to avoid creating areas in the masonry with inhomogeneous behaviour.

The main aims of deep repointing, provided that it is carried out with very good
workmanship, are multiple: (i) to connect, in a rather thin section, the stones of
the external leaf, substituting the original mortar in the joints when it is damaged,
cracked and (or) very poor; (ii) to confine the wall at a less extent than the jacket-
ing, but with better results, since the bond with the existing stones and mortar can
be better assured; (iii) to confine better the injected material when grout injection
is carried out; (iv) to provide a better penetration and distribution of the mortar
compared to the random penetration and distribution of a grout injection.

Before deciding the application of the deep repointing technique an onsite inves-
tigation should be carried out in order to provide the crack pattern of the walls, the
thickness of the section (it should be no more than 45.0 or 60.0 cm), the morphol-
ogy of the masonry (number of leaves and stone arrangement) and the physical and
chemical characterisation of the materials. Attention should be given to the choice of
the mortar to avoid unwanted chemical, physical and mechanical incompatibilities.
In general, cement based mortars are used, as they provide higher strength. However,
this type of mortars may trigger unwanted chemical reactions in the masonry.

Sometimes, repointing is ineffective in cases where there is a poor execution
of the intervention. In particular, it is frequent to found a malfunction of this tech-
nique because it wasn’t well applied in depth, but limited to an aesthetic improve-
ment of the surfaces. Furthermore, much attention must be paid not only to the
depth to remove, but also to the total elimination of the original layer of mortar
that is in contact with the resistant elements (stones) in order to allow the new
mortar to develop bond/adherence with the elements.

In the case of consolidation using repointing, the inability to maintain the origi-
nal plaster must be taken into account. As so, this type of intervention cannot be
used in the presence of fine plaster or frescos, i.e., in the case of buildings with
historical and artistic importance.

Often, in conjunction with the repointing operations, it is necessary to inter-
vene on the walls also with injections and (or) transversal steel ties, to increase
the effect of the improvement due to the solely introduction of new mortar in the
joints. This can be particularly efficient in the case of two or three leaves stone
walls reaching a thickness not higher than 60 cm.

Transversal Ties

The technique of inserting metal tie-rods perpendicular to the walls facades, a
technique that is used only on multi-leaf wall panels, has the main purpose of link-
ing the different leaves to promote a more monolithic structural element. Thus, it
1mproves the global behav10ur of the masonry, preventing the out-of-plane insta-
ler vertical compressive forces, but also
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Fig. 10 Application of transversal ties in multi-leaf stone masonry walls [7]

under in-plane and out-of-plane horizontal forces, increasing the masonry global
strength and stiffness. This technique has as main advantages: (i) high velocity of
implementation; (ii) low cost of execution; (iii) good performance and (iv) it can
be (partially) removed, in case a better consolidation solution is found.

The ties consist on simple steel bars with improved adherence, or placed inside
a sleeve that is injected with grout afterwards, or treated bars with a bolted head.
The holes to insert the ties are done with a rotating probe, preferably at the mortar
joints. Eventually it is possible to insert the bars by hammering, taking advantage
of the lesions present in the walls.

When using simple steel bars, they are fixed to the masonry by bending or
injection. In this case, the action of consolidation is noticeable only when the
deformation of the wall tends to increase, putting the steel bar under tensile load.
When using treated bars, a slight tightening can be performed by warming the bar;
the contraction that occurs due to the cooling process immediately puts the bar
under tensile forces, imposing an immediately compressive transversal action on
the wall leaves. To apply these contrast actions, the tie-rods can be placed not only
also along diagonals. For the technique




Characterization and Reinforcement of Stone Masonry Walls 151

to be efficient, 4 ties should be inserted per square meter, with a minimum of 2 per
square meter.

In the case of pre-stressed tie-rods, special attention should be paid to the appli-
cation of the actions to the bars and to guarantee that the pre-stress effect is main-
tained in the long term. If the holes are not injected and the anchoring systems are
accessible, it is possible to perform a periodical control of the state of tension in
the bars. Furthermore, in particularly aggressive environments, the protection of
the bars against the corrosive action of external agents has to be ensured.

6 Final Remarks

This section discusses construction typologies and materials, assessment method-
ologies, earthquake induced failure mechanisms and strengthening intervention
techniques on existing stone masonry structures.

The characterization of existing stone masonry structures is a very complex task.
It requires specific multidisciplinary methodologies of evaluation to provide the nec-
essary information that allows understanding the processes that contributed to the
actual state of the construction, and to select the most adequate intervention solutions.

Post-earthquake damage surveys carried out after earthquakes showed that
one of the main sources of vulnerability for such structures is associated to local
failure modes that can be essentially interpreted on the basis of in-plane and out-
of-plane collapse mechanisms. These events showed the ineffectiveness of some
past interventions on masonry, in particular due to their incompatibility, in most
cases physical/mechanical, with the original structure.

In this context the applicability, advantages, and limitations of some interven-
tion techniques that have been widely used in the recent years are discussed, in
particular grout injection, deep re-pointing of mortar joints and application of
transversal ties, which can be used either independently, or combined.
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Abstract The main goal of this chapter consists in revising technical building
aspects concerning the tabique construction. Tabique is a traditional building technique
which applies raw building materials such as timber and earth, for example. External
and partition walls are the main fabique building components, which may have a
relevant structural performance in the overall stability of a building. In general, the
traditional tabique buildings are facing high levels of degradation. This problem
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is mainly due to the lack of maintenance and technical knowledge. Therefore,
reconstruction processes of this type of buildings also require accurate and
updated technical information related to materials, to building details, to the
main likely pathologies, to the knowledge of the physical and mechanical
behaviour of the building components, to the reinforcement solutions, among
other aspects. This research work intends to give some guidance in this context
and to make a parallel analysis between the Portuguese and the Turkish
tabique constructions.

Keywords Tabique * Earth construction ¢ Timber structural elements ¢
Rehabilitation * Traditional structures * Sustainability

1 Introduction

The fact that most of the existing old constructions are still able to perform their
original functionality is an irrefutable proof of their longevity. They have stood
successfully all the aggressiveness along their existence (the expected and the
unexpected ones). This achievement is even more outstanding taking into account
that 50 years is approximately the current expected duration (i.e. “lifetime”) of
a common building, nowadays. They may show a certain amount of degradation
which may be seen as acceptable and natural. In fact, the natural aging effect of a
construction may be valuable since it may give an identity attribute. For instance,
and in a limited scale, the natural degradation of a stone masonry wall, the
“patine” of the painting of a facade, the aging effect in a ceramic tile, the oxida-
tion effect of a timber building component may be aspects that may give technical
value to a building. Therefore, in the building industry, the natural aging phenom-
enon should be accepted and valued. At the same time, there is no other alterna-
tive because it is an irreversible phenomenon. Even in certain specific types of
constructions which require robustness, this fact is unavoidable. In contrast, unex-
pected premature building degradation phenomena are a signal of a lack of quality,
in a certain scale. In fact, buildings that face this problem are unlikely to achieve
their inherent proposed functionally for a long period of time because one type of
pathology may originate a trigger progressive generalized pathology phenomenon.
In these cases, rapid and adequate building rehabilitation interventions are the key
solution. Meanwhile, old constructions are real objects which reflect the soul of
a community. In other words, they are social, economic and cultural testimonies
which bring the past up to the present.

Additionally, this fabulous heritage must be seen as open technical books which
are filled with a huge amount of information related to traditional building processes,
and from where the technicians can learn and get inspiration. On the other hand,
each ancient building must also be seen as a real scale construction sample which
has been tested under real load combinations in real physical conditions and for
i 1 > of the adopted structural system and
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building materials, and the thermal and the acoustic behaviours are some technical
aspects that can be easily understood. Plus, aspects such as fatigue, second order
effects, material degradation have to be included in those studies. Performing sim-
ilar studies in a laboratory presents limitations, it is complex and costly.

Furthermore, each ancient building was built up according to a specific build-
ing process. That building process was included in a specific building technique
type which was likely to depend on the technical knowledge, the economic poten-
tial, the intellectual status, among other aspects, of the period of time in which
it was applied. Based on history, the building techniques evolve according to the
introduction of new building materials and new processes, following the progress
trends occurring in a specific period of time. Innovation plays a key role in these
processes of progress. In this aspect, our builders who preceded us were geni-
uses because they were able to create magnificent pieces of works without codes
or computer programs available. Bright minds, tenaciousness, spirit of adven-
ture, empirical experience and greatness were the main tools for such impressive
achievements. This research work intends to make an attempt at paying a mod-
est tribute to all those engineers, architects, carpenters, masons and the other
indispensable labourers who contributed to those building processes, directly and
indirectly.

Another particularly interesting and relevant technical aspect associated to
this type of construction is its sustainable value according to present day prem-
ises. In fact, they were built using simultaneously sustainable materials and sus-
tainable building techniques. Generally, the applied building materials are natural,
locally available (e.g. stone, sand or earth, among other) and, in some cases, they
are also organic and, therefore, renewable (e.g. wood, straw or corn cob, among
others). Meanwhile, the applied building techniques are usually simple because
they do not depend on sophisticated devices or high-tech procedures. Thus, these
characteristics are favourable to achieving an almost inexpressive amount of pol-
lutant emission into the atmosphere, an enormous energy consumption reduction
and also adequate water consumption. This fact is even more evident taking into
account that these old buildings were built hundreds of years ago and, in the sce-
nario of a lifetime of 50 years, they may be considered over-strengthened.

The above exposed arguments are sufficient to grasp the importance of this
rich heritage which must be cherished and preserved and, above all, deserves to
be passed onto the following generations. In this aspect, each generation has the
duty and the responsibility of caring for it. Taking into account that most of the old
buildings are private properties and the fact that conservation and rehabilitation
works are costly, the governmental institutions have the obligation of being part of
this maintenance process by offering efficient mechanisms and also promoting the
relevance of this preservation among the community. On the other hand, the sci-
entific and the academic communities should also join this process by delivering
updated technical information and knowledge to the building industry.

Among the traditional building techniques, this research work is focused on
the fabique building technique. There are similarities between fabique and wattle-

ildi i igiee technique is essentially characterized
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by using timber structural systems filled with an earthy material (e.g. lime earth
based mortar, for instance) in the building process of different types of compo-
nents. The elements of the timber structural systems are connected to each other
by nails. External and partition walls are the main building components built with
this technique. However, chimneys and sheds are also reported as other examples
of tabique building components. In this research work, a parallel analysis is done
between Portugal and Turkey in terms of fabique construction. Finding similari-
ties and differences in this traditional construction in both countries may result in
a better understanding of this particular building technique and also in discoveries
which may contribute to achieving better maintenance, conservation and rehabili-
tation building processes. It is worth to underline that both countries are seismi-
cally vulnerable and also they have similar climate conditions.

This chapter is structured as follows: Firstly, a brief retrospective of the tabique
construction in Portugal and Turkey is done. Examples of fabigue building typolo-
gies and some inherent specificities are provide based on Portuguese and Turkish
study cases; Secondly, the applied building materials issue is emphasized; Thirdly,
constructive solutions and building details concerning walls, pavements and roof
are presented and described; Fourthly, structural and non-structural defects and
their causes are analysed; Fifthly, some possible rehabilitation solutions are pro-
posed and some mitigation measures are suggested; Finally, comments and recom-
mendations for rehabilitation are presented.

2 Brief Retrospect of the Tabique Construction in Portugal
and Turkey

2.1 Its Incidence

In Portugal, the tabique construction prevailed in the nineteenth century. However,
there are plenty of examples dating from much earlier. It started to fall into dis-
use when the reinforced concrete structural elements started to be introduced in
the building industry which occurred by early twentieth century. During the transi-
tion and adjusting period of time, there were constructions built according to the
two building techniques in parallel and there were interesting cases in which the
two techniques were combined together. Basically, the tabique building technique
was applied all over the country. Places where the forest was scarce or the ground
was essentially sandy may be exceptions. Thus, the north of Portugal is probably
the richest part in terms of zabique heritage. For instance, the main existing period
dwellings in the historic centre of the cities of the north of Portugal were built
according to this technique. Furthermore, in the rural areas of this part of the coun-
try, the existing tabique constructions are also relevant in terms of expressiveness
and heritage value and, therefore, they cannot be excluded in this work. It is neces-
i i e tabique construction in the Portuguese
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context, this research work is mainly focused on the northeast part of Portugal,
corresponding to the Trds-os-Montes e Alto Douro region. There are already
some local technical building differences reported among the existing fabique
constructions in the north part of Portugal such as in between Douro Litoral and
Tréas-os-Montes e Alto Douro. Related to Tras-os-Montes e Alto Douro region, an
exhaustive research work has been done in this context and it was noticed that the
existence of fabique constructions in all this territory is evident. However, its inci-
dence is slightly higher in the Municipalities placed south.

In Turkey, the history of timber structures dates back to the Ottoman Period.
Along the history, wood has been used widely as a construction material (e.g. tim-
ber framed structures with different types of fillings).Anatolia and Rumelia are
rich in heritage with this characteristic and also the whole Balkan region. Timber
frame structures are typical of traditional vernacular architecture that first arose
in the medieval and early Ottoman period, improved in the end of the sixteenth
century and became popular in the eighteenth century. First examples were not just
only dwellings but also public buildings, such as mosques. Timber framed con-
structions were commonly used as typical house construction up until 1950-1960s
when reinforced concrete became popular as a construction material in Turkey and
accepted as the sole option. Although affected by the violent earthquakes through-
out history, there still exist many examples of those traditional houses in Kocaeli,
Yalova, Adapazari, Diizce, Kastamonu where the North Anatolian Fault lies paral-
lel to the region. They are mostly concentrated in Northern parts of Turkey due to
the abundance of forest. Its strength, lightness in weight, workability, aesthetics
as well as the fact that it was easy to find such materials are most important char-
acteristics which make wood a functional and expansive material. Over the last
half of the twentieth century, reinforced concrete frames gradually replaced those
traditional timber framed structures. The main reasons for that fact are related to
fire resistance and to demographic increasing. Thus, the traditional timber framed
houses, which prevailed for 300 years in Anatolia, were gradually abandoned and
even forgotten until the devastating earthquakes in 1999 reminded everyone the
sound behaviour of traditional timber framed constructions during an earthquake.

2.2 Examples of Building Typologies and Particularities

In the Portuguese context, over three hundred tabique buildings have already been
studied in this research work. In general, these buildings are dwellings [1], Fig. 1a.
The most common featured scenarios are related to two (Fig. 1a) or three floors
tabique buildings [2]. One floor or over three floors scenarios are rare. Perhaps,
one floor tabique building solution is uncommon because the timber structure sys-
tem of the vertical building components would be very vulnerable to the attack of
insects due to its proximity to the ground and also rising damp related problems
such as deterioration of the earthy render. Meanwhile, up to three floors solutions
ellings type typology and, probably, there
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Fig. 1 Examples of tabique dwellings. a Portuguese (exterior view). b Turkish (interior view)

were structural limitations. However, the existence of five floors tabique dwell-
ings in the city centre of Chaves is a fact already reported [2]. Thus, this latter
typology was applied sometimes in considerably dense urban areas, for the time.
Sober architecture is a characteristic associated to this type of construction. Cubic
shapes and plain facades are aesthetic typical references, as Fig. la exemplifies.
The majority of these buildings have traditional Portuguese ceramic tiles as exte-
rior revetment of the roof (Fig. 1a). The roofs themselves are simple and normally
characterized by having two or four differentiate planes. Usually, the ground floor
is an open space (i.e. free of interior vertical elements such as columns or partition
walls) and, usually, it is used as a storing room or a shopping store. In this case,
the main structural vertical elements are external and peripheral stone masonry
walls built in granite (Fig. la) or schist. These two types of stones are local.
Meanwhile, the upper floors are for living in and, therefore, partition walls are
required. The partition walls are fabique vertical components. In terms of exter-
nal walls, there are two important possibilities which are stone masonry external
walls or fabique external walls. Tabique external walls are essentially placed in the
upper floors (Fig. 1a). Based on our experience, tabique exterior wall is a building
solution scenario more applied in rural areas and in the region of Tras-os-Montes
e Alto Douro. In big cities of the north of Portugal such as Oporto, this building
scenario is uncommon and essentially circumscribed to the attic. Associated to the
tabique exterior walls there are different applied options for the finishing. White
wash painting (Fig. 1a), steel (Fig. 1a) or zinc corrugated plates, slate boards, and
ceramic tiles are the most commonly noticed possibilities. There are interesting
cases which have a combination of finishing types of the fabique exterior walls.
For instance, the rabique exterior wall orientated south (which is the most sus-
ceptible to rain exposure in this region) may have steel corrugated plated as fin-
ishing and the other walls may have a white wash painting type (Fig. 1a). These
presented technical building particularities also give strength to the sustainability
and affordability attributes of this type of buildings. At the present time, we may
conclude that the technical decisions concerning tabique construction were deli-

ate and defined in achievesa-robust, an affordable and an environmental
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friendly building solution. Meanwhile, in the Turkish context tabique construction
may be related to bagdadi and dizeme constructions (Fig. 1b). This type of con-
struction is widely used in Rumelia and Istanbul. Particularly, along the Bosporus
there were/are so many mansions made by bagdadi construction as well as in the
rest of the city that they are historic buildings which are protected by the Law of
Protection of Cultural and Natural Properties.

3 Materials

As it was stated above, the main characteristic building materials of tabique build-
ing components are wood (in the timber structure), alloy (in the mechanical con-
nectors which are traditionally nails) and an earthy type mortar (in the filling).
Therefore, a tabique building component may be seen as a composite. Timber
and alloy are the main structural ones. Meanwhile, the earthy type mortar mate-
rial has an important constructive functionality because it works as a matrix which
intends to wrap the timber and the nails elements, to fill the existing gap between
them and to protect them. Some technical building aspects related to the durabil-
ity of the structural elements, the thermal and the acoustic insulation performance
and the fire resistance of a tabique building component are greatly dependent on
the quality of the filling. On the other hand, this quality depends on the type of
the constituents of the mixture, the proportion in which they are mixed up and the
adherence ability to the support (i.e. the timber structural system of the compo-
nent). Therefore, in order to better understand this traditional building technique
and to be able to give appropriate technical guidance for future adequate main-
tenance and rehabilitation procedures, it seems fundamental to characterise and
to identify these building materials previously. Therefore, several samples of the
main structural materials in the buildings have been collected and experimentally
analysed.

3.1 Timber

In the Portuguese context, over sixty timber element samples were tested in order
to identify their wood species. The obtained results have concluded that different
types of wood can be used in the timber structural system of a tabique component.
Based on the Portuguese experience, four wood species have been identified so far.
They are by order of incidence importance the Pinus pinaster (softwood), 65 % of
incidence, the Castanea sativa Mill (hardwood), 25 % of incidence, the Populus
sp (hardwood), 7 % of incidence, and the Tilia cordata (hardwood), 3 % of inci-
dence. Pinus pinaster is clearly the most applied wood in this context. These spe-
cies are autochthonous of the north of Portugal. Other wood species types are
i i P ral. These results indicate that hardwood
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and softwood have been traditionally used in structural applications. This technical
aspect is important taking into account that the wood is the main structural mate-
rial in this type of building components and, therefore, its mechanical properties
are relevant. Other important conclusion is related to fact that these are really suc-
cessful civil engineering applications of autochthonous Portuguese wood species.
Usually, the Portuguese timber is somewhat depreciated because of its considered
limitations in terms of its material uniformity and related to the climate conditions
of the country. In this case, by using a timber structural system, generally charac-
terized as being a regular frame of orthogonal regular elements, it allows dissipat-
ing those possible limitations. The authors sincerely believe that this information
may also give guidance to arouse the important potential that the Portuguese for-
ests can offer, and which is often despised.

Furthermore, in the Turkish context, wood is also the main structural frame-
work of traditional Turkish tabique components as horizontal, vertical and diag-
onal structural reinforcement. In fact, wood is hugely applied in a diverse range
of building applications such as flooring, cladding for the ceiling, for cupboards,
doors, windows and shutters, and as roof constructions. Depending on the climate,
flora and other local conditions, various kinds of timber are utilized for different
purposes. For instance, chestnut, pine, fir and oak trees are used for the load bear-
ing structure of the roof; yellow fir is used as a substitute for fir, if fir is not avail-
able; black pine is used for producing shingles; poplar is used in producing the
wood turned balustrades of staircases and windows; walnut is used for the panels
on ceilings, and on the doors of cupboards and rooms; beech is used for making
window casements [3]. Among these, chestnut is the most advantageous material
because it is light, endurable against fungi and insects, easily found and repairable.

3.2 Nails, Connectors and Fixing Systems

In the Portuguese context, all the studied tabique buildings have shown nails as the
mechanical connector of the fixing solution of the timber elements that form the
structural system of a fabique component. In the region of Tras-os-Montes e Alto
Douro, the most commonly used solution of this timber structural system consists
in having a net formed by a set of vertical timber elements linked to each other by
a set of horizontal timber elements which are applied in both faces. At the same
time, in a tabique component, the vertical timber elements tend to have a regular
cross-sections shape (in geometry and in dimension) and a regular gap in between
them. Similar technical patterns occur in the horizontal timber elements. However,
based on our experience, there was no evident similar pattern among the same type
of tabique components of different rabique buildings. This fact was already high-
lighted in [4] concerning partition fabique walls as building components. At least
one nail is applied to fix one horizontal timber element to one vertical timber ele-
ment. Therefore, one horizontal timber vertical element is fixed to several vertical
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timber elements at the same time. On the other hand, one vertical timber element
is fixed to several horizontal timber elements, in both its faces. In a previously
done technical inquiry which targeted retired builders, owners of fabique buildings
and aged people, the fact that nails had a low percentage of iron metal was one
interesting resulting conclusion. The explanation for this detail consisted essen-
tially in attempting to reduce the undesirable oxidation phenomenon of the nails.
It was reported that this pathology would affect the finishing of the wall negatively
by stimulating the appearance of brownish spots on the white wash finishing type.
Furthermore, aiming to deliver an accurate inventory of building aspects related to
this traditional building technique, several nail samples have been collected and
experimentally tested. The geometry and the alloy characterizations have been
the main technical aspects considered in this study. In terms of geometry, it has
been concluded that it may vary significantly. In fact, we can find nails with square
(constant or variable) or circular (constant) cross-section shapes and length val-
ues ranging between 3.0 and 10.5 cm. According to our research, constant square
cross-section nails have been the most commonly adopted option. Nails with
lengths ranging between 3.0 and 5.0 cm have been used to fix the horizontal tim-
ber elements to the vertical timber elements. On the other hand, nails with lengths
ranging between 6.5 and 10.5 cm have been applied in the most important struc-
tural connections such as the connection of the vertical timber elements (e.g. board
or rafter) to the horizontal timber elements placed at the ends of the vertical ones.
Steel has been the alloy type experimentally found for the tested nails. Common
steel or a steel poor in carbon have been the major obtained results. Furthermore,
the analysed nail samples have shown an acceptable level of conservation. It is
important to refer that the task of collecting building material samples has been
extremely complex. In general, this task has been carried out because it has been
possible to find tabique buildings under demolition process or to find other build-
ings that had already collapsed and are abandoned. These building scenarios have
helped this research work but, at the same time, they also reflect the tragic reality
that most of the existing tabique buildings have been facing during the last years
in the region of Tras-os-Montes e Alto Douro. This situation has been essentially
caused by an impotence attitude assumed by the owners or by the public entities in
taking measures to avoid this loss of heritage Therefore, based on these conditions,
in particular the ones related to the second building scenario, it is expected to have
an aggravated deteriorating stage of the studied nail samples compared to the nails
which are still in use. The above results may allow concluding that there is no spe-
cific characteristic associated to the nail types used in the fixing system of the tim-
ber elements. In fact, the current available nails seem adequate for this application.
Anti-oxidation nails may be an interesting technical solution in order to avoid the
above reported white wash pathology.

According to the Turkish experience on traditional timber framed construction,
this type of construction may have an adequate seismic behaviour besides having
simple joints and nailed solutions. Direct joints of traditional timber frames are
generally mortise and tenons.
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3.3 Filling

According to the collected data in the rabigue buildings already studied in the
Tréas-os-Montes e Alto Douro region, two main technical solutions of the filling
material type of tabique components were identified. These two solutions are
a lime earthy based mortar (incidence of 70 %) and earth (incidence of 30 %)
among up to sixty filling samples analysed. Basically, these two types of solu-
tions were distinguished by performing a scanning electron microscopy/energy
dispersive spectroscopy analysis (SEM/EDS) and by verifying the existence of
calcium (Ca) in the identified chemical elementary composition. Since the soil
of this region is essentially characterised by being granite related, the expectancy
of having Ca as a chemical element of the elementary chemical composition is
almost null. Therefore, a sample was considered as being a lime earthy based
mortar when Ca was found in its elementary chemical composition. The identi-
fied percentage of Ca of the elementary chemical composition varied quite sharply
among the studied lime earthy based samples. Values ranging between 6 and 40 %
have been reported for the percentage of Ca and, at this stage, an average value of
26 % was estimated. In these cases, the Ca results from the addition of a certain
portion of lime into earth, and because lime is rich in this chemical element. In
contrast, elementary chemical compositions without Ca (or provided with an inex-
pressive amount of Ca) were considered as being related to earth samples. In this
latter situation, the presence of that small amount of Ca may result from the fact
that a filling sample had been intoxicated by the white wash finishing during the
collecting task procedure or to the fact that Ca particles had accidentally remained
in the microscopy as dust waste and resulted from previous tests. Meanwhile, the
lime earthy based mortar filling type have shown higher consistence than the earth
filling type. Therefore, a similar approach may be taken in the site of the fabique
building in order to identify expeditiously the filling type and taking into consid-
eration the above material behaviour difference. The incorporation of a certain
amount of lime into the prepared earth (in terms of particle dimensions) intends
to improve the plasticity of the filling material resulting consequently in a work-
ability gain. Better scattering and easy adhesion to the support may be the two
achieved attributes by applying this procedure. Furthermore, in both filling types,
gravel is generally the type of earth used. Granulometric analysis was also per-
formed in the collected filling material samples. The respective obtained results
indicate that 20 % of thin particles (i.e. silt and clay) and 80 % of medium sized
particles (i.e. sand) may be considered as being a traditional dimensional soil
mixture for the filling material of fabique components. Additionally, based on the
above referred inquiry, the fact that the earth was obtained nearby the building
site was a consensual output. In order to confirm this information, a case study
was specifically done for this purpose and the obtained conclusions give consist-
ence to the above technical particularity [5]. In fact, samples of filling material and
samples of local gravel have shown interesting similarities in terms of elementary
chemical and mineralogical compositions. Thus, the exposed aspects reinforce the
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idea that this type of traditional building technique may be exceptionally environ-
mentally friendly when compared to the current applied building techniques since
earth is abundant, local and reusable. The amount of water content, the ratio of
the constituents, the curing time, alternative organic binders and the incorporation
of different types of sustainable and affordable fibre are some additional aspects
which also have been under research. They aim to improve the filling material of
tabique components in future conservation and rehabilitation processes.

In the Turkish context, a similar building pattern is verified. In a rabique wall
(in a bagdadi construction), the timber structure, including the short rough pieces
of timber (known as bagdadi laths in Turkish), is plastered in both its interior
and exterior sides. The interior part of the wall is plastered with mud, sand and
lime mortar which fills the existing voids between laths. Meanwhile, the exterior
part of the facade walls is mainly timber plastered. Plaster mortar reinforced with
organic materials such as straw is also a current traditional building technique in
the Turkish tabique heritage.

4 Constructive Solutions and Building Details

There is still a lack of published documents related to this building technique.
Additionally, the design project of a tabique building is generally inexistent. Thus,
to report the adopted constructive solutions complemented with the respective
building details of fabique building cases is essential. Therefore, the following sec-
tions intend to contribute in this respect.

4.1 Tabique Walls

As stated above, a timber structural system is the main structural solution of a
tabique component such as walls. Four timber structural system typologies have
been found so far. The typology described in Sect. 3.2 which is characterized by
presenting an orthogonal set of timber elements (vertical and horizontal), which
is designated here by typology 1, and is considered as being the most currently
applied solution, Fig. 2a. This typology has been applied simultaneously in exte-
rior and partition walls. The typology 2, see Fig. 2b, has been applied in tabique
exterior walls placed at the roof floor level and taking into account that the timber
truss is incorporated in the timber system of the wall. In this case, the timber ele-
ments are also disposed orthogonally but sloped. Typology 2 tends to present a
double-faced timber structural system in which the elements of the truss are kept
in the middle. Typology 3, represented in Fig. 2c, seems to be similar to typol-
ogy 1 apart from including additionally 45° sloped timber elements which seem to
be strategically placed. This solution was only detected in few rabigue buildings.
This fact may allow the conclusion that it is an occasionally and locally applied
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Fig. 2 Timber structural system typologies of tabique walls. a Typology 1. b Typology 2. ¢ Typology 3.
d Typology 4

solution. Furthermore, based on the field work already done, this typology seems
to be essentially applied on exterior walls. A modular orthogonal double faced
timber structural system, typology 4 (Fig. 2d), has also been found occasionally
and locally on exterior walls.

On the other hand, the building details presented in Fig. 3 are exemplificative
of the fact that the typology 1 building solution may be subdivided into two sub-
typologies (i.e. typologies 1.1 and 1.2). In typology 1.1, Fig. 3a, the timber ele-
ments (vertical and horizontal) are previously prepared in order to have a regular
geometrical parameterization. Meanwhile, in typology 1.2, Fig. 3b, this building
technical aspect seems not to have been taken into consideration. In this case, a
rough irregular shape pattern is noticed in the timber elements. Location and
affordability are perhaps the main reasons that justify this differentiation. In fact,
typology 1.2 has been essentially detected in certain isolated rural areas of Tras-
os-Montes e Alto Douro region. The fact that different types of local wood spe-
cies and different types of timber finishing requirements have been noticed in the
building process of tabique components may indicate that this building technique
may have and additional attribute which is versatility.

Related to partition tabique walls, typology 1 has been essentially the mostly
verified one among the study cases analysed in this research work. Small thick-
i type compared to exterior ones. It is
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Fig. 3 Typologies 1.1 and 1.2. a Typology 1.1. b Typology 1.2

evident, that exterior fabique walls have a fundamental role in the overall struc-
tural system of a building since they are the main vertical structural elements, in a
certain floor of the building. However, partition walls also have an important con-
tribution to the stability of the building because they allow a connection of the
main structural elements. They may work as a bracing system of the main struc-
tural elements. For instance, Fig. 4 presents a partition wall which is basically
supported by a timber beam. On the other hand, it is also linked to the truss of
the roof’s structural system and leaned on the orthogonal exterior granite masonry
walls. The flooring and the wood ceiling boards are also transversally connected to
the partition wall at its bottom and top levels.

Furthermore, additional building details concerning tabique walls have been
noticed during this work. The traditionally adopted filling material described in
Sect. 3.3 is able to conserve the timber structural system of the wall [4]. Figure 5a
is related to an ancient external fabique wall which exemplifies this conclusion.
The respective timber elements did not suffer biological degradation or insect

Fig. 4 A partition rabique
wall and its connection
system
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Fig. 5 Incorporation of organic products into the filling material. a Wood waste. b Corn cob

attack. The wood has even maintained its original radiance. Additionally, expedite
fire resistance tests were also already performed in fabique wall samples and the
obtained results indicate that the traditional adopted filling material may also have
refractory abilities preventing the wood combustion. Meanwhile, different types of
organic products have been found in the filling layer. Straw, wood waste [6] (I,
Fig. 5a) and corn cob [7] (I, Fig. 5b) are some examples of these organic incor-
porated products. These results have inspired this research team to do a parallel
research work focused on evaluating the potential of corn cob as an alternative
sustainable building material. Interesting thermal insulation ability [8] and possi-
ble material properties similar to cork [9, 10] are some of the conclusions already
obtained.

4.2 Pavements or Floors

The typical pavement of a fabique building is a timber structural system and it
corresponds to the main horizontal structural element. Traditionally, this system is
formed by beams (I, Fig. 6), secondary beams (II, Fig. 6) and bracing (III, Fig. 6).
These structural elements are commonly disposed orthogonally to each other.
They tend to show a regular geometry and a regular relative distance. Generally,
the timber beam elements are supported by the vertical structural elements such
as stone masonry walls or exterior fabique walls, in their ends. On the other hand,
the timber secondary beam elements are supported by the timber beams. The sec-
ondary beams support the flooring boards and also brace the beams in order to
avoid possible lateral bending instability phenomena. A timber bracing system
is also applied and acts transversally on the secondary beams or on the beams.
Figure 6 shows two examples of these traditional timber pavements placed on the
ground floor level. In this case, there is a basement and, therefore, ceiling flooring
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Fig. 6 Structural timber system solutions of pavements of tabique construction. a Example 1.
b Example 2. I beam, /I secondary beam, /I bracing, IV flooring boards, V steel reinforcement

is not expected. In upper floors, ceiling flooring is likely to be applied resulting
in having additional secondary timber beams placed at the bottom level of the
timber beam. The boards of the flooring (IV, Fig. 6) and of the ceiling flooring are
supported continuously on different secondary timber beams. The pavement pre-
sented in Fig. 6b does not include secondary beams and some main timber beams
are reinforced by an external steel reinforcement system (V, Fig. 6). According
to [11-13], this type of pavement may be considered as a load-sharing system.
This consideration may also be applied to the structural timber system of fabique
walls.

In order to complement the above information, Fig. 7 shows three frequently
applied support solution building details of the main timber beam of the pave-
ments. At the pavement roof level, the support detail of the main timber beams
may be done similarly as the building detail shown in Fig. 7a. On the other hand,
at the pavements of intermediate floor levels, a frequently applied solution con-
sists in considering hollows in the stone masonry wall, Fig. 7b. In both cases, the

Fig. 7 Current applied support solution building details of the main timber beams. a Detail 1.
b Detail 2. ¢ Detail 3
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beam tends to be supported in a length corresponding to half of the thickness of
the stone masonry wall (at that level). Plus, the hollow tends to be sized slightly
higher than the respective size of the cross-section of the beam and in order to
simplify the building process. When the gap between the lateral faces of the beam
and the lateral faces of the hollow is filled, then lateral bending of the beam is
reduced at the supports and a structural strength gain is obtained. Furthermore, an
alternative solution is shown in Fig. 7c in which the main beams are directly sup-
ported on a stone continuously cantilevered. This cantilever may be obtained by
contemplating a high width stone horizontal layer at the level of the pavement or
considering double stickiness underneath walls.

Additionally, Fig. 8a is related to another building detail of the adopted sup-
port solution of a timber pavement on a stone masonry wall. The main beams
(I, Fig. 8a) are supported similarly as detail 1 of Fig. 7a. On those beams and on
the stone masonry wall, a peripheral timber beam is placed (I, Fig. 8a). On the
peripheral timber beam, an exterior fabique wall was placed (IV, Fig. 8a). These
timber elements are connected to each other by nails. In that figure, the flooring
boards are also highlighted (III, Fig. 8a). Meanwhile, Fig. 8b shows the main
structural system of other timber pavement of a rabique building. The main beam
(I, Fig. 8b), the secondary beams which support the flooring boards (V, Fig. 8b),
the ceiling boards (VI, Fig. 8b), the secondary beams which support the ceiling
boards (VII, Fig. 8b) and the top of a partition tabique wall (VIII, Fig. 8b) are
identified. In this particular case, the direction of the ceiling boards (A, Fig. 8b)
and the direction of the flooring board (B, Fig. 8b) are perpendicular to each
other. This fact explains that the respective secondary beams are also perpendic-
ular to each other. Another interesting technical aspect is related to the fact that
the secondary beams which support the ceiling boards are much sparser than
the ones that support the flooring board. This aspect has to do with the loading

Fig. 8 Building details of the pavements. a Detail 1. b Detail 2. I main beam, /I peripheral
beam, /I flooring boards, IV exterior tabique wall, V secondary beam (at the flooring level),
VI ceiling boards, VII secondary beams (at the ceiling level), VIII partition tabique wall, A ceil-
ing board direction, B flooring board direction, C top tabique wall finishing, D secondary beam
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Fig. 9 Other typical metal connectors found in the survey. a Example 1. b Example 2

combinations that act on these boards. In the ceiling board case, the self-weight
is basically the only load acting on it. In contrast, in the flooring board case, dead
and live loads have to be considered. These boards may be intercalated placed on
the main beam and according to detail D of Fig. 8b. Furthermore, the building
detail C of Fig. 8b concerning the connection between a partition fabique wall and
a pavement complements the information given in Sect. 4.1. In this case, a floor-
ing board is strategically placed on the top of the partition wall. The partition wall
connects the main beams at its ends. The ceiling and the flooring boards and the
respective secondary beams are also connected to this wall at its top and assuring
the referred transversal support on both sides.

As it has been noticed in the tabigue context, the timber elements are essen-
tially connected by metal mechanical connectors. Nails have been referred
throughout this document. Figure 9 includes additional typical metal devices such
as bolts and anchor plates.

4.3 Roofs

The structural roof solution of fabique buildings is a commonly traditional timber
structural system solution, Fig. 10, made of trusses, purling, boards and rafters.
Generally, the trusses (Figs. 4, 10b) are similar in terms of geometry and size, and
they are placed regularly (i.e. having the same distance in between them). They
also tend to be a symmetric system themselves. They are directly supported by the
stone masonry or by the exterior tabique walls, at their ends. On the other hand,
the purling may be simple or continuously supported on the trusses, and also fol-
lowing the above technical pattern. They support the boards which support the
rafters. These last ones support the ceramic tiles. All these timber elements are
nailed to each other. In certain cases, a partition fabique wall incorporates a truss,
similarly to Fig. 2b and also to Fig. 10a (in which, remains of the horizontal tim-
i iceable).
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Fig. 10 Typical roof structural solution of rabique buildings. a Truss. b General view. / purling,
11 board, III rafter

5 Structural and Non-structural Defects and Their Causes

5.1 Decay and Non-structural Defects

In [4], degradation bipolar focus is suggested concerning vulnerability of tabique
buildings. The roof and the ground floor are identified as the main susceptible dete-
rioration focuses. The rain water infiltration and the direct contact between timber
element and the ground are also identified in [4] as the main degradation causes.
The existence of a broken ceramic tile (I, Fig. 11a) or a missing ceramic tile (II,
Fig. 11a), are sufficient non-structural roof building defects able to trigger a pro-
gressive degradation collapse of the building if a maintenance process does not
take place, Fig. 11b. In [14], an attempt at assessing the structural vulnerability of
traditional Portuguese roofs is done, in which different vulnerable structural failure

adation scale

Deg

Fig. 11 Roof depending pathological effect. a Portuguese fabique dwelling. b Progressive fail-
ure of the roof. / broken tile, // missing tile, //I deterioration of the finishing, /V cracking of the
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scenarios were identified. The continuous presence of water in a building will dam-
age the materials substantially. Retraction and biological attack phenomena will
likely occur. Based on several study cases of really deteriorated tabique buildings,
it was noticed that these phenomena tend to progress from the top (where there is
a high pathological effect incidence) to the bottom where that effect is relatively
smooth), Fig. 11a. On the other hand, the outstanding durability characteristic of
timber is underlined in [15]. In fact, apart from the referred pathologic suscepti-
bility, timber may have an impressive durability because the material degradation
tends to progress gradually. In contrast, the filling of the tabique components tends
to show a much higher susceptibility to the water presence. The finishing (such
as white wash) and the filling (such as earthy based lime mortar) may be highly
vulnerable to this condition and a rapid material degradation process may take
place. The fact that the filling is an earthy based material will contribute to this
vulnerability. For instance, in Fig. 11a an exterior tabique wall of a Portuguese
dwelling is shown. Poor rain water roof drainage system and roof revetment dete-
rioration have allowed the occurrence of a progressive pathological effect on the
facade. Finishing degradation (III, Fig. 11a), cracking occurrence of the filling (IV,
Fig. 11a), falling of the filling (V, Fig. 11a) and timber degradation (VI, Fig. 11a),
is a possible deteriorating event sequence resulting from these building defects.
Similar degradation sequences may occur in the inner fabigue components.
Meanwhile, direct contact between fabique components and the ground is
another undesirable building condition which may contribute to a premature
material decay, in particular, wood biodegradation [4]. Insect attack such as ter-
mite attack will be much more likely to happen. Figure 12a presents a tabique
Portuguese dwelling that exemplifies this fact. In this case, the combined effect
of direct contact with ground and water impact is also featured. The degradation
scales of Fig. 12 indicate that the intensity of the material degradation increases
from the bottom to the top of the exterior fabique wall. In particular, it is more
evident in the vertical elements of the timber structural system. This pathological

Up to top

Degradation scale
Degradation scale

Ground

Deteriorated fagade. b Biological attack effect
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tendency is clearly exemplified through the building detail of Fig. 12b. This evi-
dence may justify the fact that traditionally the fabique components are essentially
built on the upper floors and in the Tras-os-Montes e Alto Douro region context.
By adopting this solution the overall durability of the building may be increased
and unexpected and undesirable premature degradation may be avoided. This sus-
ceptibility may be aggravated because the vertical timber elements are not pro-
tected by the earthy filling material in their bottom face (which is the one that
connects directly with the ground). It is worth adding that this biological attack
may be transmitted in between timber elements and, therefore, maintenance and
conservation processes are necessary in order to prevent this situation.

5.2 Structural Damages: Field Evidences After Earthquakes

Himush, dizeme and bagdadi constructions that have experienced structural dam-
ages in recent earthquakes in Turkey can be categorized in two different periods.
The first period is the non-instrumental period where the total damages are men-
tioned in historical documents without referring to neither the type of the structures
that were damaged nor the characteristics of the structural failure. The historical
documents of this sort are not helpful in getting clear insights on the vulnerability
of such structures. There is a transitive period of instrumentation and documenta-
tion, which is until 1960s, where the instrumental data may be still missing but
damage descriptions are better than other older historical documents. The 1943
Tosya-Ladik Earthquake (Ms = 7.2) for instance, which occurred in a period
where the instrumentation was not dense, and the earthquake awareness and the
organizational capabilities of the state were not as high as today. As a result, it is
mentioned in the technical documents that the earthquake caused several damages
in the province of Kastamonu, where himish and bagdadi constructions constitute
the largest portion of the building inventory, whilst the timber-framed residen-
tial houses did not suffer serious damages. Examples of the well-documented era
can be the 1999 Kocaeli and Duzce Earthquake (Mw = 7.4 and 7.2, respectively)
and 2010 Palu (Elaz1g) Earthquake Mw = 6.1. According to the literature, in one
district in the hills above Golciik, where 60 of the 814 reinforced concrete struc-
tures were heavily damaged or collapsed, only 4 out of the 789 traditional build-
ings with two or three storey collapsed or were heavily damaged. In the 1999
Marmara earthquake, the reinforced concrete buildings accounted for 287 deaths
against only 3 in the traditional so called himigh structures. In the heart of the dam-
age district in Adapazari, the research showed that 257 of the 930 reinforced con-
crete structures were heavily damaged or collapsed and 558 moderately damaged.
By comparison, none of the 400 traditional structures collapsed or were heavily
damaged and only 95 of the total were moderately damaged [16]. In some build-
ings constructed with dizeme technique, laths and dizeme are nailed on the main
posts (vertical structural elements) with small distances before plaster work.
Typical dizeme construction is comprised of hundreds of timber elements and
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nailed connections. This means that in case of failure of one load path it can often
be compensated with adjacent elements and joints. The purpose of using timber
infill in dizeme construction is most probably to avoid the common early shear
failure and falling out of frame as occurred in usual masonry infill. Thus, timber
infill called dizeme provides continuous additional support to the building during
the course of the earthquake shaking by “working” or energy dissipation through
many cycles without loss of their integrity. Another historical record is the 1944
Gerede Earthquake, where many timber-framed buildings with dizeme construc-
tion behaved well during the 7.8 magnitude tremor. It is known that the damage of
himish and bagdadi structures remained limited during the past strong earthquakes
in Turkey. Therefore, earthquake structural damage of traditional buildings may be
essentially a result of an inappropriate construction or intervention, or the lack of
maintenance. A traditional building technique may be earthquake robust.

6 Possible Rehabilitation Solutions

6.1 Non-structural Rehabilitation

Based on the technical facts presented throughout this chapter, in particular, in the
previous section, additional building care concerning a reliable water-proof roof
should be guaranteed in a non-structural rehabilitation process of a tabique build-
ing. Replacement of damaged ceramic tiles, applying new ones in non-provided
areas of the roof and cleaning up of the rain water roof drainage system are tasks
that should be done annually and, preferably, during the summer time, both in the
Portuguese and the Turkish contexts. For the Portuguese context, July, August and
September are the most reliable months to perform this task because they corre-
spond to the dry season. However, this routine may not be straightforward. Lack
of technical knowledge, cost, complexity and negligence may be some reasons that
justify the fact that this maintenance routine does not take place quite as often as
recommended. If the building is located in a city centre and there is no roof acces-
sibility then the task of the revetment roof repairing may end up being even more
complex and, consequently, more costly. Usually, in the Portuguese context, these
buildings have more than two floors, they used to be connected to each other (i.e.
they share lateral stone masonry walls) and they face the public sidewalk directly.
These building constraints generally require scaffolding usage and Council House
technical approval. Therefore, in these cases, embracing roof rehabilitation should
contemplate a double roof revetment and adequate roof accessibility in order to
avoid further future reparation. The double roof revetment solution consists in hav-
ing two distinct layers of revetment materials. Ceramic tiles and corrugated plate
is a building possibility. A thermal and an acoustic insulation layer may also be
considered. A sandwich panel may be adequate to fulfil this technical requirement.
Figure 13a exemplifies a corrugated plate application. The underneath layer (e.g.
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Fig. 13 Some rehabilitation technical aspects. a Corrugated plate application. b Collapsed rain
obstacle (). ¢ Wood decaying

corrugated plate) will work as a water-proof prevention mechanism solution. In
case of ceramic tile damage occurrence during the rainy season, this solution won’t
allow the water infiltration. Simultaneously, it will allow reaching the dry season
to perform the necessary repairing procedures without putting in risk additional
pathology appearance. The corrugated plate will be supported by the existing raft-
ers. At the same time, the plate will support the ceramic tiles. The self-weight (i.e.
the dead-load) of the roof will increase slightly by adopting this building prevent-
ing solution and, therefore, it has to be considered in the structural design of the
rehabilitation process. Previous research studies [14, 15] indicate that traditional
timber structural elements may be oversized according to the currently applied
codes, in particular [11].

The cost/benefit of adopting this prevention solution has proved to be quite
convenient. In the water-proof roof context, another relevant technical aspect is
concerned with the junction of two different buildings. These buildings may be
different in terms of typology and/or in terms of height. A thermal dilation junc-
tion will be necessary in that junction and, therefore, an adequate water-proof
solution is required there in order to avoid future rain water infiltration in the
lateral walls. Generally, in old buildings, that joint is non-provided of any water-
proof system. When a water-proof system exists, it tends to be technically debili-
tated. Thus, this building detail has to be taken into account carefully in a roof
rehabilitation process of a traditional Portuguese building. Additionally, all the
ornamental stones which are salient from the masonry main fagade plane should
also be provided with a water-proof system applied on their top. When a stone
masonry wall is not protected by the roof at its top, the previous building detail
should also be applied on the top stone layer of that masonry wall. In order to
complement this information related to technical aspects concerning roof water-
proof guarantee, the rain water roof drainage systems have to be checked and, per-
haps, redesigned according to the currently applied codes. Usually, zinc or steel
plates are used to materialise this rain water roof drainage system. Based on our
experience, the plates or the pipes which are part of this type of drainage sys-
tems usually present an advanced stage of degradation and/or insufficient dimen-
sions (e g dlameter) ThlS technical evidence indicates that these systems may

y s als hgreferring that those pipes are likely to be
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incorporated in the facade or crossing it transversally. Metal oxidation will result
in material degradation of the pipes which may result in water infiltration in the
masonry wall. Water infiltration in the masonry wall will allow water to reach the
timber pavements and the tabique components. If no repairing action takes place,
then a progressive general building degradation process will occur. Based on our
experience, these repairing actions commonly end up being unsuccessful because
of the inexperience concerning this type of traditional buildings still shown by the
technicians. At the same time, the inexistence of the original design project or any
data related to other building intervention, add complexity to this repairing pro-
cess. As it was stated above, when these buildings are located in the city centre,
they tend to face the public sidewalk directly. In this case, if the pipes of the rain
water roof drainage system are applied on the outer face of the fagade, then they
are vulnerable to mechanical damage caused by accidental loads (e.g. car impact)
or vandalism acts.

A mechanical reinforcement solution of these pipes (e.g. inserting them in an
additional pipe, in an approximate 3.0 m length from the ground) is recommended.
On the other hand, protecting the exterior tabique walls from the rain impact is
an additional technical building recommendation to consider in future rehabilita-
tion processes. Keeping the original rain obstacles is highly recommended. For
instance, Fig. 13b exemplifies a real case of this building scenario in which a
similar obstacle has collapsed due to the lack of regular maintenance. This loss
has resulted in additional roof deteriorating events (I and II, Fig. 13b) and also
in water infiltration in the facade. Redesigning these types of obstacles may be
necessary and convenient. The facade of the Portuguese dwelling presented in
Fig. 11a apart from being non-provided with any rain water roof drainage system
has also a short rain obstacle which results in an insufficient rain impact protection
of the exterior tabique wall. In the Trds-os-Montes e Alto Douro region, exterior
tabique walls oriented south are the most vulnerable ones. A water-proof revet-
ment should be used in order to avoid future possible water infiltration or material
and mechanical pathological effects on the walls.

The traditional exterior wall revetment solutions, in particular zinc corrugated
plate and slate board, have proved to be technically efficient. Currently, applying
zinc corrugated plates may be easier and more affordable. In a rehabilitation pro-
cess context, if there is an already applied exterior wall revetment solution then
a checking task concerning the conservation level of the material evaluation, the
adequacy of the adopted fixing system (of the plates to the wall) evaluation, the
adequacy of the overlapping distance of the plates evaluation and the quality of
the adopted borders finishing assessment, is fundamental. Recommendation of a
punctual repairing or of an extended repairing of the applied revetment may be
two likely outputs. In the last case, removal of the old revetment followed by
the application of a new one seems a wise decision. As it was stated earlier in
this chapter, in the region of Trds-os-Montes e Alto Douro, tabique wall located
at the ground floor level is a rare building scenario. However, in big cities such
as Oporto, the existence of a basement in a tabique building is quite frequent.
in ti the ground floor pavement are directly
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supported by the stone masonry wall existing at the basement. These walls also
work as a soil supporting system. Taking into account that: (i) these walls are gen-
erally non-provided with any water-proof system or any water drainage system;
(i1) they are in direct contact with the soil; (iii) the basement is generally a con-
fined dark room non-provided with any efficient natural ventilation system, then
the biological wood degradation effect tends to be extremely risky. In the past,
these basements were mainly used as storage room where coal, firewood, agri-
cultural products, unused domestic products (e.g. old furniture, papers, clothing),
among other types of domestic things, where kept for a long period of time. This
situation certainly contributed negatively to an already poorly natural ventilation
system of the basements. Adequate monitoring and maintenance tasks were also
even more difficult to perform. Furthermore, the potential of storing contaminated
material (e.g. firewood already under insect attack) was extremely high. Thus, the
timber elements of the structural system of the pavement of the ground floor were
extremely susceptible to decay phenomena. This fact explains why the pavement
of the ground floor is considered as a main susceptible deterioration focus in a
tabique building. In maintenance or rehabilitation processes, cleaning up the base-
ment is recommended as a first step. This step will allow performing an accurate
evaluation of the degradation level of the structural timber elements and, conse-
quently, to make effective rehabilitation decisions. Improving the quality of the
natural ventilation system by adding up openings (disposed preferentially perpen-
dicularly to each other), removal of the damaged timber elements and replacing
them by new ones or reinforcing them, building an adequate water drainage and
water-proof of the walls supporting the soil, applying a regular preventive insect
treatment, are some practical recommendations that should be taken into account
in future rehabilitation processes. At this level of the building, another relevant
pathological effect that is likely to occur is concerned with stone degradation.
Stone material degradation may be aggravated under the above described condi-
tions. This likelihood is even higher considering the fact that the best quality stone
pieces were selected to be applied in the upper walls in which ornamental stone
work would be required.

Stone replacement may be required depending on the material degradation
level. Figure 13c shows an example of this pathology and also the decay suffered
by a secondary timber beam of a pavement located at the ground floor. In order to
finalise the contribution of this section regarding non-structural rehabilitation pro-
cedures, it is worth underlining that the occurrence of a well-defined crack in the
junction of tabique wall/stone masonry wall or tabique wall/tabique wall is very
likely. As it was explained in Sect. 4.1, regarding the building shown in Fig. 4,
a partition fabique wall may be basically leaned on the orthogonal exterior stone
masonry walls. So far, the existence of a specific connection building detail related
to the junction of these two types of walls has not been verified. This building
characteristic is also extended to the connection between tabique walls. Therefore,
the well-defined crack which appears in those junctions seems to be almost
unavoidable. Perhaps it should not be seen as a main structural defect. Another
1 bilitation procedure is concerned with
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Fig. 14 Two examples of regularly maintained tabigue buildings. a Example 1 (exterior view).
b Example 2 (interior view)

the material compatibility. Adequate compatibility between new and old materi-
als has to be guaranteed in order to avoid additional deterioration and to assure
durability of the intervention. The technical information delivered in Sect. 3 con-
cerning the identification and characterization of the wood, the nails and the filling
may help in this respect in future rehabilitation processes. Above all, we have to
keep in mind that each tabique building has its specificities and, therefore, may
also require a specific non-structural rehabilitation process. It is also important to
highlight that the referred pathological technical aspects may not be specific to
the tabique building technique. In fact, they may also be related to the other tradi-
tional Portuguese building techniques, including even the currently applied ones.
However, a profound knowledge of a building is necessary before taking reha-
bilitation actions. Identifying pathology causes, understanding the pathologies,
evaluating the level of degradation, finding measures of mitigation and adequate
repairing solutions, are not straightforward tasks. Figure 14 presents two examples
of tabique buildings which have been maintained regularly.

6.2 Structural Rehabilitation

Structural rehabilitation of this type of structures is another important issue to
be discussed, particularly when they are located in seismically active regions.
Based on the experience concerning the past earthquakes, this type of traditional
structure has an acceptable behaviour, contrasting with some reinforced concrete
structures which had been designed poorly. For instance, Turkey has experienced
many devastating earthquakes throughout its history. Although the available
sources concerning the effects and damages in traditional timber-framed houses
are quite limited, according to the historical evidences on the existing Ottoman
i iti ingseismic behaviour is quite comparable to
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some engineering modern buildings. During the Marmara and Duzce Earthquakes
of 1999, many of bagdadi and himish houses from the early twentieth century
remained intact or suffered minor damage, while so many reinforced concrete
houses collapsed or were heavily damaged. The main reason for this good per-
formance was due to closely spaced studs, preventing the propagation of cracks,
use of weak mortar and lime or mud allowing its sliding along the bed joints dur-
ing the shaking to dissipate energy. Although the mortar and masonry by them-
selves are brittle materials, the system rather than materials behaves ductile. Thus,
while these structures do not have much lateral strength and stiffness, they do have
lateral energy dissipation capacity [16, 17]. After witnessing their good seismic
performance, recently some research work has focused on their structural and
material behaviour for their conservation. Very scarce work can be found to illus-
trate examples of applied rehabilitation work on these types of structures rather
than repair and restoration procedures. For mitigation purposes, care must be taken
to avoid construction of timber-framed buildings on soft soils, prevention of slid-
ing of the building frames over the foundations due to the weak connections. The
use of proper sized nails, instead of metal clamps, screws or mortises, and tendon
joints may avoid connections excessively stiff or smooth. The earthquakes expe-
rienced proved that lath and plaster technique (bagdadi frames) behaves better
than brick or masonry infilled frames for being lighter and more ductile. Thus, as
a rehabilitation proposal the infillings may be altered with lighter materials and
connections and stud joints, tie-beams and studs should be renewed by check-
ing the deteriorated or damaged nails, and timber posts. Recent experiments [18]
and experience from earthquakes show that one of the most important points of
this kind of construction is the timber-to-timber connections. Lateral cyclic dis-
placements of the frame cause deterioration of the connection and thus results in
ductile and slightly pinched cyclic loops. The timber-to-timber connections dis-
sipate energy through the response of the nails or other connection elements.
The response of the nails improves the energy dissipation not only via the plas-
tic deformations of the nails but also the friction between the nail surface and the
timber medium. Another characteristic mechanism of damage is the out-of-plane
(OOP) failure of the infill material. The OOP failure transforms the infilled frame
into a bare frame, something that alters the stiffness and strength properties sig-
nificantly. Besides, as seen in past earthquakes, failure of the infills in random
locations throughout a frame causes force localizations, thus the damage on tim-
ber around the OOP failure can be higher than that of the rest of the frame. In
order to increase the seismic resistance of these structures, enlargement of open-
ings and windows, removing of posts and braces should be strictly prevented to
avoid creating soft story effect. Use of modern techniques is necessary to increase
its fire resistance, to improve its energy dissipation property and to control vulner-
ability effect of the biological deterioration together with the traditional technique.
Covering or painting timber roofs and surfaces with non-flammable materials,
periodical checking of the connections and biological deteriorations, educating the
local people about the details of the construction techniques of the buildings to
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Fig. 15 Von-Mises stress distribution in a timber structural system of a traditional Portuguese
dwelling (kPa) [19]

On the other hand, a recent research work [19] focused on evaluating the struc-
tural contribution of the partition tabique walls in the overall strength capacity
of the timber structural system of a traditional Portuguese dwelling was done,
Fig. 15. It was concluded that this contribution may increase the strength capacity
significantly.

7 Final Comments

Tabique construction is a heritage that deserves to be preserved and passed on
to the next generations. A fabique component is built efficiently because it cor-
responds to a simple timber structural system involved in a simple filling mate-
rial. The most common existing tabigue buildings still function which proves their
inherent durability capacity. Furthermore, a fabique construction may be seen as
a sustainable and affordable building model. Local raw materials, simple building
techniques and efficient material usage are the main technical attributes that give
strength to this consideration. Furthermore, this traditional building technique has
also shown to be versatile because alternative timber structural systems have been
found, different types of filling solutions have been identified, usage of different
autochthone wood species has been verified and application of an expressive range
of different revetment materials, among other verified technical building aspects.
The fact that the exterior and partition fabique walls are possible vertical structural
components also contributes to this important versatile attribute. A brief descrip-
tion of the overall structural system of fabique buildings was delivered which was
focused on walls, pavements and roof. This description was complemented with
i ildi 1 1 rring that the respective stone masonry
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walls and timber pavement and roof structural systems are commonly applied tra-
ditional structural elements. The exterior and the partition tabique walls and the
way that they are connected to the other major structural elements (e.g. stone
masonry walls, pavements and roof) are the important specificity of the build-
ing technique under research in this work. An attempt at characterising the main
pathologies (non-structural and structural) susceptible to occur in fabique build-
ings was done. Finding their causes, proposing mitigation actions to reduce their
likelihood and delivering some possible reinforcement solution were also relevant
technical aspects presented. This information may be valuable in future rehabilita-
tion procedures. Roof and ground levels were identified as the main degradation
focuses. Continuous presence of water, direct contact with the ground and poor
natural ventilation are aspects which highly contribute to tabique degradation vul-
nerability. Therefore, regular maintenance is highly recommended. Future reha-
bilitation procedures should contemplate mechanisms able to facilitate regular
maintenance.
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Pombalino Constructions: Description and
Seismic Assessment

Mario Lopes, Helena Meireles, Serena Cattari, Rita Bento
and Sergio Lagomarsino

Abstract This chapter describes the Pombalino building structures built in Lisbon
downtown and other parts of Portugal during the reconstruction after the 1755
earthquake, as well as their earthquake resistant features. In particular the impor-
tance of the Gaiola Pombalina, a tridimensional wood truss characteristic of those
constructions, in the potential seismic resistance of these buildings is discussed.
The effects in their seismic resistance of the architectural and structural changes to
which these buildings have been submitted since the original construction, usually
with negative consequences,, is also discussed. Some strengthening and advanced
analytical modelling strategies for these buildings are also mentioned. Finally, the
socio-economic feasibility of strengthening this construction is briefly discussed,
as well as the importance of their preservation. To be noticed that the reconstruc-
tion of Lisbon is the first time in the history of mankind that a large town was built
providing widespread seismic resistance to its buildings aiming at avoiding future
tragedies of the same type.
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1 Introduction

Pombalino is the designation of the structural typology of the buildings built in
Lisbon and other parts of Portugal during the reconstruction after the great Lisbon
earthquake of 1755. The purpose of this chapter is to give an overview of the main
characteristics of these buildings, their potential seismic performance and pre-
sent some of the studies already performed on these buildings, including some
advanced modelling techniques. In Sect. 1 a general description of this type of
buildings is done, with emphasis on the earthquake resistant characteristics. In
Sect. 2 the main experimental and analytical studies performed to evaluate the
seismic resistance of these buildings are described. Section 3 presents some of the
main changes that these buildings suffered during their already long existence and
that also affect their potential seismic performance. Section 4 refers some of the
main strategies and strengthening techniques to improve the seismic resistance of
these buildings. Section 5 presents some advanced modelling techniques and
examples of their application to Pombalino buildings, as well as the main results
of a study at the level of an entire quarter. Section 6 presents a brief discussion on
the social and economic issues that condition the feasibility of rehabilitation and
strengthen of these buildings, necessary to deliver them in safe conditions to future
generations but preserving their authenticity. Finally Sect. 7 presents some short
notes on the historical and cultural value of these buildings.

1.1 Description of Pombalino Buildings

Lisbon and the south of Portugal were devastated by a magnitude Mw = 8.5-8.75
earthquake [1] with epicentre at southwest of the Algarve in 1755. It is estimated
that more than 5 % of the population of the Lisbon region died. The reconstruction
that followed was done with the concern of avoiding future tragedies by means of
providing seismic resistance to the new buildings.

Of the several features of Pombalino buildings related with the purpose of
providing seismic resistance, the most relevant and notorious is the Gaiola
Pombalina. Gaiola is the Portuguese word for cage, as the Gaiola consists on a
tridimensional wood truss that looks like a cage. The Gaiola is constituted by a
set of plane trusses, called frontal walls, connected at the corners by vertical bars
that belong to orthogonal frontal walls. Each frontal wall is constituted by a set
of triangles, a geometry similar to the steel trusses of nowadays. Since the trian-
gle is a geometric figure that cannot deform without variation of the length of the
sides, in fact it is the only one, each frontal wall only needs to mobilize the axial
1 1 i direction in its own plan. Therefore the
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Fig. 1 Gaiola after removal of cover and masonry

connection between orthogonal frontal walls by means of common vertical wood
bars yields a tridimensional truss capable of resisting forces applied in any direc-
tion. In general the space between the wood bars of the frontal walls is filled with
weak masonry, and the surfaces are covered with a finishing material, therefore the
Gaiola in general is not visible. Figure 1 shows photos of the Gaiola after removal
of the masonry in a building recently demolished in downtown Lisbon, and Fig. 2
a Gaiola wall with the masonry filling.

Usually the Gaiola only develops above the top of the ground floor level in
the interior walls. The facades and gable walls (between adjacent buildings)
are usually built with ordinary rubble stone masonry, with some exceptions of
better quality masonry, mainly at corners and some ground floor columns and
walls. Their thickness may vary along the height, being between 0.60 and 0.90 m
in most cases. The spandrel beams, which connect the masonry columns of the
facades are of the same thickness of the columns below floor levels. When there
are windows and not doors the spandrel beams extend above floor level but with
a much smaller thickness, in order to allow people’s access to the windows. Very
often the two parts of these spandrel beams were not built simultaneously, yield-
ing a weak horizontal surface between them. The result is that those beams have a
cross-section as shown in Fig. 3.

Some interior walls, with partition purposes only, called rabiques, are made
of one or two sets of boards or small wood bars, are thinner than frontal walls
and have much less resistance to horizontal loads than the frontal walls. Figure 4
shows a photo of the interior of one of those walls, after removing the cover.

The floors are made of wood planks (typically 2 cm thick) supported on perpen-
dicular wood joists (typically 10 x 20 cm?), which are supported on the exterior
walls (more often on the facades) and frontal walls. In buildings of better quality the
wood joists are continuous from facade to facade, in others they have discontinuities
on the intersection with frontal walls. According to the original practice the horizontal
wood joists of the floors should be properly anchored inside the facades, by means of
iron anchors embedded in the masonry of the facades at floor level. The frontal walls
should also be anchored inside the facades. However, there are doubts about the qual-
ity of those co ectionsyasswell-assof theinwidespread execution.
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Fig. 2 Gaiola wall with
masonry filling [2]

The connections between the different wood bars of the Gaiola are done by
means of iron nails and cuts on the wood bars in order that they fit in each other,

as shown in Fig. 5.

Fig. 3 Location and cross-

section of spandrel beams Spandrel beam —

above floor

Floor

Spandrel beam —
below floor
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Fig. 4 Partition wall [3]

The pavements of the 1st floor (ceiling of ground floor) are usually constituted
by masonry arches and vaults, as shown in Fig. 6, for two reasons: (i) create a
barrier to fire, in order that possible fires on the ground floors do not spread to
the upper floors, and (ii) to avoid that the soil humidity reaches the Gaiola wood
structure above the 1st floor. At ground floor level, where the Gaiola structure
does not exist, the arches and vaults are supported in the interior by masonry piers
and walls and on the exterior by facades and gable walls.

Another characteristic of Pombalino construction was the standardization of
the construction process, aiming at its widespread application to an entire city.
For instances first the carpenters would built the wood truss, the Gaiola. After
the bricklayers would come in and would add the masonry and the finishing to

3)

-
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Fig. 6 Masonry arches and vaults at the ground floor ceiling [2, 5]

the frontal walls. The gable walls are common to both adjacent buildings (there
were no expansion joints, as the flexibility of the wood pavements was enough
to accommodate the effects of variations of temperature) and extend above the
buildings to offer a barrier to fire propagation between buildings. Since the con-
struction of the different buildings of each quarter was not simultaneous, there are
vertical surfaces of separation of facades and gable walls, built at different periods.
The standardization also extended well beyond individual buildings. The quarters
of downtown Lisbon have a rectangular shape as they developed between paral-
lel and orthogonal streets, and the buildings were all of the same height, compris-
ing the ground floor, three upper floors and the attic. This way each quarter was
constituted by a set of buildings of similar dynamic characteristics, yielding a bet-
ter overall performance under seismic actions. A situation very similar to this, but
with smaller buildings, can be found at the centre of Vila Real de St° Anténio, a
southern town in Algarve also devastated by the earthquake of 1755.

In downtown Lisbon the water table is almost near the surface, as this zone is adja-
cent to the Tagus river. The soil is an alluvium of variable thickness, of approximately
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20-30 m near the river and progressively reducing as the distance to the river
increases, with a very weak load bearing capacity. Due to this the foundation system
of Pombalino buildings is based on a tridimensional grid of wood bars on top of short
length (around 1.5 m [6]) and small diameter (around 15 cm) wood piles, embedded
on a large embankment made with the debris of the buildings destroyed by the 1755
earthquake and compacted by the piles. The embankment receives the loads from the
structure through the wood grid and piles and distributes them by a larger area of the
underlying alluvium, reducing the stresses at this level.

Figure 7 shows the constructive scheme and photos of the top of the piles at one
building in downtown Lisbon, the BCP Museum. Figure 8 shows a schematic rep-
resentation of a Pombalino building

2 Seismic Resistance

The seismic resistance of existing constructions received less attention than new
constructions at the early days of modern seismic engineering, at the first half and
middle of the twentieth century. In Portugal more attention was given to old build-
ings mainly from the decade of 1990 onwards. One of the first studies to assess the

Fig. 8 Example of a
Pombalino building [7]
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Fig. 9 In-situ tests to rupture [8]

seismic performance of an old building in Lisbon focused on a Gaioleiro build-
ing [8], the type of buildings that were built after the Pombalino buildings during
the late nineteenth and early twentieth centuries. This building type resulted of the
progressive adulteration of their main characteristics of the Pombalino buildings,
such as the absence of the diagonal wood bars of the Gaiola, weaker connections
between elements and adding more floors. The studied arises from the opportunity
to do tests to rupture, on site, on a building being demolished. In these tests part of
the facade was used as reaction wall, in order to apply monotonic increasing hori-
zontal forces in the plan of the facade strong enough to take the rest of the facade
at that level to rupture. Figure 9 shows part of the facade (including instrumenta-
tion details) that was divided into two unequal parts: the smallest one, that was
tested, and the largest one, that is stronger and was used as reaction wall. These
tests allowed to find out the stiffness for small and large displacements, as well as
the respective failure loads, for the element tested to rupture.

Several tests of the same type were also performed in interior walls. This
allowed calibrating a tridimensional model of the structure, that, together with the
knowledge of the elements failure loads, allowed to evaluate the seismic capacity
of the building. The result indicated that the building would collapse for a seismic
action of approximately 43 % of the respective code (RSA, [9]) prescribed seismic
action, showing the tremendous weaknesses of this type of buildings. However,
this conclusion cannot be extrapolated to Pombalino buildings.

In the early years of the 2000 decade Rafaela Cardoso [5] analysed with detail
the model of a Pombalino building with ground floor, 4 upper floors and attic, with
the numbers 210-220 of Rua da Prata, whose front fagade is shown in Fig. 10
and whose project was available for consultation. It is thought that this building is
a late Pombalino, probably of the early nineteenth century period, due to the fact
that it has one more floor than usual. At this time the memory of the 1755 earth-
quake was startmg to fade away and the strict construction rules imposed after the

a e ertoppressure of urban developers.
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Fig. 10 Front facade of the building of Rua da Prata [5]

It was not possible to do an experimental characterization of the materials,
therefore the structural model was based on the assumption that the materials
would have average properties, estimated and calibrated from in situ and labo-
ratory tests on specimens removed from other buildings or built in laboratory.
Particular attention was devoted to the stiffness properties of the frontal walls, due
to their relevance for the potential seismic performance of Pombalino buildings.
Several models for the simulation of frontal walls were analysed [5]. In all cases
each individual wood bar was represented by a linear bar hinged at both extremi-
ties, with the masonry between the wood bars represented by finite elements, as
shown in Fig. 11.

The comparison between the models and the calibration of their stiffness prop-
erties was based on experimental results. Several experiments on frontal walls
were performed at Laboratério Nacional de Engenharia Civil (LNEC) in Lisbon:
(1) a frontal wall removed from a Pombalino building in downtown Lisbon, and
carefully transported to LNEC, was tested under constant vertical loads and hori-
zontal cyclic loads applied on top [10], and (ii) a set of pre-fabricated frontal pan-
els tested also at LNEC [11]. Figure 12a shows schematically the dimensions of
the full scale panel removed from a building and the applied loads, and Fig. 12b
shows the panel after the test.

The comparison of analytical results with the results of these tests showed that
the analytical stiffness always overestimated the respective experimental value.
Three p0531b1e reasons for this observation were identified: (1) the connections on

e-extre e he frontal wall, considered in the analytical
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Fig. 11 Models for frontal walls [5]

models, could not transfer tensile forces; (2) the masonry filling contributed very
little to the stiffness of the panels as it tend to detach from the rest of the panel
when deformations increase; this conclusion was recently strengthened during
a set of tests of panels similar to Pombalinofrontal walls, built and tested in the
Laboratory of Structures and Strength of Materials of IST [12]. Even though, the
detachment of masonry from the wood structure was clearly noticeable by eye
sight at large displacements, as can be clearly seen in Fig. 13, this confirms the
little importance of the characteristics of masonry for the stiffness under strong
seismic actions; (3) the gaps between wood bars allow initial deformations before
mobilizing the compressive strength of the diagonal of the Gaiola.

Figure 14a and b shows the existence of the gaps between wood bars in real
buildings and Fig. 14c shows their influence on the force—displacement diagrams
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Fig. 13 Detachment between
the masonry filling and the
Gaiola structure [12]

of the panels [5]. The comparison of the stiffness of the analytical models with the
experimental stiffness, disregarding the low stiffness branch before closing of the
gaps, led to the conclusion that the masonry and the tensile diagonal of the frontal
wallshould be disregarded (except at small displacement, of little relevance under
strong seismic actions). From the range of values for the wood Young’s modulus
given at EC7 [13] (8000-12000 MPa), the one that yielded the best match with the
experimental results was the lowest value that was chosen for the analysis.

The tests on pre-fabricated panels at LNEC [11], referred above, also confirmed
the conclusions about the influence of the gaps. These were diagonal compression
tests on 1:3 scale models of frontal wall panels. Figure 15a and b shows one of the
specimens and the loading shoes at top and bottom of the specimen. These tests
also confirmed the detachment of the masonry filling from the surrounding wood
bars of the frontal walls.

ce on force—displacement relationship [5]
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Fig. 15 a Panel built and b Panel after testing in laboratory [11]

This detachment was also observed in recent experimental studies where the
influence of the masonry filling on the seismic behaviour of frontal walls was studied
by means of the comparison of behaviour of frontal walls with and without masonry
filling, built in laboratory [14]. The results showed that the masonry contributes to
prevent buckling of the compressive diagonals, which starts at the middle section
where the cross-section is reduced to half due to the crossing with the other diagonal,
as shown in the details of Fig. 5. Figure 16a and b shows the specimens after testing.
These tests have shown that the masonry increases the global stiffness, even though
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for large displacements it detaches from the wood structure. However the good
quality of execution and of the materials cast some doubts on the fact that this stiff-
ness increase would also take place on real Pombalino buildings or if it would be
more reduced.

The global nonlinear behaviour of the building analysed by Rafaela Cardoso
[5] was considered by means of an iterative procedure based on a sequence of
tridimensional linear analysis by response spectra. This option allowed to use
current commercial software available for structural analysis (SAP2000 [15]), as
it was intended to use a methodology and software that could be used in current
design practice. More details about material properties and element dimension can
be found in Sect. 5.2. Figure 17 shows the plan of the structure at the ground floor.

The fagades and gable walls were modelled by shell finite elements. The contri-
bution of the fabique partition walls was disregarded. The foundations were mod-
elled as built-in supports.

At each iteration the connections that failed at the previous iteration, mainly
between the frontal walls and the facades, were removed from the model of the
next iteration, as it was assumed that after a wood bar was pulled-out from the
masonry the tensile strength of the connection could not be recovered. As the
building was a late Pombalino it was conservatively assumed that the connection
of the frontal walls with the facades were weak (fiensile < SkN). It was assumed
that a facade would fail in its own plan if all the columns would fail, which cor-
responds to admit a limited redistribution capacity. It was concluded that failure
would take place by out-of-plane collapse of the fagades due to sequential rupture
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Fig. 18 Out-of-plane failure of facade walls [17]

of the connections, starting at the upper floor and propagating to the lower floors at
almost the same seismic intensity, as illustrated in Fig. 18.

Rupture would take place for a seismic action of 40 % of the one prescribed for the
Portuguese code RSA [9] for far field events of high magnitude, to which corresponds
a value of PGA = 0.18 g (it was assumed a relative damping factor of &€ = 10 % and
a behaviour factor q = 1.5) and a response spectra rich in high periods. However if
this collapse mode was prevented because the connections were better than assumed,
or had been strengthened, collapse would be triggered by failure of the ground floor
columns and walls (base shear mode) but at a seismic action slightly above 100 % of
the code prescribed seismic action. It is likely that many original Pombalino buildings
would have a seismic resistance above this level, as they had one floor less and bet-
ter connections. Even though there may be doubts about the strength of the connec-
tions, which should be verified for each building in strengthening projects, this result is
remarkable for buildings built more than 200 years ago.

It should also be noted that the methodology is conservative, since the analysis
is not done in time domain and in each iteration the spectra is the initial one, as if
the earthquake would start again. However, opposed to what happens in most of
Europe, where near-field events are relevant, in Portugal for many buildings as most
Pombalino buildings, far-field events, such as the 1755 earthquake, condition seismic
design as the zone of higher spectral accelerations extends more to the lower frequen-
cies. These events are associated to much higher durations than near-field events,
reducing the conservatism associated to the methodology used for the analysis.

The conclusion regarding the seismic resistance can be extrapolated to the
Pombalino buildings of the present, as long as they have not been altered after
the original construction, as it is thought that the Gaiola still continues intact in
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Fig. 19 Evidence of nowadays excellent conservation state of frontal walls

the original buildings. It is known, from works in those buildings, that the conser-
vation state of the Gaiola is good in general. For instances Fig. 19 shows parts of
frontal walls removed from a Pombalino building in 2010 in excellent conditions.

The interest on Pombalino buildings largely exceeds their city of origin.
Relevant studies were also performed the University of Minho, where the behav-
iour of the quarter Martinho da Arcada, in the corner of Rua da Prata and Rua do
Comércio in downtown Lisbon, was studied [18]. Even though the buildings of this
quarter had been the subject of several interventions with little concern for seismic
safety, with removal of part of the interior structure and addition of steel and rein-
forced concrete elements, the conclusion was that the quarter would resist to a seis-
mic action of 70 % of the one prescribed in the Portuguese code of actions RSA [9].

One of the technical issues related to Pombalinoa building that has deserved
attention from the public opinion is the possible deterioration of their foundations.
During the last decade several large holes were found in the subsoil of downtown
Lisbon, that fortunately caused almost little or no damage to the buildings so far.
It is assumed that these holes were created by changes in the underground water
flow due to the numerous underground works (basements, car parks, tube lines)
that were done during the last decades. Relevant variations of the level of the
water table in downtown Lisbon have also been observed in the past decade, for
instances at the BCP Museum, where the photos of Fig. 7 were taken.
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As it is well known the wood under strong variations of humidity tends to
get rotten, which has been observed in several piles. However no relevant con-
sequences, for instance damage in buildings due to differential settlements, has
been observed so far. Together with the fact that the length of the piles is short
(about 1.5 m) and do not reach the competent soil that is deeper, this shows that
Pombalino buildings are not fully supported on the piles. It is therefore thought
that the main purpose of the piles was the compaction of the superficial embank-
ment where the buildings are supported, and that distributes the vertical loads
by larger areas, transmitting much lower stresses to the weak soil below. Even
though the vertical load bearing capacity seems not to have been affected, at least
in the short term, to analyse better the possible consequences of deterioration of
the piles, the sensitivity of Pombalino buildings to differential settlements that
could be induced by filling the void on the rotten part of the piles, was studied.
Therefore the effect of differential settlements with different profiles at the base of
the building was analysed by Rafaela Cardoso [19]. The results indicate that 20 cm
differential settlements from the centre to the periphery of the building would be
necessary to induce collapse of connections or significant cracking, this is, only
considerable settlements would have significant and noticeable effects. However,
this does not mean that the deterioration of the piles is not relevant, as the voids
created, even though without strong visible consequences in the short term, may
induced much larger differential settlements during an earthquake due to changes
in soil conditions, weakening the buildings and increasing the potential for much
more damage.

3 Structural Changes

In the previous section the potential seismic resistance of original Pombalino
buildings (without relevant structural changes after the initial construction) was
discussed. However, the real seismic resistance of Pombalino buildings nowadays
depends not only on their original characteristics but is also strongly affected by
the alterations to which they were subjected during their lifetime. These were usu-
ally associated to the introduction of new facilities (for instances water, sewage
or gas pipes), increasing of areas by adding more floors or changes of use and
removal of columns and walls in particular at the ground floor to open large spaces
for shop windows and in the interior to create larger spaces. Most of those changes
were done without any concern for the seismic strength of the buildings, facilitated
by a legislative gap and inexistence of technical standards applicable to works on
old buildings. Several examples are shown next.

Figure 20a shows on the left hand side photo a case of water pipes introduced
inside a frontal wall, probably during the twentieth century, cutting the wood bars
of the Gaiola and strongly weakening the resistance of the frontal wall, specially
under horizontal loads, and b) on the right hand side a photo of a case in which the
i i i rection causing much less impact.
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Fig. 20 a Cut in frontal wall to introduce pipes and b pipes crossing wall in the perpendicular
direction [20]

Figure 21 shows a street in downtown Lisbon in which it is clear that there are build-
ings of different heights, being known that the original buildings were all of the same
height, according to the reconstruction plans. The differences are due essentially to more
floors added after the original construction, which strongly increase seismic effects.

Figure 22 shows one of the many buildings in which apparently fagcade
ground floor columns were cut to create a wider shop window, weakening the
building where seismic effects are stronger. Usually this is done introducing a
beam on top of the columns that are cut to transfer the vertical loads to adja-
cent columns. However, there are cases in which entire Gaiola panels (above
ground floor) are removed without addition of strengthening beams and without
collapse, showing the excellent performance of the Gaiola (in the upper floors)
that allows the redistribution of vertical loads from the zone that is removed to
the adjacent ones.

This type of interventions took place in most of the buildings in downtown
Lisbon, strongly reducing their seismic strengthening, but as the resistance to ver-
tical loads is much less affected, the consequences will only become visible when
the next strong earthquake hits Lisbon.

It can be concluded from the above that original Pombalino buildings pos-
sessed good characteristics of seismic resistance, considering the materials and

ienti i ime of the reconstruction. However, those
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Fig. 21 Street in downtown
Lisbon with buildings of
different heights [21]

characteristics were progressively adulterated during their lifetime, leading to
buildings that nowadays have high seismic vulnerability.

4 Strengthening

In many cases it may not be economically worth or feasible, and without excessive
adulteration of the main characteristics, to strengthen old buildings to the same safety
levels prescribed for new constructions. Therefore the objective of strengthening old
buildings may be the improvement of their potential seismic performance up to mini-
mum standards, subjected to economic restrictions and on the level of adulteration of
the original building. In this framework it may be necessary to be more selective in
the interventions on these buildings, by means of identifying the potential collapse
mechanisms and acting only upon the weakest ones. This philosophy can be illustrated
graphlcally as shown in Flg 23 If a parallel between the links of the chain and the col-

§ adegitis clear that strengthening the weakest link
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Fig. 22 Cut of columns at
ground floor level [21]

up to the strength level of another link is enough to improve the potential performance
of the system (building or chain).

This issue can be exemplified with the study of the building of Rua da Prata
[5], previously mentioned, where different strengthening strategies are dis-
cussed. In order to quantify the increase in seismic performance associated to a
given strengthening solution, the parameter yy;; was established; this parameter is
the value that multiplied by the code prescribed seismic action (in this case the
far field event prescribed by the Portuguese code of actions RSA [9]) yields the
seismic action that leads to rupture. The analysis of the original structure was

Fig. 23 Strengthening S s s, S.
strategies: analogy with chain link 1 “link 2 “link 3 ~link 4
under tensile force (adapted s )
from [15]) design S design
SIink 4
Sink3 [
slink 1 Slink 2

sdesign
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Fig. 24 Schematic
representation of
strengthening with a ring RC
beam [22]

performed assuming weak connections, as already referred to in Sect. 2, yielding
a value of yy = 0.4, associated with out-of-plane failure of the fagades. If this
mechanism was prevented, for instances by strong facade-frontal connections, the
collapse would take place by the base shear mechanism, which in this situation
correspond to a value of yys = 1.05.

One possible strengthening solution for the original building would be to build
a reinforced concrete beam at the perimeter of the top floor, connecting the inner
structure to the fagades and gable walls and restricting the out-of-plane movement
of the facades and gable walls at the top. Figure 24 shows a schematic representa-
tion of a transversal cut of such a solution. However it should be noted that the
use of reinforced concrete elements in the rehabilitation of historical buildings has
been criticised by UNESCO and ICOMOS.

It should be noticed that, in this strengthening solution, the ring beams should
be properly connected to the rest of the structure so that there are no differential
movements between the masonry walls, the ring beams and the floors/roof.

The analysis of the structure after introducing the ring beams revealed that the
connections fagade-frontal collapse at intermediate floors and the fagade moves out-
of-plane but not as if it was a cantilever as in the original structure but as if it was a
simply supported beam, with supports on top and bottom. Due to this, collapse occurs
at a higher intensity yy; = 0.7. However, the structure would become stiffer due to
the new beam, increasing the frequencies, the spectral accelerations and therefore the
inertia forces. As the resistance to horizontal forces at the base level did not increase,
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the seismic intensity associated to collapse in the base shear mechanism decreases to
vsis = 0.9. The strengthening by means of ring beams can be extended to all floors.
Despite the increase in stiffness and inertia forces, the resistance to the out-of-plane
collapse of the facades increases to ygs = 0.75. The seismic intensity at which base
shear failure takes place decreases to yys = 0.8, since the resistance to horizontal
forces at the ground floor did not increase. From this stage onwards any strengthening
strategy that would increase the stiffness of the facades would be counterproductive,
as the increase in the inertia forces would reduce the seismic intensity associated to
base shear failure. This means that from this stage onwards the increase in the seis-
mic resistance of the building would require strengthening both mechanisms simul-
taneously. This inconvenient could be eventually solved by means of an alternative
strengthening strategy, for instances strengthening only the connections facades-
frontals. As this consists of localized interventions that increase the strength without
increasing the stiffness, it allows increasing the resistance to one collapse mechanisms
without reducing the resistance to the others.

Another strategy that may be efficient is the strengthening of the pavements in their
own plan by means of a set of steel angles in two orthogonal directions at 45° to the
facades and side walls, in order to create an effect similar to a rigid floor that allows
to transfer inertia forces to the stiffer elements of the structure, in particular the gable
walls. The efficiency of this solution was studied by means of its application in a par-
ticular case study [23]. The results indicated that despite the fact that the inertia forces
increased by 17 % due to the global stiffness increase, this effect was largely compen-
sated by the redistribution of forces to the stiffer and stronger elements, reducing the
action-effects in the more vulnerable elements, namely ground floor columns, facades
(in the out-of-plane direction) and fagades-frontal connections. Figure 25 shows
(a) a scheme of the distribution of the steel angles and the deformation of one of
the pavement, (b) the deformation of the same pavement without the angles, and (c) the
out-of-plane deformations of the facades in both cases (the full line corresponds
to the pavement strengthened with 2.200 x 200 x 20 or 2L100 x 100 x 10 angles
and the dashed line to the unstrengthened pavement).

In what regards practical cases of strengthening of Portuguese old build-
ings, there is already considerable experience and capacity. In order to illustrate
this capacity, developed essentially during the past two decades, examples of the
strengthening of two Pombalino buildings are referred next.

The first example regards the rehabilitation and strengthening of a Pombalino
building in Rua do Comércio, executed by the companies MONUMENTA and
STAP [24], that included the following works, some of which are documented
in Fig. 26:

1. Repair original wood bars and selective replacement of the bars in more
advanced stage of degradation

2. Strengthening or reconstruction of interior frontal and tabique walls, filling
the panels following the original techniques of the wood truss (rebuilding the
Gaiola).
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Fig. 25 Floor deformation: a with diagonals; b without diagonals; and ¢ out-of-plan deforma-
tion of the facades [23]

3. Execution of a strengthening solution to increase the global resistance to hori-
zontal forces, which consisted of:

e System of cables anchored with ductile anchor plates at the extremities, con-
necting the facades and gable walls to prevent independent out-of-plane move-
ments of those walls;

e Steel plates to connect beams on the same alignment to ensure continuity;

e Devices to improve the wall-wall and wall-pavements connections.

It should be noted that the Gaiola continues to be part of the structural system, this

is, it is not part of the problem, it is part of the solution, allowing solutions much
less extensive than would be the case if the Gaiola was not there.

The second example is the rehabilitation of a building at Rua Nova do

0. The s e design office A2P [25], explicitly
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Fig. 26 a A selective replacement of deteriorated wood bars of the Gaiola; B selective replace-
ment of deteriorated wood bars of the pavements; C steel reinforcements to ensure continuity of
the wood bars of the pavements over the supports; D cables connecting to the facades; b instal-
lation of an anchorage device of a cable; ¢ preparation of a facade to place anchorage plates [24]

comprised the objective of seismic strengthening. In the works on this building it
was possible to preserve most of the primary elements of the building, namely:

e Foundations

e Masonry walls, strengthened with reinforced concrete layers of small thickness
Frontal walls, repaired with new wood bars and new masonry filling at selected
locations

Ground floor columns and vaults

Stairs and staircase

Main bars of the wood floors

Stones of the ground floor pavement

Steps, horizontal platforms and ceiling of the stairs

Part of doors and window frames

Figure 27b shows new filling of frontal walls made with hollow bricks and hydraulic
and cement mortar. As it was already mentioned the masonry filling of frontal walls is
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Fig. 28 a Connections wood pavements-masonry wall; and b and ¢ between orthogonal
masonry walls (adapted from [22, 26])

not as important as other parts of the structure, since what is clearly important for the
seismic performance of the frontal walls is the wood structure.

In Portugal there is considerable experience in strengthening other types of
masonry buildings for earthquake resistance, for example the repair and strength-
ening of the constructions damaged by the 1998 Faial earthquake, in Azores.
Several strengthening techniques and details used in those cases can also be used
in Pombalino buildings. Figure 28 shows two examples, the first ((a) referring to
the connection between wood floors to masonry walls [22] and the second (b) and
(c)) to the connection between two orthogonal masonry walls [26]. Figure 29a
shows a scheme for the strengthening of a masonry wall by adding thin layers of
cement mortar reinforced with steel meshes on either side [27] and, Fig. 29b, a
photo of a wall strengthened in that way before adding the mortar [17].

5 Advanced Modelling

The models previously presented were intended for practical applications, there-
fore were based on models able to be analysed with currently available commercial
software for structural analysis. In this section some advanced modelling techniques,
which allow the explicit consideration of nonlinear material behaviour, are presented.
These techniques make use of sophisticated computer programs, and allow perform-
ing pushover and nonlinear dynamic analysis. Actually, according to the widespread of
performance-based earthquake engineering concepts, which research trends and vari-
ous international and national codes [28, 29] now refer to, the possibility to perform
nonlinear analyses becomes common, espec1a11y in research works: this is relevant in

ase of masonry b ngs, that a affected by the nonlinear behaviour. Of course,
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Fig.29 aandb
Strengthening of masonry
wall with reinforced cement
mortar on both sides (adapted
from [17, 27])

Simplified trough-rod

Stone masonry

Steel mesh

Jacketing with
sprayed mortar

it implies the need of reliable models able to simulate the nonlinear response of vari-
ous element types: for example, in case of Pombalino buildings, not only that of URM
panels but also of frontal walls.

As it is known, a complete seismic assessment should include the analysis and
verification of two types of response: the global one (type a), mainly related to
the activation of the in-plane response of walls, and that (type b) associated to the
activation of local mechanisms, which mainly involve the out-of-plane response
of walls. Common assumption is to verify these two types of response separately
by neglecting their mutual interaction. Type a) is usually analysed by referring
to a 3D model of the structure: to this aim, among the different modelling strate-
gies proposed in the literature, due to the regular pattern of openings in Pombalino
building, the equivalent frame approach seems particularly suitable. One common
way to analyse type b) response may be by using discrete macro-block models. In
both cases, according to performance based assessment and, in particular, the use
of nonlinear static analyses, the seismic verification may be: in case a), by adopt-
ing nonlinear static procedures, such as the Capacity Spectrum Method [30] or
the N2 Method [31]; in case b), by referring to the nonlinear kinematic approach
based on the limit analysis (e.g. as proposed in the Italian Code for Structural
Design [32] and described in Lagomarsino and Resemini [33]). In the following,
the attention is focused only on the global response by assuming local mechanisms
are inhibited through proper constructive details: thus, for example, it is assumed
that frontal walls are properly attached to masonry facades at reasonable distances,
preventing their out-of-plane failure.

5.1 Equivalent Frame Modelling Approach

The equivalent frame approach starts from the main idea (supported by the earth-
i e in-plane response of complex masonry
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walls with openings, it is possible to recognize two main structural components:
piers and spandrels. Piers are the principal vertical resistant elements for both
dead and seismic loads; spandrels, which are intended to be those parts of walls
between two vertically aligned openings, are the secondary horizontal elements,
coupling piers in the case of seismic loads. Thus, according to the equivalent
frame idealisation, each wall is discretized by a set of masonry panels (piers and
spandrels), in which the nonlinear response is concentrated, connected by a rigid
area (nodes). Thus, by assembling 2D walls (considering only their in-plane con-
tribution) and including the floor modelling, this approach allows one to analyse
complex 3D models by performing nonlinear analyses with a reasonable compu-
tational effort; moreover, it agrees with recommendations of both national and
international codes. This strategy seems particularly suitable in case of Pombalino
buildings with good connections, as the facades are characterized by a quite regu-
lar opening pattern for which the idealisation in equivalent frame does not pose
strong difficulties. Among the different models and software that work according
to this approach, in the following particular attention is paid to Tremuri program
which has been originally developed at the University of Genoa, starting from
2002 [34], and subsequently implemented in the software package Tremuri [35].
In fact, recently, in Tremuri program a specific element intended to simulate the
response of frontal walls has been implemented [12, 36].

Once having idealised the masonry wall into an assemblage of structural ele-
ments, the reliable prediction of its overall behaviour mainly depends on the
proper interpretation of the single element response. Different formulations,
characterized by different degrees of accuracy, may be adopted. In the following,
the attention is focused on a formulation based on a nonlinear beam idealization
(Fig. 30): thus, the response in terms of global stiffness, strength and ultimate dis-
placement capacity may be obtained by assuming a proper shear-drift relationship.

In case of URM panels, the formulation is based on a phenomenological repre-
sentation of the main in-plane failure modes, which may occur (such as rocking,
crushing, bed joint sliding and diagonal cracking); in particular, a bi-linear rela-
tion with cut-off in strength (without hardening) and stiffness decay in the non-
linear phase (for non-monotonic action) is adopted. The initial elastic branch is
directly determined by the shear and flexural stiffness, computed on the basis of
the geometric and mechanical properties (Young modulus E and shear modulus
G) of the panel. Since the progressive degradation of the stiffness is not actually
modelled, a calibration of the initial mechanical properties is necessary: in fact,
they should be more properly representative of “cracked” conditions. The ultimate
strength is computed according to some simplified criteria, which are consistent
with the most common ones proposed in the literature and codes (e.g. in Eurocode
8—Part 3[29] and in the Italian Code for Structural Design [32]). Table 1 sum-
marizes the strength criteria implemented in Tremuri program. Then, the failure
of the panel is checked in terms of drift limit values differentiated as a function of
the prevailing failure mode occurred (if shear or flexural one). This formulation
is particularly suitable for nonlinear static analyses since it requires a reasonable
i 1 1 ineering practice, and it is based on a few
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Fig. 30 Equivalent frame idealisation of a masonry wall [38]

mechanical parameters, which may be quite simply defined and related to results
of standard tests. Further details on URM nonlinear beam and also on more accu-
rate formulations implemented in Tremuri program may be found in Galasco et
al. [37], Lagomarsino and Resemini [38] and Lagomarsino and Cattari [39].

To provide a reliable modelling also of Pombalino buildings, it is necessary to
be able to describe the nonlinear response of typical frontal walls. In this context,
the formulation proposed in Meireles et al. [36] and Meireles et al. [12] has been
implemented in a nonlinear beam in Tremuri program. It aims to reproduce the hys-
teretic shear response of frontal walls and it has been formulated and calibrated on
basis of the work of Meireles and Bento [42]. This work was the first experimen-
tal work to test the frontal walls built in laboratory under static cyclic shear test-
ing with imposed horizontal displacements, where a specific loading protocol was
used. Vertical loading was also applied to the specimen by four hydraulic jacks and
rods. The objective of the experimental work was to obtain the hysteretic behav-
iour of frontal walls, by means of static cyclic shear testing with imposed displace-
ments. Then, the hysteresis model was developed based on a minimum number of
path-following rules that can reproduce the response of the wall tested under gen-
eral monotonic, cyclic or earthquake loading. It was constructed using a series of
exponential functions and linear functions. The hysteresis rule incorporates stiffness
and strength degradations and pinching effect. It was then developed based on the
experimental tests carried out [42] and the parameters are calibrated by such results.
This model uses 9 parameters to capture the nonlinear hysteretic response of the
wall: a first set of parameters aimed to define the envelope curve (Fy, Ky, 1y, 12, Fy,

Sult); two parameters to define the unloading curve; a last one to define the reloading
h e eresis model of the wall.
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Table 1 Strength criteria for masonry panels implemented in Tremuri program

Failure mechanism Ultimate strength Notes

Piers Rocking/Crushing M, = % (1 — lﬂt) Jfin Masonry compressive
strength of masonry,
[ length of section, ¢
thickness

Bed joint sliding Vibjs = I'te+ UN =< Vibiocks Mohr—Coulomb crite-
rion with: [’ length of
compressed part of
cross section; x and
¢ friction coefficient
and cohesion of mor-
tar joint, respectively.
A limit value is
imposed to take into
account in approxi-
mate way the failure
modes of blocks
Diagonal cracking _ g, L57, \/T 1o masonry shear
Vide t = 102521+ T strength, b reduction
factor as function of
slenderness [40]
Vide 2 = % (ltE + AN ) < Vublocks Mohr—Coulomb type

criterion with: and
equivalent cohe-
sion and friction
parameters, related to
the interlocking due
to mortar head and
bed joints (such as
proposed in [41])

Spandrel®  Rocking/Crushing 7 _ a’% [1 - SHp } H,,: minimum value
85 fhudt between the tensile
strength of
elements coupled to
the spandrel (such

as RC beam or
tie-rod) and 0.4 fj,
dt, where fj,, is the
compression strength
of masonry in the
horizontal direction
Shear V., = htc h height of spandrel
transversal section

#The Italian Code for structural design [32]. Differently from Eurocode 8, makes a distinction in
the strength criteria to be adopted for spandrels as a function of the acting axial load: if known
from the analysis, the same criteria as piers are assumed; if unknown, a response as equivalent
strut is assumed. In Tremuri program, since the axial force computed for spandrels usually rep-
resents an underestimation of the actual one, the maximum value provided by these two cases is
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Fig. 31 Hysteresis model of frontal walls [37]

As an example, here a comparison is made between a frontal wall and a URM
wall of equivalent dimensions (height 2.48 m; width 2.56 m; thickness 0.15 m).
The masonry wall is composed of rubble masonry. The strength of the masonry
panel, associated to shear failure, when subjected to a vertical stress of 20 % of
the compressive capacity, is 73 kN. The ultimate drift of the masonry panel is
0.4 % (as proposed in Eurocode 8 [29] in case of a prevailing shear response). The
stiffness relative to the transverse displacement between extremities of a masonry
panel is calculated, according to the beam theory, considering that the panels are
built-in in one (cantilever) or both extremities. By observing Fig. 32 one can see
how the frontal walls have lower stiffness when compared to a masonry wall of
approximately the same size.

Fig. 32 Comparison Comparison masonry wall vs frontal wall
between a masonry wall 20
(cantilever and fixed—fixed)
and a frontal wall (C2x2) of 70
the same dimensions [37] 60
Z 50 ——
g 40 / —cantilever
£ 30 / —fixed-fixed
20 —C2x2
10
0
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Displacement (mm)
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In addition to masonry and frontal elements, RC elements, steel and wooden
nonlinear beam or tie-rods may be modelled as well.

Finally, the complete 3D model is obtained by introducing also floor elements.
In particular, they are modelled as orthotropic membrane finite elements where
normal stiffness provides a link between piers of a wall, influencing the axial force
on spandrels; shear stiffness influences the horizontal force transferred among the
walls, both in linear and non-linear phases.

In the following, a building aimed to replicate a typical Pombalino building was
modelled and analysed by using Tremuri program. It was necessary to choose an
example building. It was decided to use a modified version of the building of Rua
da Prata previously mentioned but with some alterations in order to yield a building
more similar to the original Pombalino buildings built after the 1755 earthquake.

5.2 Example of Equivalent Frame Modelling for a Case
Study of a Pombalino Building

The building that was chosen to be analysed tries to replicate a typical Pombalino
building. It had been the subject of research in the study by Cardoso [5] and later
on in Meireles et al. [16, 43]. Its historical background and architectural drawings
are also referred to and shown in the book Baixa Pombalina: Passado e Futuro
(Pombalino Downtown: Past and Future) [44]. This building is recognized by the
existence of a pharmacy in the ground floor, which is covered by a well-decorated
panel of blue tiles, dating from 1860. Nevertheless, as it is usual in the Pombalino
buildings of Lisbon downtown, this building has been subjected to some altera-
tions with respect to the original layout. In this particular case one floor has been
added to the original layout of 4 floors plus roof, making a total number of 5
floors plus attic. In the current study, given that it was intended to study a typical
Pombalino building, only 4 floors plus roof were considered in the layout, so the
last floor below the roof was eliminated in the drawings and modelling.

The building has six entries on the main facade and a height of approximately
15 m until the last floor (without the height of the roof). The openings have a
width of 1.66 m or 1.76 m, the door on the ground floor a height of 3.5 m, the
balcony on the first floor a height of 3 m and the windows on the second and third
floors a height of 2 m.

At the back the openings are smaller and have a width of 1 m. At ground
floor level the height of the door is 3 m and on the first, second, and third
floors there are windows 1.5 m high. There are only 5 entries. The plan draw-
ings of the building are shown in Figs. 17 and 33 for the ground floor and
upper floors, respectively.

The plan of the building has dimensions of 18 x 11 m? referring to the facade
and gable walls, respectively. The ground floor has 5 internal piers with dimen-
sions of 0.7 x 0.7 m?. There are stairs in the middle of the building facing towards
the back facade. The staircase is made with brick masonry only on the ground
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Fig. 33 Sketch of the plan view of building: upper floors (dimensions in metres) [45]

floor (on the upper floors the staircases are frontal walls) with a thickness of
0.24 m. On the ground floor, brick masonry walls extend up to the front of the
building with a small misalignment towards the right. On the ground floor, the
front and back fagade piers as well as the internal piers are made of stone masonry.
The gable walls as well as the front and back facades of the upper floors are made
of rubble masonry.

On the upper floors (from the first to the third floor) one can find the frontal
walls. There are two alignments of frontal walls parallel to the facades and five
alignments (including the staircase) of frontal walls parallel to the gable walls.
Connecting the frontal walls there are doors 0.8 m wide. The structural elements
with their respective type of material and thickness/area can be found on Table 2.
As it can be observed in Table 2, the facades (front and back) reduce in thickness the
higher they are, being of 0.90 m on the ground floor and 0.75 m on the third floor.

The actions considered on the structure are the self-weight, given by the
weights of the roof, the floors, the ceilings, the partition walls and the frontal
walls, combined with the respective live loads given by Eurocode 1 [46]. The ver-
tical loading (Table 3) to be imposed on the structure was determined based on
Eurocode 1 [46] (design load = dead load + 0.3 x live load).

Table 4 summarizes the mechanical properties adopted for URM and frontal
walls, respectively. For URM panels a drift limit value of 0.4 % and 0.8 % (as
suggested also in the Italian code for structural Design [32]) has been adopted
in case of prevailing shear and flexural failure modes, respectively. For frontal
walls the value of F,;; (denotes failure) is taken as 80 % of the value of F,.
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Table 2 Thickness/area and material of building components [43]

Geometrical data and masonry types

Element Material® Thickness/area
Piers (ground floor) SM 0.7 x 0.7 m?
Facades (front and back):

Ground floor SM 0.90 m

First floor RM 0.85m
Second floor RM 0.80 m
Third floor RM 0.75 m
Spandrels RM 0.20 m
Gable walls RM 0.70 m
Staircase (ground floor) BM 0.24m
Internal walls (ground floor) BM 0.24 m
Frontal walls Wood, RM 0.15m

4SM, RM and BM mean stone masonry, rubble masonry and brick masonry, respectively

Regarding the floors, the joists of the floors have a section of 10 x 20 cm? and
the wood pavement a thickness of 2 cm. The floors are supported by the front and
back facades and by the frontal walls; the stairs are supported by the staircase. The
floors have been modelled as orthotropic membrane elements.

The structure is modelled according to the equivalent frame model (by adopt-
ing Tremuri program) using nonlinear beams for the ordinary masonry panels and
frontal walls according to the formulation described in 5.1. The final model of the
building is presented in Fig. 34a. Here, represented in grey are the parts of the
structure that are composed of rubble masonry; in purple are the parts of the struc-
ture that are composed of stone masonry; in green (dark and light depending on
the size) are the frontal walls and in light brown are the timber beams connecting
the frontal walls. Figure 34b identifies the alignments of the different structural
elements in the plan view of the building.

Table 3 Vertical loads considered in the case study [45]

Actions considered

Element Location Value?®

- Floors 2.0 kKN/m(ll)
- Stair floor 4.0 kN/m(ll)
Stairs Stair floor 0.7 kKN/m(dI)
Compartment walls Floors 0.1 kKN/m(dI)
Wooden floors Floors 0.7 kKN/m(dl)
Ceilings Floors 0.6 kKN/m(dI)
Frontal wall Frontal walls 3.0 kN/m (dl)
Vaults Masonry walls ground floor 3.5 kN/m (dl)
Gable walls roof Masonry walls 4th floor 17.3 kKN/m (dl)
Roof Masonry walls 4th floor 4.4 kN/m (dI)

oad (/) or dead load (dl), respectively
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Table 4 Mechanical characteristics of masonry types and parameters of frontal walls

Average

Average young Average shear compressive  Average shear

modulus £ modulus G Weight W (kN/ strength f;,, strength 79
Masonry type (GPa) (GPa) m3) (MPa) (MPa)
Stone Masonry 2.8% 0.86% 22 7 0.105
Rubble 1.23 0.41 20 2.5 0.043

Masonry

Brick Masonry 1.5% 0.5% 18 32 0.076
Frontal wall ~ F, (kN) Ko (kN/mm)  r;Kp 2Ky Fy/F,
2 x 2P 50.8 6.1 0.244 —0.2745 0.728
3 x2°¢ 49.9 29 0.244 —0.2745 0.728

ACracked stiffness assumed, 50 % of the value in the table was used

YParameters have been calibrated on basis of experimental results obtained in Meireles and Bento [42]
°F, and Ko (as defined in Fig. 2) have been obtained for different configurations (2 x 3,2 x 4,

3 x 2,3 x 3 and 3 x 4) based on analytical models, see Meireles [45]

The mesh, that is the equivalent frame idealization, has been created by using
the software package Tremuri [35] in which Tremuri has been implemented. The
software creates a mesh of macro-elements for each alignment and this can be
viewed for front and back facades, in Fig. 35, respectively: in red are the piers; in
green are the spandrels and in blue are the parts of the facade where no damage is
foreseen (rigid nodes). Furthermore, in this modelling, the foundations are mod-
elled as built-in (no displacements or rotations allowed).

(b) "
po Pé P e
P1 [ Pg P3
P11
Yy 9‘13 pln r-L
L
X

ents of the elements of the model [43]
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K

Fig. 35 Equivalent frame idealisation of front facade (up) and back fagade (bottom) [45]

5.3 Example of Nonlinear Static Analysis for the Case Study
Examined and Discussion of Results

The case study described in 5.2 refers to an original configuration of a Pombalino
building. However, it should be noted, that, in reality, a considerable part of the
building stock of Lisbon downtown probably is not in its original state but has
been subjected to changes in its structural system,such as the ones referred to in
Sect. 3. It is foreseen that these changed buildings will have a behaviour that is
worse than the original building.

In the following, firstly the results of nonlinear static analyses performed on
the original configuration are examined; then, the effects of some strengthening
solutions on the overall response are discussed by comparing results in terms of
probabilistic seismic assessment through the introduction of fragility curve con-
cept. Pushover analyses were carried out for both xx and yy directions (see Fig. 34)
and for two lateral load patterns along the height: load pattern proportional to the
mass (uniform) and load pattern proportional to the mass and height (triangular).
Pushover analyses enable us to have an idea of the lateral resistance of a building;
the output in terms of overall base shear versus top displacement is presented in
Fig. 36. At each floor the applied forces were distributed according to the distribu-
tion of mass and the top displacement refers to the average of the displacements of
the nodes on the top floor. Actually, while in case of rigid floors the result of the
pushover analysis is almost insensitive to the control node (usually assumed at the
centre of mass), much critical is the case of the flexible ones. Actually, in this lat-
ter case, the results may be significantly affected by the control node adopted and
points in the same floor may exhibit very different displacements, in particular in
case of shear masonry walls characterized by very different stiffness. Thus, a rea-
sonable compromise is to assume, for the analysis, a generic node at the level of
the last floor, but to refer for the pushover curve to the average displacement of all

i e y eighted with the respective pushover nodal
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Fig. 36  Pushover curves for original building in the two directions for both uniform and triangu-
lar load patterns [45]

force) in order to consider a result representative of the whole structure and not
only of local portions.

Pushover analyses performed on this basic configuration showed a significant
difference between the seismic capacity of the building in xx and yy directions, in
particular the stiffness and strength is much higher in the yy direction than in the
xx direction; but on the other hand, the ductility of the system is much higher on
the xx direction and is practically non-existing in the yy direction. In fact, in xx
direction the piers are very slender (due to the opening’s configuration) and with a
very moderate coupling provided by spandrels (which show a “weak™ behaviour):
thus, a prevailing flexural response occurs associated to higher drift than in case
of the shear failure. In general the structure exhibits a soft storey failure mode;
moreover, since floors are quite flexible, a very moderate redistribution of seismic
loads may occur among masonry walls. Indeed, in neither of the two directions the
building seems to provide a reliable system against the earthquake.

Starting from the study of the response of the basic configuration of the
Pombalino structure, the following strengthening solutions have been analysed
mainly based on engineering judgement.

Due to this, the following retrofitting schemes have been proposed and analysed:

a. Increase the in-plane stiffness of floors (transforming flexible floors into rigid
floors);

b. Increase the in-plane stiffness of floors plus inclusion of four shear walls on the
ground floor;

c. Increase the in-plane stiffness of floors plus inclusion of eight steel frames on
the ground floor;

d. Increase the in-plane stiffness of floors plus inclusion of tie-rods at front and
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The first one is the one that will be seen to be the most effective and crucial
improvement to the structure. The last three are seen to be added improvements
to the structure if one wishes to increase the earthquake resistance of the building
even more. The first intervention may be reversible or not, depending however on
the type of intervention. All the other interventions are reversible.

As regards to the increase of the in-plane stiffness of floors (case a), traditional
timber floors are typically flexible. The increase of the in-plane stiffness of floors
is an evident and most effective method of improving the seismic behaviour of
old masonry structures. This is mainly because the increase of in-plane stiffness
of floors enables the horizontal forces to be redistributed between the failing walls
to the adjacent remaining walls and the structure behaves like a box. A significant
role in the stability of the entire building is assigned to the floors. These structures
are required, in addition to an adequate performance level, an adequate rigidity
and an efficient connection to the supporting walls, especially in what concerns
seismic actions. For this reason, the restoration of a floor is an opportunity to
improve the behaviour and efficiency of the entire structure.

Starting from the original configuration, mechanical parameters of orthotropic
membranes aimed to simulate floors have been increased to simulate such type of
intervention (e.g. obtained by the insertion of plywood or horizontal bracing com-
posed of steel ties and arranged in crosses). Figures 37 and 38 show the resultant
pushover curves, in xx and yy directions, respectively. The contribution that each
alignment (walls) has to the base shear of the building was also evaluated in both
directions. For this purpose, and taking the xx direction as an example (Fig. 37),
a graph was plotted with, firstly, the total base shear as a function of the top dis-
placement (“Building” legend), secondly, the base shear corresponding to the
facade masonry walls (P2 and P4 alignments) as a function of the respective top
displacement of that alignment (“P2” and “P4” legend) and, thirdly, the base shear
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Fig. 38 Pushover curves, contribution of each wall to the base shear, yy direction [45]

corresponding to the alignments of the”frontal” walls as a function of the respec-
tive top displacement of that alignment (“P11”, “P9” and “P10” legend).

Based on the previous graphs, the highest contribution to the base shear comes
from the outside masonry walls. The contribution to the base shear given by the
internal walls/columns is not negligible but is small. In other words, the frontal
walls/internal walls alignments contribute very little to the total base shear of the
respective alignments, the majority of base shear being a contribution of the sur-
rounding masonry walls. This is because the frontal walls do not have continuity
in height, they are interrupted at ground floor (above the first floor the contribu-
tion of the frontal walls to the horizontal shear may be not so low), and because
they have a lower stiffness when compared to the masonry walls. Indeed, from the
comparison between a single URM panel and a frontal wall illustrated in 5.2, one
can conclude that the stiffness of the frontal wall is lower than the stiffness of the
thick (see Table 2) surrounding masonry walls of the Pombalino buildings.

As regards to the increase the in-plane stiffness of floors plus inclusion of four
shear walls on the ground floor (case b),the inclusion of shear walls is a typical
procedure to improve the seismic resistance of a building. The modelled shear
walls are 48 cm thick and are composed of brick masonry. It was decided that the
shear walls should only be placed in the xx direction since this direction is the
most vulnerable one (after the strengthening of the diaphragms and given the pres-
ence of the gable walls with no openings on the yy direction).

As regards the increase the in-plane stiffness of floors plus inclusion of eight
steel frames on the ground (case c), the inclusion of eight steel frames on the
ground floor arises from the idea that including shear walls with no openings on
the ground floor is not a very much welcoming idea from the architectural and
functional perspective. The ground floors of these buildings are often used as res-
taurants, cafés or stores facilities and the inclusion of shear walls here is not very
convenient from the point of view of the owners. The eight steel frames (pillars
-------- A ach on 1POS our HEA140 cross sections. Again, it was
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decided that the steel frames should be placed only in the xx direction for the rea-
sons previously described.

Finally, as regards to the increase the in-plane stiffness of floors plus inclusion
of tie-rods at front and back facades (case d), the model was prepared for the case
of tie-rods at the front and back facades. In the model bar elements with prestress-
ing were introduced. The tie-rods are placed at the top of the piers (placed along
the spandrels), connecting the piers between each other. They are prestressed, pre-
stressing the spandrels. The idea is to couple the piers with the prestressed span-
drels. The modelled tie-rods are 2.4 cm in diameter and made of steel. An initial
strain of 20 % the yielding strain of the steel was used. The tie-rods were only
placed in the xx direction, where we have spandrels.

Figure 39 shows the comparison among the pushover curves obtained for all
the different configurations examined. Different configurations vary in terms of
strength, stiffness and ductility. Since all these three aspects play a fundamental
role in the seismic assessment, a more effective comparison is discussed in the
following in terms of probabilistic assessment through the introduction of fragil-
ity curves.

To this aim, firstly pushover curves have been converted in the equivalent
SDOF oscillator (according to criteria proposed in Eurocode 8—Part 3 [29]); then
proper damage states (from—slight damage—to 4—collapse) have been defined
on the resultant capacity curves by adopting the criteria proposed in Lagomarsino
and Giovinazzi [47]. Figure 40 shows the fragility curves obtained by assuming a
B value (that is the standard deviation of the natural logarithm of spectral displace-
ment associated to different damage states) equal to: 0.53, 0.54, 0.51 and 0.49
from damage state 1-4, respectively. These values summarize the uncertainties
associated to errors in the model, input parameters, definition of limit states and
variability of the seismic input; they have been computed according to the pro-
posal of Pagnini et al. [48]. Moreover further details may be found in Meireles et
al. [43]. The seismic input has been assumed as the earthquake type 1 (far-field
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Fig. 40 Fragility curves Fragility curves Flex floor EQtype 1 xx direction
for earthquake type 1: 1
xx direction (fop) and yy
direction (bottom) [43]
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event of high magnitude, richer in larger periods) recommended in the Portuguese
national annex of Eurocode 8 [29], for Lisbon.

Finally, Fig. 41 illustrates the damage probability for earthquake type 1(high
magnitude, far field event, with low frequency contents) in the xx direction for all
the studied cases. Discrete damage-state probabilities can be calculated as the dif-
ference of the cumulative probabilities of reaching, or exceeding, successive dam-
age states (as computed from the fragility curves):

Po=1—P[Li|Sq]: Pc=P[Lt|Sal = P[Liy1lSa] for
k=123; Py=P[Ls|Sql

In Fig. 41 PrO represents the probability of having “no damage”, Prl the probabil-
ity of having “slight damage”, Pr2 the probability of having “moderate damage”,
Pr3 the probability of having “heavy damage” while Pr4 the probability of reach-
ing “collapse”.

Based on the results obtained, it is clear that building without retrofitting pre-
sents the highest value of probability of damage Pr4 (“collapse”). Retrofitting
the building by stiffening the floors enables reducing this value significantly.
Retrofitting the building by stiffening the floors and including shear walls or steel
frames does improve slightly the situation, reducing the value of Pr4 and spread-
1ng it more through Pr3 to Prl The retroﬁttmg scheme that mostly improves the
respect to the previous cases, is the case
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Fig. 41 Probability of damage for earthquake type 1 in the xx direction

of the inclusion of tie-rods in the front and back fagades. This reduces significantly
the damage probability Pr4. Nevertheless, this retrofitting possibility seems to
increase very much the damage probability Pr2 when compared to the other retro-
fitting strategies.

5.4 Analysis of a Pombalino Quarter

Besides modelling buildings and structural elements, it is also worth mention-
ing a study of an idealized Pombalino quarter [49]. The purpose was to get some
insight on how the buildings interact with each other, since the gable walls are
common to adjacent buildings. For this purpose the model of an idealized quarter
was developed based on the design of three real Pombalino buildings that consti-
tute one quarter of the entire quarter of buildings, that was then replicated twice,
giving rise to a model of a quarter with double symmetry. The wood floors were
simulated by a set of bars with axial stiffness in both directions, since it is not
expected that the floors exhibit any relevant distortion stiffness, specially under
strong seismic actions. The main conclusion is that, even though the floors have
no distortional stiffness, they have enough axial stiffness to force the buildings in
one band (alignment of buildings) of the quarter to move together, with similar
horizontal displacements at each floor level, for the modes with lower frequencies.
Figure 42 shows the deformed shapes of the 1st and 2nd modes, that illustrated the
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Fig. 42 First and second mode shapes of a Pombalino quarter [47]

However, for higher frequency modes, buildings in the same band exhibit
deformed configurations with different horizontal displacements at each floor in
the direction of the alignment, thus with relevant axial deformation of the floors.
These effects show that strengthening one building in the direction of a band may
lead to shared improvements on seismic behaviour with other buildings in the
same band, at the expenses of less improvements of that building.

As it should be expected, the analysis of the quarter confirms that the buildings
cannot rotate freely, as this is restricted due to the fact that they share the gable
walls. In this context it does not make sense to consider accidental eccentricities
in strengthening design of these buildings, such as the ones prescribed by several
codes for the design of new buildings (assumed isolated).

6 Economic Feasibility of Strengthening

The economic feasibility of maintain and strengthen Pombalino buildings depends on
the capacity to adapt the buildings to new functions or to the same functions but with
different demands. For instances Pombalino buildings had very small rooms with 5
or 6 m?, no lifts, etc. Some of these characteristics are not compatible with nowadays
activities and architectural requirements. For instances office buildings require larger
areas, and are not a solution for the whole downtown, as it would become desert at
night and weekends, which is not desirable. Local authorities also want downtown
Lisbon to have a life of its own, therefore part of the Pombalino buildings should be

e e important to adapt these buildings to modern
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uses and functions according to modern standards. Besides, this adaption is critical for
the buildings to provide some income and stimulate the private sector to contribute to
rehabilitation and strengthening works.

The adaptation to new uses and functions requires larger rooms, pointing to
solutions that may imply to remove some interior walls. Even though this is a
debatable issue, it is the opinion of the authors that economic of preservation fun-
damentalisms are not the best option, but one must be very demanding and asser-
tive and try to compatibilize both criteria. In this framework it may be arguable
that the secondary may have to be sacrificed to preserve the essential. The issue is
what is essential and what is secondary. The Gaiola can be considered essential,
in general. This is due not only to its symbolism and associated cultural value,
that will be discussed further in the next section, but also due to the fact that due
to its good state of conservation and its structural capacity it can still contribute
significantly to the buildings seismic capacity. This may be relevant to reduce or
avoid the need for widespread works throughout the buildings, as it could be the
case without the Gaiola, for instances in some or many Gaioleiro buildings. On
the other hand the partition walls called tabiques, as the one shown in Fig. 4, can
be considered as secondary, both from the structural as well as historic and cul-
tural heritage points of view: they have no special characteristics that distinguish
them from partition walls in other types of masonry buildings, and have much
less strength and stiffness than the frontal walls. Therefore the removal of interior
walls to create larger spaces should follow strict criteria for the preservation of the
most relevant characteristics of the buildings (from the point of view of cultural
heritage) and should not be done only according to architectural criteria related
to future uses of the buildings. The removal of some partition walls may weaken
slightly a building, what can be compensated, and allow an architecture more
compatible with the uses and functions of nowadays without reducing the historic
and cultural value of the buildings [50]. However this issue deserves a deeper anal-
ysis and debate, not only by architects, engineers and promoters, but by the whole
society, as urban rehabilitation and the preservation of the cultural heritage is an
issue that interests the whole society, and not only the main economic and techni-
cal agents involved in design and construction.

A common problem that arises from the adaptation of old buildings to new
functions is the cut of facade columns at ground floor levels aiming at creating
larger spaces for shop windows. This is not acceptable, given the potential conse-
quences. Therefore the actual and future owners of shops in zones and/or buildings
of relevant cultural value should assume that if they want to keep or set-up a busi-
ness in such zones they must accept some restrictions to the changes that can be
done in those buildings, namely that cut ground floor columns is not acceptable.
This does not seem to be a problem difficult to solve or that creates incompatibili-
ties with most modern uses. There are in downtown Lisbon several good examples
of integration of shop windows with ground floor columns, for instances by using
the columns as supports for shelves or just leaving the columns between exterior
accesses. Figure 43 shows two examples of compatibility between original struc-
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Fig. 43 External accesses and window shops with integration of original columns [21]

7 Cultural Heritage

The reconstruction of downtown Lisbon after the destruction caused by the great
Lisbon earthquake of 1755 was the first time in the History of mankind that a large
town, a European capital, was built with techniques aiming at the explicit pur-
pose of providing seismic resistance. These include for instance the Gaiola; the
fact that the buildings were built in blocks and had similar characteristics such as
the same number of floors and were generally symmetrical; the fact that they had
regular openings in the front and back facades, were robust and had good quality
of construction and besides they had thick masonry exterior walls surrounding the
Gaiola. The Pombalino architecture was also austere with no useless decorative
features, especially on the facades.

Therefore Lisbon downtown is a part of mankind’s cultural heritage, a land-
mark that must be preserved and transferred to future generations in safe condi-
tions and preserving the authenticity of its buildings. This is of the interest of the
Portuguese people and authorities that should also promote the international rec-
ognition of downtown Lisbon historical and cultural value.

The need to preserve/improve safety standards in what regards the earthquake
resistance of nowadays Pombalino buildings is not incompatible with the inter-
ests on the preservation of the original structure, as it continues to offer a relevant
contribution to the buildings earthquake resistant capacity, as it was previously
referred to: the seismic resistance of original Pombalino can be above the actual
Portuguese code prescribed value of the seismic action, a noticeable fact for
250 years old buildings.

However the compatlblhty of the preservation of the most important character-

CS C nesrequirements of modern uses and functions
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requires the art and skill of architects and engineers, and the acceptance some
restrictions to architectural changes by financial institutions, public authorities,
owners, tenants and all other agents involved in urban rehabilitation.

8 Synopsis

The reconstruction of Lisbon and other Portuguese southern towns after the Great
Lisbon Earthquake of 1755 was performed with the major concern of avoiding
future catastrophes of the same kind. The buildings where designed with a tridi-
mensional wood truss embodied in the interior masonry walls, that provides resist-
ance to horizontal forces in any direction. The wood truss, called Gaiola (cage)
Pombalina, is a characteristic of these buildings, and its widespread application
during the reconstruction of Lisbon was the first case in history of an entire town
built with the purpose of providing seismic resistance to its buildings.

Other characteristics of these buildings are also described: their regular distri-
bution in quarters within a rectangular mesh of streets, the same number of floors
for all buildings, the foundation system that includes short wood piles, the lack of
the Gaiola in the ground floor to isolate it from the water in the soil as the water
table is very near the surface, the wood pavements in all floors except on the first
one, that is made of masonry for fire protection, the gable walls belonging simul-
taneously to two adjacent buildings and the industrialization and systematization
of the construction process for mass production, etc. However after the generation
that lived the earthquake was gone, progressive adulteration of these characteris-
tics took place, such as the addition of more floors, addition of heavy decorative
elements of the facades, removal of the diagonals of the Gaiola and poorer work-
manship and poorer connections between elements. This process continued and
was aggravated more recently, during the twentieth century, with the removal of
ground floor columns for window shops, insertion of water and gas pipes inside
the Gaiola walls, removal of entire Gaiola panels to create larger spaces, etc.

Recently the scientific interest by this type of buildings has increased and
several studies to evaluate their seismic resistance were performed. It was con-
cluded that the original buildings would probably possess the capacity to resist
the seismic action prescribed for new buildings by the current Portuguese code
for actions in structures, without considering the 1.5 seismic factor prescribed
by the code. Even though this is less than the resistance of many modern build-
ings, it is a remarkable result considering the materials and knowledge available
250 years ago. However the reality is that most Pombalino buildings don’t meet
these standards due to the negative alterations during the nineteenth and twenti-
eth centuries. Some strengthening techniques used to increase the seismic resist-
ance of these buildings, taking advantage of the Gaiola Pombalina are described.
Some advanced modelling techniques, able to simulate the nonlinear behaviour
of this type of buildings, are described and some results shown. Since this build-
i expansion joints between buildings and
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they interact within each quarter. Results of the analysis of these effects on the
dynamic behaviour of an entire quarter are presented. The economic feasibility of
strengthening these buildings, as well as the interest in their preservation due to
their historical value are briefly discussed.
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Analysis and Strengthening of Timber
Floors and Roofs

Jorge M. Branco and Roberto Tomasi

Abstract In many countries, traditional construction comprises floor and roof
systems in wood. Current knowledge assumes the need to preserve and to protect
existing wood systems as a cultural value with important advantages to the overall
behaviour of the building. In this chapter, after a description of the most common
systems used in traditional wooden floors and roofs, strengthening techniques are
presented. For that, the analysis and design of the existing structures is discussed
and the effectiveness of the strengthening techniques is evaluated through experi-
mental results obtained in laboratory.

Keywords Floors ¢ Refurbishment ¢ Trusses ¢ Traditional connections
Strengthening

1 Introduction

The importance of the preservation of timber structures of historical and
cultural interest has increased its importance in the recent years, as can be attested
by different guidance documents for intervention issued by national or interna-
tional technical committees (e.g. international ICOMOS IWC, RILEM RC 215
AST, RILEM TC RTE and Italian UNI-NORMAL WG20 [1]). These documents
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recognise the importance of timber structures from all periods as part of the
cultural heritage, whereas some standards recommend the assessment and the con-
servation of existing timber structures also for technical and structural reasons: for
instance, since 2003 the Italian technical codes indicate the saving of timber dia-
phragms as a strategic issue in the reduction of seismic vulnerability of existing
buildings, do not supporting the practice of substituting these structural elements
with heavier and more invasive diaphragms, such as concrete slabs.

The assessment of existing timber structures requires, and relies, on the
determination of the mechanical properties of the individual timber members as
well as the behaviour of joints and, of structural system effects. In existing tim-
ber structures, the first step towards the safety assessment is the evaluation of
the actual mechanical properties of the material. Despite significant effort in the
development of non-destructive testing, true strength of a timber member can
only be directly determined in a destructive test, which is often unacceptable in
the case of historic buildings and other existing timber structures. In practice,
it is the lack of knowledge about the material and its structural behaviour that
normally leads to the replacement of existing wood structures, instead of their
retrofitting.

In other hand, when the decision is the strengthening of the existing structure
instead of its substitution by a new one, the misunderstanding of the overall behav-
iour of the timber structure can result in unacceptable stress distributions in the
members because of inappropriate joints strengthening (in terms of stiffness and/
or strength).

This chapter aims to fulfil this gap of knowledge by presenting the state-
of-the-art on the strengthening of wooden floors and roofs.

2 Timber Floors

2.1 Traditional Floor Systems

Strengthening and stiffening of old timber floors are often needed as they were
designed to bear moderate loads and may suffer from excessive in-plane and out-
of plane deflections with respect to current requirements.

The structural refurbishment of traditional timber floors can be achieved, in
order to increase the bending stiffness of the main elements, by including other
elements, such as a concrete slab, or timber planks. The structural behaviour of
the resulting timber composite structure is governed by the strength and stiffness
of the mechanical joints adopted to connect the existing timber beams to the new
element.

Another important aspect to be keenly considered is the wooden floor
diaphragm in-plane stiffness, which may affect the structural performance of a
traditional masonry building subjected to lateral loads: the common configuration
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of existing timber floors with a crossly arranged single layer of wooden planks
could possibly need an in-plane shear strengthening, in order to assure an efficient
redistribution of lateral seismic load through the bearing walls.

2.2 Out-of-Plane Structural Behaviour

The reinforcement techniques commonly adopted in the practice consist in cou-
pling the existing beams with concrete or wooden slabs: different configurations
are possible depending on the slab material and connection system (Fig. 1).

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.

The slip modulus of the connection system is a key parameter for the mechani-
cal characterization of the global behaviour of refurbished traditional timber
floors, because it affects not only the effective bending stiffness of the composite
structure, but also the internal stresses distribution. As described in Fig. 2, the real
behaviour referred to case (b) is in between cases (a) and (c).

The connectors in a timber composite floor are disposed along the beam
according to the shear force distribution, typically with a spacing in the central
zone of the beam (for a simple supported configuration) higher than the one in the
support zones.

Wooden planks Wooden boards

Welded wire mesh

/ Concrete slab
L / |

== ro—. = ]
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Fig. 2 Influence of the connection stiffness in a timber composite structure subjected to flexure:
a no composite action; b partial composite action; ¢ complete composite action (adapted from [2])
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Fig. 3 Equilibrium and deformation in an incremental element

Eurocode 5 [3] adopts the approximate ‘gamma method’ where an effective
flexural stiffness (EI)r for the composite section is calculated as a function of the
stiffness (slip modulus) of the shear connection, under the following hypotheses:

e the girder and the slab are considered as two Bernoulli beams (shear displace-
ment are neglected), which are connected by means of a continuous linear
behaving interface (Fig. 3);

e the static configuration is that of a simple supported single span beam with a
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For this simple case it is possible to find an analytical solution by means of the
differential equation of equilibrium [4] (Fig. 3).The effective moment of inertia
can be expressed by a Steiner-like expression (parallel axis theorem) given by:

(ED)ep =D Eidi+v2-ExAr-a3 +y1- EtAr-af (1)

referring to the upper component as “1” and to the lower component as “2”’; being
the coefficient y;:

-1
2
g -E1A1-Seq
4! [ + X Y2

and g; the distance between the barycentre of the i-component and that of the com-
posite section. K is the slip modulus of the connection.

If fastener spacing is not uniform along the length of the beam, but varies
according to the shear force, an equivalent spacing is assumed:

Seq = 0.755, + 0.25s;,  withse < s < 4s, 3)

where s, is the spacing at the ends of the beam and s,, is the spacing at the middle
of the beam.

The parameter K is conventionally estimated for the serviceability limit state
(Kser), being used for the ultimate limit state a reduced stiffness K, = 2/3 Kger
(maintaining the hypothesis of linear behaviour of the connection). According to
Eurocode 5 [3], for steel-to-timber or concrete-to-timber connections, K should
be based on mean value of the density py, for the timber member and has to be
multiplied by 2.0.

It can be observed that the effective bending stiffness value (EJ)fr depends not
only on the properties of the cross section, but also on the length of the beams [5].

According the expression based on the “gamma” method reported in
Eurocode 5 [3], the maximum normal stress in each i-componente should be taken
as:
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The maximum shear stresses occur where the normal stresses are zero. The
maximum shear stress in the web member is (Fig. 4):
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Fig. 4 Internal stress distribution on a timber composite structure subjected to flexural load

The following efficiency parameter 7 is introduced in order to synthesize the
capacity of the connection system to limit the internal slip of the composite sec-
tion, theoretically ranging fromn = 0 (EJef = EJo) ton = 1 (EJef = EJso):

_ (BN = (Ed)y
(EJ)oo = (EJ)g
In the refurbishment techniques the parameter n expresses the efficiency of the

connection system adopted, and for the common system it practically ranges from
0.41t00.7.

(7

2.3 In-Plane Structural Behaviour

Historic city centres of most countries all around the world are comprised of
UnReinforced Masonry (URM) buildings with timber diaphragms. While in
Mediterranean countries such as Italy or Portugal, traditional floors are made of
relatively squat joists with a layer of flooring boards nailed orthogonally to the
main elements, in other countries or regions (New Zealand, Australia or Northern
Europe) joists tend to be slender. Although each country has its own peculiar
typology of timber floors and different refurbishment techniques, it is possible to
identify common behaviours and similar problems related to the in-plane stiffness
of diaphragms.

Whereas the floor is not satisfactorily connected to the adjacent walls, or the in-
plane stiffness is inadequate (Fig. 5), different collapse modes involving overturn-
1ng of the Walls may be observed, as masonry walls by themselves have, generally,

nsufficient resistan ng out-of-plane [6].
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Fig. 5 Diaphragm role in preventing the overturning modes of masonry walls: a an inadequate
in-plane floor stiffness causes the overturning of the walls perpendicular to the seismic action;
b a stiff diaphragm allows forces to be transmitted to the walls parallel to the seismic action [6]

(b)

Planks 200 x 30

Fig. 6 Different timber floor in-plane shear strengthening techniques: a existing simple layer of
wood planks on the timber beams; b second layer of wood planks crossly arranged to the existing
one and fixed by means of steel studs; ¢ diagonal bracing of the existing wood planks by means
of light steel plates or FRP laminae; d three layers of plywood panels glued on the existing wood
planks; e a stud-connected reinforced concrete slab (all measures in mm) [6]

In order to adequately model the global behaviour of a masonry skeleton, it is
fundamental to characterize the in-plane stiffness of horizontal diaphragms, which
plays an undeniable key-role in distributing seismic lateral loads to the resist-
ing walls. As a matter of fact it is expected that the more the in-plane stiffness
grows, the more the collaboration between systems of piers increases. In addition,
earthquake damage has demonstrated that the in-plane stiffness of horizontal dia-
phragms often influences the out-of-plane wall response, by determining the type
of local mechanism occurring (II mode mechanisms).

The poor earthquake-performance of URM buildings has been widely rec-
ognized for decades: the recent Christchurch earthquake in New Zealand (22nd
February 2011) that severely damaged the URM buildings and killed more than
150 people, demonstrated once more their vulnerability during seismic events [7].
In those cases the floor diaphragms made of light timber elements and the lack of
ter influenced substantially the seismic
cture. Diaphragm in-plane stiffness of
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timber floors is therefore a key parameter, whose accurate prediction is essential in
masonry buildings’ seismic assessment.

The need to increase the in-plane stiffness has induced, in the recent past, some
strengthening solutions which recent earthquakes have demonstrated to be inad-
equate or, in some cases, even unfavourable. As a matter of fact, measures like the
substitution of timber floors with concrete ones, the insertion of a concrete curb
“inside” the thickness of the masonry walls, could imply a significant self-weight
increase and a physical (stiffness) incompatibility with the existing masonry walls,
inferring negative repercussions on the global behaviour of the constructions.

Therefore, after the 1997 Umbria-Marche earthquake (Italy), some floor refur-
bishment techniques have been reconsidered: from 2003 the current Italian stand-
ard code on existing buildings bans the possibility to insert a concrete curb in the
depth of the existing masonry walls, and suggests new alternative strengthening
techniques for the horizontal diaphragms. Some of them, presented in the next
figure, have been investigated in a previous campaign at the University of Trento
(Fig. 6):

As far as guidelines or standards are concerned, not much is available regard-
ing the in-plane behaviour of timber diaphragms. In Italy, some suggestions for
determining the stiffness of a single square sheathed diaphragm (in the original
built condition and after being reinforced with FRP laminae) are provided by the
National Research Council (CNR [8]) but cannot be considered thorough. In North
America, provisions (FEMA 356 [9], ASCE SEI 41/06 [10]) contain formula for
calculating the yield displacement of different types of diaphragms, providing tab-
ular values of the equivalent shear stiffness. Recently, in New Zealand, a consid-
erable effort (involving different research groups and laboratories) has been done
to improve the understanding of the behaviour of URM buildings, with particular
attention to the role played by timber diaphragms on the global building response
under seismic action and on the determination of the local failure mechanisms. In
2011 a supplement document of the national standard NZSEE 2006 was proposed
[11], containing detailed methods for stiffening and strengthening flexible timber
floor and roof diaphragms. The procedure for the diaphragm assessment, in terms
of strength and deformation, is based on a series of correction factors that take into
account the many different parameters influencing the diaphragm response.

2.4 Design of Possible Intervention: Case Studies

Hereinafter is summarized a case study about the out-of plane reinforcement of
the timber floor of Belasi Catle (Italy), as described in [12]. The floor was made
of twenty Scot Pine timber joists with variable reciprocal distance ranging from
50-99 cm, span length from 6.0-7.2 m, and average cross section of
150 x 180 mm. The structural analysis of the floor, performed on the assumptions
made regarding geometry, conditions at the supports, materials and loads, con-
firmed that the mechanical properties (modulus of elasticity, MoE, and modulus of
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rupture, MoR) of the timber members, whose effective resistant cross section was
reduced by decay, were incompatible with the level required in the limit state veri-
fications, ultimate and serviceability, according to Eurocode 5 [3].

The choice of coupling a new timber plank to the existing beams with inclined
X—crossed screws to strengthen the floor of Belasi Castle was motivated by the
outcomes of the preventative evaluation.

The existing beams were coupled with glulam planks strength class GL
24 h according to EN 1194:1999 [13], 80 mm thick. A T-beam compound
section, whose web (original beam) and flange (new plank) were made of wood,
with deformable connections between flange and web, was thus obtained. Web
and flange were separated by a new boarding, with a thickness of 30 mm, which
replaced the existing decayed one.

The connection system consisted of self-tapping double thread screws, steel
grade 10.9 (f,x = 1000 MPa), X-crossed with an angle o = 45°.

Assessment of the stiffness of the connection system is crucial for determining
the mechanical parameters of the composite structures. The slip modulus kg (which is
equivalent to the Kj,, instantaneous slip modulus provided by the current limit state
standards) of the adopted connection configuration was determined according to the
calculation method proposed by Tomasi et al. [14] on the basis of the results from a
series of push-out tests for different screw inclinations and joint configurations.

At Belasi Castle, the technique was applied from the floor’s upper side (to
which access was required), after adequate propping of the joists. In general,
existing floorboards can be maintained. However, in the case reported, they were
removed because of their poor conditions and replaced with new ones. Glulam
planks were laid above and parallel to the existing beams. The two screw threads,
with a different pitch but of equal length, were designed so that one penetrated
and the other tightened the two members. The screws were inserted without pre-
drilling, thus yielding further advantages in terms of simplicity, ease and quickness
of assembly, and improvement of the withdrawal resistance of the connector.

Screws were unequally spaced along the beam, according to the shear force,
and they were staggered in order to avoid the occurrence of splits along the fibres.

Tests were performed in the laboratory on one dismantled beam from the
Belasi Castle floor (Fig. 7). A series of four point bending tests according to EN
408:2010 [15] were carried out on three consecutive configurations of the disman-
tled beam (unreinforced, with unconnected boards and reinforced).

The specimen was loaded using an actuator with a 25kN load cell, while the beam’s
deformation was monitored with four LVDTSs connected to an acquisition system.

The effectiveness of the reinforcement was assessed by comparing the stiffness
of the timber beam, before and after intervention, considering the testing configu-
rations in Fig. 8.

Figure 9 reports the experimental results, in terms of the load to slip relation-
ship, for the reinforced beam tested until failure in the laboratory. The experi-
mental response is compared with the theoretical curves for both the case of rigid
connection system (EJ)s and no connection system (EJ)p.
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Fig. 7 a transversal section and b longitudinal section of the composite structure; ¢ detail of the
geometry of the connection system: / beam span, /s screw length and s spacing of the fasteners

Fig. 8 Four-points bending test setup (EN 408:2010 [15])

The calculated value of the experimental efficiency parameter was n = 0.74.
This was determined using the values of the bending stiffness EJ. (reinforced
beam), EJy (beam with unconnected board) derived from the test data carried
out on the single elements, and EJ (rigid connection system) deduced from the
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3 Traditional Timber Roofs

3.1 Historic Evolution

Roofs represent the most traditional timber structures with an extraordinary impor-
tance in the construction progress. The use of these structures is old as mankind.
In fact, the first timber roofs were used by primitive men as protection against
the atmospheric agents, and since then, its presence in Architecture is permanent.
Although the low robustness of those structures hindered that few examples sur-
vived, there are proofs that in Ancient Greece (fourth century BC) a well-defined
technique of construction of inclined timber roofs existed. However, these roofs
structure did not use trusses but were formed by simply supported rafters.

The timber truss structural configuration is based on the Roman techniques
of the fourth century, developed when Christian churches were covered by king-
post trusses. It is believed that the most ancient example of timber trusses, built by
architect Stephen of Aila in the sixth century, is located at the St. Catherine church
in Mount Sinai. These timber trusses are formed by two rafters connected to a tie
beam and one king post, all with the same cross-section and with two struts of
minor section, Fig. 10.

This structural example, innovative for its time, represents unfortunately one
isolate example. In fact, for centuries different configurations were used, as can

Fig. 10 Timber truss of
the St. Catherine church in
Mount Sinai [16]
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be concluded from the observations of different manuals of architecture. For
example, in fourteenth century timber trusses were constructed with precise tech-
niques, but without a clear idea of the structural scheme to use. In the beginning
of the Renaissance, 1427-1433, Mariano di Jacopo designs diverse timber trusses,
in particular: two with the king post stiffly connected to the tie beam reinforced
at mid-span; one without tie beam and another without king post and with the
tie beam made of steel. Moreover, the solution of connecting the tie beam to the
king post has not precise date. For instance, in 1539 Giovan Battista Da Sangallo
draws one truss with three posts and two rafters where the tie beam is not con-
nected to the posts, while Andrea Palladio in 1570 presents diverse trusses with
the tie beam connected to the king post. However, for the first time, in “The Four
Books on Architecture” by Andrea Palladio published in 1570 [17], the configura-
tion of the truss became defined by the static system that better fits (safety) the
roof architecture.

In 1584, Serlio, in his “Seven Books of Architecture” [18], presents a large
range of possible structural schemes for timber trusses. However, the selection of
the best solution and the design of the different elements is left to the carpenter
experience. In Fig. 11 some trusses proposed by [18] are shown. In these exam-
ples, the suggestion to increase the number of posts for bigger spans, and the
necessity to reinforce the tie beam to bending stress is clear.

The evolution of the truss configuration differs significantly from region to
region. While in Mediterranean regions a type of truss with slight pitch is consoli-
date, in Central and Northern Europe a more complex and Gothic geometry has
been developed.

For example, in Westminster Hall (London) in 1394, in order to give greater
strength to the framing, a large arched piece of timber is carried across the hall,
rising from the bottom of the wall to the centre of the collar beam. The latter is
also supported by curved braces rising from the end of the hammerbeam. Those
elements are the portions remaining of the tie beam when this is cut through in
order to give greater height in the centre (Fig. 12).

In Northern Europe, timber roofs structures with a three-dimensional structural
behaviour are common, in particular in roofs with significant pitches. In fact, in
this case, lateral wind loads are higher and bracing elements in all three directions
are of greater importance. This type of solution is also present in Mediterranean
regions, in particular in structurally demanding roofs. In Centre and Northern
Europe, the timber truss is part of the structure, having habitable lofts, and tie
beam has the additional function of supporting the pavement. In some cases, as

following Serlio [18]
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Fig. 12 Representation
of the timber roof of
Westminster Hall [16]

the medieval stave churches (Northwester Europe), timber trusses are integrate
in a post and beam construction related to timber framing. The wall frames are
filled with vertical planks and, for lateral bracing. Additional wooden brackets are
inserted between the rafters, resulting in a very rigid construction.

Until the nineteenth century, timber trusses were designed as simple sup-
ported beams or as reticular structures. In these structures, elements, in particular
the tie beam, are subjected to considerable bending. Only after this period, struc-
tures were designed so that axial forces (compression or tension) were the main
stresses. This was achieved using the three-hinged static scheme, detaching the tie
beam from the post. After this, construction manuals are based on more consistent
knowledge on the structural behaviour of timber trusses and of wood as material.

The range of possible configurations in which it is practical to assemble dif-
ferent timber elements to form a truss is vast. Obviously, the selection depends
of many factors: span, loads, roof inclination, etc. Nevertheless, the disposition of
the different timber elements, normally, follows the rule that the shorter elements
should work in compression and the longer in tension, thus preventing problems of
buckling.

3.2 Trusses Systems

King-post truss is certainly the most wide spread timber truss configuration. They
represent the simple timber truss geometry that has been used in monumental con-
structions, like churches and monasteries, and in rural architecture. This truss is
characterized for having a horizontal member (tie beam), two principal inclined
rafters connected to the tie beam to form the roof, a vertical member at the mid-
dle (king post) and two inclined struts, connecting the king post to each principal
rafter, Fig. 13. However, some variations of this geometry are known, for small
spans or when the purpose of the truss is to support one point load, the struts can
be removed. Sometimes the tie beam is removed and replaced by a collar located
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Heel strap

Fig. 13 King-post truss

King-post trusses are the most basic structural configuration of inclined timber

roofs and can have three different static behaviours: three-hinged arch, simply sup-
ported beam and reticular beam. It is the connection between the king post and the
tie beam that determines the overall static behaviour of the truss:

Three-hinged arch (Fig. 14a)—in theory the best behaviour, only possible when
the tie beam is detached or connected without the introduction of bending stiff-
ness. Therefore the tie beam is essentially tensioned, and bending is associated,
majorly, with its self-weight;

Simply supported beam (Fig. 14b)—cannot be considered a real truss. The
loads applied will be directly transmitted through the king post to the tie beam,
which behaves as a simply support beam with a three point bending diagram;
Reticular beam (Fig. 14c)—adds to the isostatic triangle, composed by the struts
and the tie beam, the king post connected to the tie beam with different possi-
ble joints. Therefore, the tie beam becomes an element subjected to tension and
bending, in which the bending stress can be important.

(b)

(o)
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Princess post Tie beam

Fig. 15 Howe truss with Princess posts (Princess-post truss)

Below the purlins, two oblique elements, the struts, leaving from the base of
the king post, support the rafter. Consequently the rafters bending provided by
the purlins point loads, is minimized. Moreover, now, the king post is submitted
to tension provided by the vertical component of the compression force acting
on the struts. In Portugal, in opposition to other Mediterranean countries, trusses
are made by rafters incapable to resist to bending moments. In fact, traditional
Portuguese timber trusses are characterizes by slender elements, which should
only be subjected to axial stresses. In Italy, for example, timber trusses have more
robust cross-sections, since significant bending moments in the rafters are com-
mon. In some cases, double rafters are employed to increase the resistance of the
structure. The difference comes from the fact that in Portugal, when more purlins
are needed to support the covering structure, posts are added to the king-post truss
originating a more complex truss geometry (Howe truss). For spans over 7-8 m,
king-post configuration no longer is acceptable. In fact, more purlins are required
and, as already pointed out, the rafters are not prepared to suffer significant bend-
ing stresses. As consequence more struts supporting the rafters are included,
resulting in trusses as that shown in Fig. 15. To balance the vertical component
of the compression force acting in the struts, a post, connecting the tie beam to
the rafters, is needed. Suspending the tie beam from the post reduces its bending
moments and self-weight bending deformation. The first post is the king, the sec-
ond and third are called queens and the fourth and fifth are the princess posts. It is
common to call the Howe truss by the name of the posts, see Fig. 15.

Howe truss allows longer spans by simply adding few elements to the king-post
configuration, keeping slender elements. Usually the spans do not exceed 13 m
and the Howe truss more common is the so-called Princess-post truss.

3.3 Traditional Connections

During the timber roofs structure gold period, between the thirteenth and nine-
teenth centuries, joints between members were made by notches or woodwork-
ing joints aiming to prepare the connections between two or more elements. In

entieth century, the necess i 0 1 industrial criteria (large production
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Fig. 16 Examples of step joints of timber trusses presenting tenon and mortise [19]

scale, prefabrication, standard quality, etc.) and the wide spread of metallic
elements, such as nails, screws, bolts and straps, the need for carpenter art
declined. As a consequence, less carpentry work was needed and metallic elements
became essential to correct and improve the contact between the connected mem-
bers. In any case, the conception and execution of joints has always been the most
complex task for the designer. In fact, most frequent pathologies, or failures of
timber roofs structures are caused by inefficient joints, wrongly designed and/or
wrongly executed. Usually, joints between roof structural members are made by
notches, called single step in the case of one notch, double step joint when it has
two notches, etc. Stresses are directly transferred by compression and/or friction
between the surfaces in contact. In some cases, in particular in the oldest exam-
ples, notched joints present tenon and mortise (Fig. 16). Those elements were used
to ensure the perfect contact between the connected elements and to prevent the
out-plane instability.

The most relevant connections to the timber roof structural behaviour are those
of the tie beam to rafters and posts. However, the most stressed connection is the
tie beam-rafter joint. Stresses can be so high, that in some cases, in these connec-
tions the notched should have double steps. In addition, in terms of durability, they
represent one of the most vulnerable points of a timber roof structure.

In the more recent examples, as a cause-effect of the reduction of available
carpenters, joints are usually strengthened with metal elements. The use of those
elements, not only counteracts out-of-plane actions, but also ensures the adequate
contact between connected elements. In addition, the strengthening through metal
elements provides an important improvement in the timber truss structural behav-
iour under seismic actions by ensuring safety under reversal loads.

3.4 Structural Behaviour and Design

For a correct design of any element or structure, it is essential to understand is
structural behaviour. Designers must be aware of the material properties and must
feel comfortable in the interpretation of the structural system performance. The
misunderstanding of the global behaviour of traditional timber trusses systems,
in partlcular the Jomts behav10ur can result in unacceptable stresses distribution

) ; sed by inapprop ategoints strengthening (in terms of stiffness
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and/or strength). An incorrect intervention on the joints can change the overall
behaviour of the system with important consequences in the stresses distributions
as it will be pointed out.

In this work, attention will be focused on the interpretation and analysis of the
structural behaviour of traditional timber trusses. Works of Bodig [20], Dinwoodie
[21] and Giordano [22] about the wood material properties are suggested.

The design of traditional timber trusses is a common topic in timber struc-
tures manuals (e.g. Alvarez [23], Pfeil [24] and Piazza [25]). Usually, attention is
focused on the overall static behaviour of trusses and on the joints design. The
truss timber elements are designed following the Eurocode 5 [3], and some ver-
ification rules for the connections, derived from the possible failure modes, can
be found in literature [23], [25-27], because traditional carpentry joints are not
directly analysed in this code. In the definition of the static model, loads are
assumed as point loads applied in the nodes and the joints are modelled as perfect
hinges, despite their semi-rigid behaviour even when not strengthened.

3.4.1 Truss Static Behaviour

In a plane structure, like traditional timber trusses, submitted to concentrated loads
on the joints, without bending of the members, stress distribution in the structure
results directly from its geometry. However, this behaviour can be easily modi-
fied if the static model is changed. Assessment of constructed timber trusses shows
various differences on their structural model. In fact, despite construction rec-
ommendations, intuitively developed over centuries by carpenters, it is common
to find examples where they were not taken into account. After an evaluation of
the variations in the truss behaviour that can be achieved as result of the model
assumed in the design [28], a few considerations are made:

e The application of concentrated loads out of the joints, for example caused by a
wrong positioning of the purlins, can compromise the structural global safety;

e The eccentricity of the supports, relatively to the tie beam-rafter connection
must be minimized. It is recommended that the reaction force passes by the
intersection point of the tie beam and rafter axis;

e The tie beam must be suspended to the posts. Iron strap shall be used, nailing
it only in the post, suspending the tie beam with a connection without bending
stiffness and preventing out-of-plane deformations;

e When the tie beam-post connection is rigid, the natural frequencies and modal
shapes of the truss are clearly modified;

e For non-symmetric loads, e.g., snow, earthquakes and wind, the influence of the
joint stiffness become relevant;

e The performance of the tie beam-rafter connection is crucial, not only in con-
sequence of the high level of stresses concentrated there but also because they
represent zones where biological deterioration is more frequent;

e The supports must be able to resist horizontal movements. Friction forces are

1 1 i i ments caused by earthquakes.
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Although the importance of these observations and recommendations, the key
for an adequate structural behaviour is the selection of the adequate truss configu-
ration. Indeed, as example, traditional Portuguese timber trusses were thought to
behave as plane structures submitted to point loads on the joints causing essen-
tially axial stresses in the members. When the number of posts is less than the total
number of purlins, the structural safety is severely reduced. In this case rafters are
subjected to bending moments, despite being slender. As a practical rule, the truss
configuration must have a number of posts equal to the total number of purlins
used to support the covering structure.

3.4.2 Traditional Connections

For a better understanding of the mechanical behaviour of traditional timber
connections, it is essential to point out the resistant mechanisms of wood under
compression. The wood compression strength differs with the stress direction
relatively to the fibres orientation. Parallel to fibres, the maximum resistance is
achieved and the failure mode consists on the buckling instability of cellulose.
In the normal direction of fibres orientation, the resistance is minimum and the
failure mode is associated with the instability of cellulose under radial compres-
sion. For compression, intermediate resistance values are obtained, which can
be quantified following Hankinson formula and adopted by various standards.
Some standards propose different expressions, taking into account the reduction
of resistance caused by the possibility of crushing of the fibres in consequence
of the difference between the strength of earlywood and latewood. For instance,
[26] suggests reducing in 20 % the resistance of compression parallel to the fibres.
However, such difference between those two methods became off small account
for compression at an angle range of 30-60° to the fibres direction, which repre-
sents the most realistic values. In addition, some standards take into account the
increase in resistance to compression perpendicular to the fibres resulting from the
ratio between the loaded surface and the total surface.

The design of traditional timber connections comprehends essentially the veri-
fication of the compression transmitted between the contact surfaces of the con-
nected elements. Behind this simple definition, it is important to point out that the
contact surface, through which the forces are transmitted, is normally smaller than

Fig. 17 Main resistant
mechanism in a traditional
timber connection [25]
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the cross-section of the element and is not orthogonal to the fibres direction of any
connected element. In the schematic drawing of Fig. 17, reporting a connection
between the tie beam and the rafter, which can be assumed as a general example,
the main resistant mechanism is presented.

In the design of traditional timber connections, it is essential to understand the
force equilibrium in the joint and, therefore, to identify all critical zones verifying
for each one its resistance capacity. Analysing the forces mechanism that occurs
inside the joint it is important to draw attention to:

e Existence of not negligible tension perpendicular to the fibres often followed by
significant shear stresses;

e Concentration of stresses caused by the particular shape of the notches of each
connected element;

e Possibility that cracks begin in the step edges;

e Eccentricity in force transmission.

3.5 Degradation

Nowadays, a considerable number of timber roofs require structural intervention
in consequence of natural degradation of the material (aging), improper mainte-
nance of the structure, faulty design or construction, lack of reasonable care in
handling of the wood or accidental actions. A correct assessment of the degrada-
tion extension and their effects in the overall structural behaviour is urgent. Only
after that, accurate restoration actions, which can vary from simple works in the
covering structures to large substitution of structural members with joints and ele-
ments strengthening, are possible.

The most common degradation processes in timber roofs structures can be
divided in three groups. The first, of biological origin, results in a reduction of the
resistant cross-section of the elements caused by wood-degrading organisms. This
type of degradation is more frequent near the supports because of the presence of
high level of moisture, normally related with bad construction details incapable to
keep exterior wood dry and accelerate runoff.

The second degradation process is related with structural requirements, in par-
ticular, with insufficient load-bearing capacity of structural members, normally
translated in significant deformations and, with deficient bracing systems. Changes
in the nature of the use of the construction, resulting in different service loads,
scarce cross-sections of the structural elements to resist the stress level applied,
insufficient elements in the bracing system, inadequate design, or construction of
the connections and the presence of natural wood defects are the main causes of
this type of anomalies.

Finally, bad structural systems can be responsible for stresses, in an element or
in various, that can compromise the local and overall safety of the structure. The
i ign of timber roofs are: wrong positioning
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of the purlins; tie beam-rafter connections eccentric relatively to supports; and
incorrect connection between tie beam and posts, in particular with the king post
that must suspend the tie beam without introducing bending stiffness. The applica-
tion of concentrated loads out of the joints, originated by a wrong positioning of
the purlins, can compromise the structural global safety of the roof system. Indeed,
it is demonstrated by [16] that the consideration of an eccentricity of 20 cm, a
value smaller than the ones reported in the preliminary survey undertaken, is
enough to compromise the rafters safety of typical Portuguese king-post truss.

3.6 Joints Strengthening

Frequently, restoration works requires the strengthening of timber structures. In the
case of timber roofs structures, this strengthening normally involved the connections
between the truss structural elements. Joints strengthening can be done in different
forms: from simple replacement or addition of fasteners, to the use of metal plates,
glued composites, or even full injection with fluid adhesives. Each solution has
unique consequences in terms of the joint final strength, stiffness and ductility.

A series of monotonic and cyclic tests on unstrengthened specimens were per-
formed in order study the primary behaviour characteristics of the connection, as
well as its sensitivity to a few parameters. Subsequently, connections strengthened
with basic metal devices were tested under monotonic and cyclic loading. The pur-
pose of these tests was to uncover any advantages and deficiencies in the behav-
iour of the joint and of the device itself, as well as to determine a need for different
types of strengthening [27].

The four basic types of intervention considered in this study are modern imple-
mentations of traditional strengthening techniques: the binding strip, the internal
bolt, the stirrup and the tension ties (Fig. 18).

Four strengthening schemes, representing modern implementations of tradi-
tional techniques using metal elements, were studied. Three of them, stirrup, bolt
and tension ties were analysed for two values of the skew angle, 30 and 60°, while
the fourth, the rigid binding strip, was only evaluate in the case of a 30° skew
angle. This last technique was abandoned because of the difficulties that it practi-
cal implementation and use revealed.

Comparing the experimental force—displacement curves, obtained for the
unstrengthened and strengthened connections (Fig. 19 and 20) it is recognize that
all the strengthening schemes improve the behaviour of the originals connections.
In the case of connections with 30° skew angle (see Fig. 19), the strengthening
techniques analysed increases the stiffness, in particular, in the positive loading
direction and the maximum resistance for both directions.

The elasto-plastic behaviour with limited ductility evidenced by the unstrengthened
connections under negative loading direction is substituted by full nonlinear curves
exhibiting high ductility in the strengthened connections. Comparing the strengthen-
i i i aximum force and stiffness), is the tension
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Fig. 18 Traditional strengthening techniques evaluated: a binding strip; b internal bolt; ¢ stirrup;
d tension ties
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Fig. 19 Force-displacement curves for unstrengthened and strengthened connections with a 30°
skew angle under monotonic loading

ties. Connections strengthened with stirrups and binding strip attained the same range of
maximum force; however, this later scheme has a lower ductility capacity under nega-
tive forces. In particular, the maximum resistance for the strengthened connections with
stirrups and internal bolts is achieved near the end of the test. However, in the strength-
ened connections with binding strip, when the tests were interrupted, the force value
had already decreased. Therefore, between the internal bolt and the binding strip, the
first one is more efficient in terms of ductility capacity with the goal to assure a bet-
ter seismic behaviour of the connection. The effect of the strengthening schemes in
i i irecti tonic tests is obvious: the increase of the
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Fig. 20 Force-displacement curves for unstrengthened and strengthened connections with a 60°
skew angle under monotonic loading

maximum force and of the ductility capacity. The benefits to the stiffness are not signifi-
cant (the stiffness exhibit by the tension ties technique is even lower). However, the brit-
tle behaviour exhibited by unstrengthened connections under negative forces disappears
in all strengthened specimens. Therefore, the main profit of adding a metal device to the
joints is the improvement of ductility, with clear advantages for seismic behaviour. Only
the binding strip showed limitations in terms of maximum displacement under negative
forces.

Extending the comparison in the case of connections with a 60° skew angle, the
main conclusions are kept (see Fig. 20). The more evident benefit, which is normally
the main goal of a strengthening intervention, is the improvement of the connection
ductility. In particular, the original behaviour of the unstrengthened connections under
monotonic loading in the negative direction, characterized by limited ductility, is sub-
stituted, when strengthened, by a full non-linear behaviour with considerable ductility.

The strengthening techniques evaluated do not cause changes in the stiffness,
but result in an increase of the maximum force achieved in the tests in both direc-
tions, in particular, under monotonic loading in positive direction. Between the
strengthening techniques studied, the differences in the force—displacement curves
are much more visible when under monotonic loading in the negative direction.
In this case, the use of stirrups is the most efficient technique (maximum load
achieved), while the response of the tension ties and the bolts are quite similar.

The improvements in the connections behaviour under monotonic loading, pro-
vided by the evaluated strengthening techniques are highlighted by the response
under cyclic loading (for more details, see Ref. [29]). Without any strengthening
device, the connection is not able to prevent the failure caused by load reversals
(detachment of the connected elements) even when the rafter compression stress is
augmented (from 1.4-2.5 MPa).

The unstrengthened connections showed limited capability to dissipate energy,
paiticulaiyforsthes30°skewgpanglegthysteretic equivalent viscous damping ratio
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equal to 2.5 and 14.2 % for 30 and 60° skew angles, respectively). All strengthening
techniques adopted were efficient in the improvement of the hysteretic behaviour of
the connections. Hysteretic equivalent viscous damping ratios evaluated from tests
results are considerable (higher than 10 % for a 30° skew angle and higher than 25 %
for 60° skew angle—for more details, see Ref. [29]). The best results under cyclic
loading are achieved when the stirrup, bolt or tension ties techniques are used. The
binding strip provides the strongest connections, but the equivalent damping ratio is
nearly half of the values presented by the others strengthened connections.

4 Final Discussion

Traditional old buildings, in most regions, comprise timber floors and roofs.
Therefore, interventions in such buildings, with or without particular historic and/
or cultural values, require knowledge on timber structures.

Any intervention in an existing timber structure starts with the safety assess-
ment involving the evaluation of the mechanical properties of the material and the
geometrical characteristics of the elements and joints, as well as of the interaction
with the supporting elements and of the participation to the global behaviour of
the construction. Non-destructive methods have been used to assess the condition
and state of degradation of timber structures, despite being recognized that only
with destructive tests the correct strength of a timber element can be determined.
Wood is a natural cellular material sensitive to aging and with important creep
behaviour, which properties depends on defects and moisture content.

In other hand, connections are normally the weak element in a timber structure.
High stresses concentration can exist while reliable and practical models of the
joint of traditional timber structures are missing.

In consequence of those difficulties, timber structures have been substituted by new
ones made of concrete or steel. Technicians have difficulties to characterize the mate-
rial, to understand the structure and to define an accurate strengthening intervention.

This chapter aims to fulfil this gap of knowledge by presenting the state-
of-the-art on the strengthening of timber floors and roofs. First, the most common
timber systems are described and analysed. Then, possible strengthening tech-
niques are presented and discussed based on past experience, scientific knowledge
and tests results, underlining the importance and viability of such procedures.
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Advancements in Retrofitting Reinforced
Concrete Structures by the Use of CFRP
Materials

José Sena-Cruz, Joaquim Barros, Mario Coelho and Carlo Pellegrino

Abstract Reinforced concrete is nowadays one of the major structural materials
used in infrastructures’ construction. As the years passed since the beginning of its
use, technology has changed and today it is known that a large number of construc-
tions do not verify some of the most recent safety requirements in addition to the
durability problems that several structures face. This calls for the need for correc-
tions and/or strengthening activities. Fibre Reinforced Polymer materials (FRP) have
been used in Civil Engineering applications due to: lightweight, good mechanical
properties (stiffness and strength), corrosion-resistant, good fatigue behaviour, easy
application and virtually endless variety of shapes available. Recent advancements
in retrofitting reinforced concrete structures by the use of CFRP materials promoted
by the authors of the present chapter are herein summarized. Firstly a brief overview
on the most common properties of old reinforced concrete constructions those who
might need for interventions, is presented. Then, the most common repairing and/or
strengthening techniques are addressed. Finally, a deeper look is taken on the new
repairing and/or strengthening techniques using FRP reinforcements.
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1 Introduction

Reinforced concrete (RC) can be simply described as the combination of concrete
and a reinforcement element, typically steel. The use of RC in building construc-
tion remounts to the beginning of the twentieth century. Nowadays it is probably
the most used construction material.

As its use has more than 100 years, the technology around the application of
RC is very mature and robust nowadays. Nevertheless, the evolution of RC tech-
nology was made at the same time as RC construction. This means that large per-
centage of existing RC structures are under-designed or designed under outdated
regulations or construction practices and need for intervention. But the motivation
for the intervention can be related to other causes. Wrong or inaccurate execution,
deterioration and damage due to time and environmental factors, or simply the
need for changing the use type/load.

In attempts to solve these problems several repair and strengthening techniques
have been proposed. Over the last two decades, extensive research has been devel-
oped on the strengthening of RC structures with fibre reinforced polymer (FRP)
materials. The high stiffness and tensile strength, low weight, easy installation pro-
cedures, high durability (no corrosion), electromagnetic permeability and practi-
cally unlimited availability in terms of geometry and size are the main advantages
of these composites.

In this chapter an overview about recent advances on the use of FRP materials
for the strengthening of RC beams, columns and beam-column joints is presented.

2 Beams

Regardless of the causes that lead to the need for repair or strengthen reinforced
concrete beams, up to the 90s this has been done using traditional construction
materials and techniques. Those include mainly the jacketing of the element to be
strengthened with steel plates or with new RC overlays. In the case of steel plates,
epoxy adhesives, mechanical anchors or a combination of both, is normally used
to assure stress transfer from the RC beam to the steel plates. If the strengthening
is performed with RC overlays, correct surface preparation, steel reinforcement
detail and selection of new RC grade (compatibility between new and old RC), are
enough to assure composite behaviour of the strengthened RC beam.

These procedures can be used in a global strengthening perspective or be
oriented to just solve specific problems (such as shear or flexure, for example).
Figure 1 illustrates the referred traditional techniques.

These traditional techniques present a major drawback related to the increase
of the self-weight of the strengthened element. In addition, cross-section changes
will affect not only the aesthetics of the element but also the room space since the
strengthened element will have a larger cross-section.
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(a)

Fig. 1 Examples of traditional strengthening techniques for RC beams: a localized intervention
with steel plates glued with epoxy to solve shear problem; b global intervention with RC overlay
to increase load carrying capacity

In the last decades, traditional techniques have been gradually replaced by the
use of fibre reinforced polymers. The present section presents some strengthening
alternatives for RC beams by the use of FRP.

2.1 Strengthening Procedures

The strengthening of RC beams with FRP was adapted from the concept of jacket-
ing, previously referred. The major difference is related to the material versatility,
which allows almost infinite variety of strengthening configurations.

The most common techniques for applying FRP are, in general, based on the use
of unidirectional FRP through the: (i) application of fabrics (in situ cured systems)
or laminates (pre-cured systems) glued externally on the surface of the element
to strengthen (EBR—Externally Bonded Reinforcement); (ii) insertion of lami-
nates (or rods) into grooves opened on the concrete cover (NSM—Near-surface
Mounted) [1, 2]. Structural epoxy adhesives are the most used to fix the FRP to
concrete. The strengthening performance of these techniques depends significantly
on the resistance of the concrete cover, which is normally the most degraded con-
crete region in the structure due to its greater exposure to environment conditions.
As a result, premature failure of FRP reinforcement can occur and, generally, the
full mechanical capacity of the FRP is not mobilized, mainly when the EBR tech-
nique is adopted. To avoid this premature failure complements have been applied
to the aforementioned strengthening techniques, such as the application of anchor
systems composed of steel plates bolted in the ends of the FRP (combination with
traditional techniques), the use of strapping with FRP fabric or the use of FRP
anchor spikes. In addition to the stress concentration that these localized interven-
tions introduce in the elements to strengthen, they require differentiated and time
consuming tasks that can compromise the competitiveness of these techniques.

More recently, some FRP-based alternatives for structural strengthening have
been proposed. The mechanically fastened fibre reinforced polymer (MF-FRP)
technique has been introduced to strengthen concrete structures, and is mainly
characterized by the use of hybrid (carbon and glass) FRP strips that are mechani-
cally fixed to concrete using closely spaced fastening pins and, if necessary,
anchors at the ends of the strip are applied to prevent debonding [3]. This tech-
nique has already been used in some applications, e.g. reinforced concrete, wood
its have been pointed out, namely, quick
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installation with relatively simple hand tools, no need for special labour skills, no
surface preparation required, and the strengthened structure can be immediately
used after the installation of the FRP. From experimental tests an increase of up
to 50 % of the load carrying capacity was observed in some cases, when com-
pared with the reference structure. Additionally, the occurrence of a more ductile
failure mode for the FRP system is referred [4, 5]. Nevertheless, some notable
disadvantages of this technique have been reported, including greater initial crack-
ing induced by the impact of fasteners in high-strength concrete, and less-effec-
tive stress transfer between the FRP and concrete due to the discrete attachment
points [6].

Based on the MF-FRP technique, the mechanically fastened and exter-
nally bonded reinforcement technique (MF-EBR) has been proposed [7, 8]. The
MF-EBR combines the fasteners from the MF-FRP technique and the externally
glued properties from the EBR. In addition, all the anchors can be pre-stressed
which favours the high levels of efficacy that can be observed when this strategy is
applied.

In the following paragraphs EBR, NSM and MF-EBR techniques for strength-
ening RC beams will be presented from the authors’ personal experience.

2.1.1 Externally Bonded Reinforcement

Among the strengthening techniques with FRP, EBR was almost naturally the first
system to become popular. It is a direct transposition of the principals of jacketing
with steel plates. The study of this technique is quite advanced by now and several
design codes are already available worldwide, e.g. [1, 2, 9, 10].

The main steps necessary to successfully apply this technique are: (i) roughen the
surface where FRP will be applied; (ii) clean the surface and then apply on it epoxy
adhesive; (iii) place the FRP on the epoxy layer and press it to create a uniform
thickness of 1-2 mm.

Since the performance of this technique is directly influenced by the bond
performance between the FRP and cover concrete, some special cares are recom-
mended in order to improve the adherence at that interface. On the other hand, the
cover concrete of RC beams that need to be strengthened has normally weaker
properties than those from the inner concrete. To take into account these two
aspects, it is recommended to completely remove all the surface concrete in bad
conditions and to use a primer to regularize the final surface. Nowadays, there
are already some complete systems (epoxy adhesive + primer + FRP) that were
made compatible and are recommended to use instead of untested combinations
of these materials.

Other important detail related to the application of this technique concerns the
scenarios of total jacketing. This strategy is normally applied with FRP sheets,
which are normally unidirectional orthotropic with low strength in the direction
transverse to the fibres. In these cases, beam’s edges should be rounded or the
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Fig. 2 Configurations used in the strengthening according to the EBR technique: a refer-
ence specimen; b flexural strengthening using different number of CFRP laminates; ¢ flexural
strengthening using different number of CFRP sheets; d shear strengthening using U-shaped
CFRP sheets (example of one of the four configurations with different spacing between the
CFRP sheets and with different beam depth)

When compared to traditional techniques the major advantages of using EBR
are related to the light weight and high strength of the material used. Since FRP
are much lighter than steel or concrete, the increase in self-weight in the strength-
ened beam will be marginal. In addition, as FRP present higher strength, small
amounts of strengthening material will achieve the same strengthening level as
larger quantities of concrete or steel. This will lead to cost savings in terms of
materials and also to minor interference in room space and final appearance of the
strengthened element.

Barros et al. [11] conducted a wide experimental bending tests campaign to
access the effectiveness of the EBR technique for the flexural and shear strength-
ening both with unidirectional carbon FRP (CFRP) wet lay-up sheets and pre-
cured laminates. The influence of the longitudinal equivalent reinforcement ratio
in flexural strengthening and the influence of the longitudinal steel reinforcement
ratio and beam depth in shear strengthening, were analysed. Figure 2 shows the
configurations tested which were chosen in order to impose a similar AfE/AE
ratio within the beams of the experimental program, where Ayand Ey are the CFRP
cross sectional area and the Young’s Modulus of the CFRP systems, and Ay and
E; are the cross sectional area and the Young’s Modulus of the longitudinal tensile
steel bars.

The results, for flexural strengthening showed that, in terms of service load, all
the strengthened beams presented increments of more than 40 % when compared
to the reference beam with exception for the beam with one wet lay-up CFRP sheet
which doubled that value achieving 82 %. In terms of maximum load even though
i s when compared to reference one, those
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were not as regular as service load increases. Their values were 5, 72 and 20 % for
beams strengthened with one, two and three laminates, respectively, and 17, 64 and
22 per cent for beams strengthened with one, two and three sheets, respectively.

The most common observed failure modes were debonding of the FRP and
delamination of the concrete cover, sometimes after yielding of the longitudinal
steel reinforcement.

These findings emphasize the great potential of this technique for strengthening
RC beams in flexure. As referred before, one of the biggest problems associated to
this technique is related to the premature debonding of the FRP. However, as this
work showed, the meaning of premature in this context is related to the ultimate
tensile strength of the FRP which is much bigger than that observed at the time of
failure. But this happens for load values quite high (sometimes after internal steel
yielding) which reveal that the so called premature failure is not that bad.

From the results of shear strengthening tests, it was found that EBR strategy
with U shape CFRP sheets achieved an average increase of more than 50 and 70 %
in terms of load carrying capacity and maximum load deflection, respectively,
when compared to the reference beam which had no shear reinforcement. Other
available works confirm these results and emphasize the suitability of EBR tech-
nique for shear strengthening of RC beams [12, 13].

2.1.2 Near-Surface Mounted

NSM technique with FRP appeared later compared to EBR one, so the study
related to the former is not as advanced as the study about EBR. Nevertheless,
some code regulations initially made for the EBR technique have been adapted
and nowadays also address NSM [1, 2].

As referred before NSM technique consists on the insertion of laminates or
rods into grooves (or slits, where the width is relatively small), thus, the main
steps to apply this technique are: (i) cut grooves for inserting the FRP on the con-
crete cover of the beam; (ii) clean the grooves and fill them with epoxy adhesive;
(iii) insert the FRP into the grooves and regularize the outer surface.

When compared to EBR, NSM technique presents the following main advan-
tages: simpler application procedure (no need for surface preparation), better pro-
tection against any external damage (since the FRP is inserted into the concrete),
minimal changes on the RC beam appearance and high strengthening efficacy
(both in flexural and shear strengthening) as will be shown in the following para-
graphs (see also Fig. 3).

In the work performed by Barros et al. [11], previously referred, the strength-
ening technique was also analysed. All the details that had been analysed for the
EBR technique were also studied for NSM. In the shear tests, an additional param-
eter was analysed for NSM technique: the influence of the inclination of the CFRP
laminates.

The results, for ﬂexural strengthemng showed that, in terms of service

NSM s. In terms of maximum load all NSM
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Fig. 3 Configurations used in the strengthening according to the NSM technique: a reference
specimen; b flexural strengthening using different number of CFRP laminates; ¢ shear strength-
ening using CFRP laminates at 90% d shear strengthening using CFRP laminates at 45°. Note:
c and d were tested for four different configurations with different spacing between the CFRP
laminates and with different beam depth

strengthened beams behaved better then correspondent EBR’s, presenting
increases in maximum load of 118, 92 and 35 % for beams strengthened with one,
two and three laminates, respectively, when compared to reference beam. In all
NSM strengthened beams, the failure occurred by delamination of concrete cover
after yielding of the internal steel reinforcement which, once again, highlights the
real meaning of premature failure in this context.

In order to compare EBR and NSM techniques, Fig. 4 presents elucidative
charts. In Fig. 4a can be seen that, for every level of equivalent reinforcement
ratio, NSM technique is more efficient than EBR even though that different is
becoming lesser as the equivalent reinforcement ratio increase. In Fig. 4b repre-
sentative force-displacement relationships are presented for the three strength-
ening strategies analysed, EBR with laminates (EBR_L), EBR with sheets
(EBR_M), and NSM, as well as for reference beam. That last one presents the reg-
ular tri-linear behaviour characteristic of RC beams, being the first slope change
related to the occurrence of the first crack and the second slope change related
to internal steel yielding. Behaviour of strengthened beams is more or less equal
to the reference beam until first crack occurs even though it happens for higher
load values. After this point, strengthened beams behave stiffer than reference

ibuti RP. The yielding initiation of the internal



266 J. Sena-Cruz et al.

(a) (b)
14

§ 0 —e— NSM —a— EBR_L —a— EBR.M
g 120
2100
& =
&
S 80 Z
S o
40 <
a
520
S o0+ T T - -

0 2 4 6 8 10 12

e
Preg (%) Deflection at mid span (mm)

Fig. 4 Comparison between the flexural results obtained with EBR and NSM techniques:
a strengthening efficacy versus longitudinal equivalent reinforcement ratio; b Force-deflection
relationships

steel reinforcement of the strengthened beams always occurs for a slightly higher
displacement level, when compared with the reference beams, which results in
a small reduction in the stiffness of the response. Then the beams continued to
increase load until the strengthening system failed and the structural response of
the beam become similar to that of a regular RC beam.

The behaviour described above for the tested beams is representative of that
observed in regular RC beams and RC beams strengthened according to those
three techniques, regardless to the strengthening level, internal steel reinforcement
or even observed failure mode.

From the shear strengthening tests [11], it was found that NSM technique was
more effective, easier and faster to apply then EBR. This efficacy was not only
in terms of the beam load carrying capacity but also in terms of deformation
capacity at beam failure, presenting average values of more than 80 and 300 % of
increase, respectively, when compared to the reference beam which had no shear
reinforcement.

Failure modes of the beams strengthened by the NSM technique were not as
brittle as those observed in the beams strengthened by the EBR technique.

Other interesting aspect is that when the beam depth increased, laminates at 45°
became more effective than vertical laminates.

2.1.3 Mechanically Fastened and Externally Bounded Reinforcement
Technique

MEF-EBR technique is, at this moment, a recent academic proposal so there are no
design codes that can be mentioned at this stage. However, since this technique
can be seen as an EBR technique upgraded with discrete anchoring systems and
using the principle of superposition effects the appearance of a design code should
be straightforward in the next years.

In terms of application procedure the following steps must be done after those
referred to EBR have already been performed (see Fig. 5—steps 1 and 2): (3) after
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Fig. 5 MF-EBR strengthening system
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the epoxy adhesive cures drill the holes for the anchors directly through the FRP;
(4-6) clean the holes, fill them with chemical adhesive and insert the anchors;
(7) after the chemical adhesive cures apply the desired pre-stress on the anchors.

This technique uses multidirectional laminates (MDL) in order to be possible
the anchorage of these materials with anchors. Sena-Cruz et al. [14] conducted a
set of experimental tests where RC beams flexural strengthened by EBR, NSM
and MF-EBR techniques were compared for different load actions, namely, mono-
tonic and fatigue loading. Figure 6 presents the appearance of the strengthened
beams which had identical amounts of CFRP reinforcement.

The monotonic tests results showed increases in load carrying capacity of
almost 40 and more than 80 % for EBR and NSM/MF-EBR techniques, respec-
tively, when compared to the reference beam. Even though MF-EBR achieved the
same load carrying capacity that NSM the remarkable advantage of the former
was the level of ductility revealed. Figure 6 also presents the force-displacement
relationship for all monotonic tests where that important aspect can be verified.
Characteristic failure modes were observed in the EBR (debonding) and NSM
(concrete cover rip-off) specimens. For the case of the MF-EBR specimen the
presence of the fasteners has allowed the development of the highest ductility, jus-
tified by the bearing failure of the multidirectional laminates at the anchors vicin-
ity Fig. 7.
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Fig. 7 Failure mode of the
MDL-CFRP specimen:

a lateral view; b MDL-CFRP
bearing failure

3 Columns

Columns of reinforced concrete framed structures are the most vulnerable
elements since their failure leads to the collapse of the structure. The EBR tech-
nique has been used, mainly to increase the axial load carrying capacity, the
ductility and the shear resistance of RC columns of circular or rectangular cross
section of edges of similar dimensions, by applying a FRP jacket around the col-
umn [15-17]. The EBR technique is also used to avoid buckling of longitudi-
nal steel bars and to enhance the bond behaviour of the starter bars in the lap
splice zones. However this technique is not especially suitable for the increase
of the flexural capacity of RC elements, since the fibres of the FRP systems have
a predominant orientation orthogonal to the axis of the column. In an attempt
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Fig. 8 Technique based on the use of anchored EBR-CFRP laminates and confined by CFRP
wet lay-up sheets (adapted from [18])

of also provide flexural strengthening, some authors have used CFRP plates
applied according to the EBR technique, and these laminates were externally
covered by a CFRP jacket (see Fig. 8) [18]. The laminates were provided with
special anchorage configuration with the aim of assuring continuity of the flex-
ural strengthening condition from the column to the adjacent elements (founda-
tions or beams). However, the competitiveness of this technique is arguable since
the flexural strengthening improvement provided by these anchorages may not
justify their extra-costs.

Combining the NSM for the flexural strengthening with the EBR for the con-
crete confinement seems to be an effective technique to increase, not only the load
carrying capacity for vertical and lateral loads, but also the energy dissipation per-
formance. This technique is described in the following sections.

3.1 NSM Technique for the Flexural Strengthening of RC
Columns

To assess the effectiveness of the NSM strengthening technique for concrete col-
umns submitted to static axial compression load and cyclic horizontal increasing
load, Barros et al. [19] carried out the three series of reinforced concrete columns
indicated in Table 1. Series NON consisted of non-strengthened columns, series
PRE was composed of concrete columns strengthened with CFRP laminate strips
before testing and series POS consisted of previously tested columns of series
NON that were post-strengthened with CFRP. The designation Pnm_s was attrib-
uted to tests of series (NON, PRE or POS), where n represents the diameter of the
longitudinal steel bars, in mm, (10 or 12), and m can be a or b, since there are two
specimens for each series of distinct longitudinal steel reinforcement ratio.
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Table 1 Denominations for the RC column specimens

Series
Longitudinal steel reinforcement NON? PRE" POS¢
4610 P10a_NON P10a_PRE P10a_POS
(Ag = 314 mm?) P10b_NON P10b_PRE P10b_POS
4612 P12a_NON P12a_PRE P12a_POS
(Ag = 452 mm?) P12b_NON P12b_PRE P12b_POS

#Nonstrengthened
bStrengthened before testing
“Columns of NON series after have been tested and strengthened

Load direction

Section A-A'
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filled with epoxy adhesive
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Fig. 9 Strengthening technique in for the RC column: a general view; b Section A-A’ detail
(dimensions in mm)

The strengthening technique application procedure was composed of the fol-

lowing steps (see Fig. 9):

Using a diamond cutter, slits of 4-5 mm width and 12-15 mm depth were cut
on the concrete surfaces to be subjected to tensile stresses;

To anchor the CFRP laminate strips to the footing and to maintain their vertical
position, concrete cover of a region having a height of 100-150 mm from the
bottom of the column (denoted here by “non-linear hinge region”) was removed
and, in the alignment of the slits, perforations of about 100 mm depth were
made in the footing to anchor the CFRP laminate strips;

Epoxy adhesive is produced according to supplier recommendations and the
slits were filled with it after they were cleaned by compressed air;

The epoxy adhesive was applied on the faces of the laminate strips of CFRP
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Fig. 10 Test set-up Compression
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e Laminate strips of CFRP were introduced into the slits and the epoxy adhesive
in excess was removed;

e The “non-linear hinge region” and the holes in the footing were filled with
epoxy mortar.

The curing/hardening process of the epoxy adhesive lasted for, at least, 5 days
prior to testing the strengthened elements. The properties of all the intervening
materials are described elsewhere [19].

The test set-up is illustrated in Fig. 10, where it can be seen that each specimen
is composed of a column monolithically connected to a footing fixed to a founda-
tion block by four steel bars. A constant vertical load of approximately 150 kN
was applied to the column, inducing an axial compression stress of 3.75 N/
mm?. A history of displacements was imposed for LVDT1, located at the same
height as the horizontal actuator, see Fig. 10. The history of horizontal displace-
ments included eight load cycles between £2.5 and £20.0 mm, in increments of
42.5 mm, with a displacement rate of 150 pm/s.

Figure 11a depicts a typical relationship between the horizontal force and the
deflection at LVDTI (see Fig. 10). Since this strengthening technique does not
provide significant concrete confinement, the increase on the dissipated energy
was marginal. The increment on the load carrying capacity, however, was signifi-
cant as can be seen in Fig. 11b, where a typical envelope of the maximum values
of the relationship between the maximum force registered in the load cycles and
its correspond ing deflection in the DT is represented.
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(a) 50 (b)
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Fig. 11 Cyclic responses in terms of: a force-deflection (at LVDT1) relationship for column
P10a; b Force-deflection (at LVDT1) envelop of all load cycles for column P10b

3.2 NSM/EBR Technique for the Flexural Strengthening
and Energy Dissipation Capacity of RC Columns

The available experimental research shows that, for equal percentage of FRP con-
finement material, full wrapping of the concrete column provides higher load car-
rying and energy absorption capacities than discrete confinement arrangements.
However, taking into account that existing steel hoops assure certain concrete con-
finement, the effectiveness of discrete confinement arrangements, consisting on
applying strips of FRP wet lay-up sheets in between existing steel hoops, can still
be significant in terms of load carrying and energy dissipation requirements, and
in terms of economy of FRP materials [17]. As verified in previous section, the
NSM technique is quite effective for the flexural strengthening of RC slabs, but it
is not effective in terms of enhancing the energy dissipation capacity of RC col-
umns. Therefore, combining NSM laminates for the flexural resistance, with strips
of wet lay-up FRP sheets located in between existing steel hoops, a high effective
technique can be obtained, which was designated as hybrid FRP-based strengthen-
ing technique Fig. 12. This figure shows the typical specimen of the experimental
program, which is composed of a RC column monolithically connected to a RC
footing.

The column was cast in a second phase, three days after the corresponding
footing has been cast, in order to reproduce the real practice as much as possi-
ble. With the same purpose, starter longitudinal steel bars were used to connect
the reinforcement system of the column to the corresponding foot (see Fig. 12).
The lap splice of the starter bars had a length of 260 mm. The research program
had the purpose of evaluating the influence of the concrete compressive strength,
remforcement ratio of 10ng1tud1nal steel bars (pg) and number of CFRP layers per
each s on the load ca ; energy dissipation capacities of RC columns
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Fig. 12 RC columns tested: a Geometry of the columns and steel reinforcement arrangement;
b disposition of the CFRP wet lay-up strips (dimensions in mm)

Table 2 Groups of tests for RC columns strengthened according to the hybrid technique

Group number

Designation

Specimen reference

1

Gl

G2

G3
G4

F10_NON
F12_NON
F16_NON

F10_S2_L2_POS
F12_S3_L2_POS
F16_S4_L2_POS
F10_S2_L2_PRE
F12_S3_L2_PRE
F16_S4_L2_PRE
F12_S3_L3_PRE
F12_S3_L2_PRE_C25/30

4 bars F10
2 CFRP laminates

4 bars F12
3 CFRP laminates

4 barsF16
4 CFRP laminates

T

Detail A

. L Load

direction

iy

Fig. 13 Arrangement of the steel reinforcement and CFRP laminates in the cross section of the
columns (dimensions in mm)

strengthened according to the hybrid technique. The full experimental program is
described in Table 2: the first ten columns were built with an 8 MPa concrete com-

pressive strength while the last column had a compressive strength of 29 MPa. The
he Strips etday-up sheets is represented in Fig. 13. The
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Fig. 14 Test setup [20]

identification of the columns has the format Fa_Sb_Lc_t, where “a” represents the
diameter of the longitudinal steel bars, in mm (10, 12 or 16), “b” is the number of
CFRP laminates applied in each face of the column subjected to cyclic tension/
compression, in order to increase the column flexural resistance (2, 3 and 4—see
Fig. 13), “c” represents the number of CFRP layers in each strip (2 and 3) and
“t” is the type of series (NON, PRE and POS). The NON term means a reference
column, PRE is a column that was strengthened before having been tested and
POS means a column that, after having been tested and strengthened, it was again
tested.

The details on the strengthening procedures, as well as the material properties,
are described elsewhere [20]. The test set-up is illustrated in Fig. 14. A constant
vertical load of approximately 120 kN was applied to the column, introducing an
axial compressive stress of about 1.92 MPa.

Figure 15a, c, e represent the force-lateral deflection relationship, F-uac;,
(measured by the internal LVDT of the actuator) for the columns of the G1 group
of tests. In each graph, the F-us. curves of the reference column and its corre-
sponding post-strengthened column are superimposed in order to highlight the
most relevant features provided by the proposed technique. The relationship

issi mulated lateral deflection for the tested
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Fig. 15 Force-lateral deflection and dissipated energy versus accumulated lateral deflection for:
a, b FI0O_NON and F10_S2_L2_POS columns; ¢, d F12_NON and F12_S3_L2_POS columns;
e, fF16_NON and F16_S4_L.2_POS columns

columns is represented in Fig. 15b, d, f. The accumulated lateral deflection was
evaluated adding the absolute values of the recorded displacements in all cycles.

From the obtained results it is verified that the hybrid post-strengthening tech-
nique provided an increase of the column load carrying capacity that ranged from
38 t0 55 %.

At the end of the tests, the formation of semi-conical fracture surfaces in the
concrete surrounding the anchorage zone of the laminates was observed and con-
sidered as a possible justification for the load decays that are visible in the Fus.,
curve of the post-strengthened columns. Except for F16_S4_1.2_POS column,
the hybrid technique had no benefit in terms of energy dissipation capacity of the
column up to the maximum accumulated lateral deflection of its reference col-
umn (see Fig. 15b, d, f), since the very low concrete strength did not allow the
strengthening technique to be effective. However, after this deflection, Fig. 15b,
d, f reveal that an increase of the rat10 between the dissipated energy and the accu-
icating that for larger lateral deflections the
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contribution of the CFRP materials becomes more effective, due to the dilation of
the concrete in the confined nonlinear hinge (column bottom zone). In fact, Fig. 15
shows that, above a lateral deflection of £20 mm, the hysteretic cycles of the
strengthened columns presented a relatively significant level of energy dissipation.

Figure 16a, c, e represent the force-lateral deflection, Fuy., of the columns of
the G2 group of tests. In each graph, the Fuu., curves of the reference column and
its corresponding pre-strengthened column are superimposed in order to observe
the increase in terms of load carrying capacity and energy dissipation provided
by the strengthening technique. The relationship between the dissipated energy
and the accumulated lateral deflection for the tested columns is represented in
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Fig. 18 Force-lateral deflection (a) and dissipated energy versus accumulated lateral deflection
(b) for F12_S3_L.2_PRE and F12_S3_L2_PRE_C25/30 columns

From the obtained results it is verified that the hybrid pre-strengthening tech-
nique provided an increase of the column load carrying capacity that ranged from
63 to 70 %. In spite of the very low concrete compressive strength of the columns
of the G2 group of tests (PRE), the hybrid technique had an evident benefit in
terms of energy dissipation capacity of the column up to the maximum accumu-
lated lateral deflection of the reference columns (1.1 m), since an increase of the
column energy dissipation capacity ranging from 40-87 % was determined.

To evince the influence of the number of CFRP layers per strip in terms of col-
umn load carrying and energy dissipation capacities, Fig. 17a compares the force-
lateral deflection of F12_S3 .2 PRE and F12_S3 L3 PRE columns, the first one
with two CFRP layers per strip, while the second has three CFRP layers per strip.
From the analysis (see also Fig. 17b) it is verified that the increase of the number
of CFRP layers had a marginal effect in terms of column carrying capacity, but a
significant increase in terms of energy dissipation.

Figure 18 compares the force-lateral deflection and the dissipated energy ver-
sus accumulated lateral deflection of the F12_S3 L2 PRE and F12_S3 L2 PRE
C25/30 columns, from which the favourable effect of the concrete strength in
terms of the column load carrying and energy dissipation capacities can be veri-
fied. From the obtalned results it is verified that an increase of the concrete com-

! ided an increase in terms of load carrying
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and energy dissipation capacities of 39 % (average of the tensile and compressive
maximum force increments) and 109 % (for an accumulated lateral deflection of
1.406 m), respectively.

4 Beam-Column Joints

The main existent techniques for repair and strengthen reinforced concrete beam-
column joints can be grouped as follows: repair with epoxy (injection of epoxy
resin in the cracks of lightly degraded elements); removal and replacement of con-
crete in more damaged areas; jacketing with RC layers, masonry blocks or steel
plates; use of composite materials. Epoxy repair techniques have exhibited limited
success, whereas concrete jacketing of columns and encasing the joint region is an
effective but the most labour-intensive strengthening method [21].

Several CFRP (MDL—multidirectional, UD—unidirectional) based configura-
tions for strengthening RC beam-column joints have already been proposed both
for interior and exterior joints [22, 23]. In these tests were analysed interior and
exterior specimens with same geometry, steel reinforcement details and cyclic load
pattern. Table 3 presents the main parameters analysed in each type of joint.

Three major solutions were considered which were designated indirect (i),
direct (d) and total (t). The difference between them was related to the face where
CFRP was located. In the indirect configuration, CFRP was only placed in the
superior and inferior faces of the joint, while in the direct configuration, CFRP

Table 3 Main parameters analysed by Coelho et al. [22, 23]

Interior beam-column joints Exterior beam-column joints
Interior beam-column joints Exterior beam-column joints

L] L] L] L]

3 RC beam-column joints firstly tested until 6 uncracked RC beam-column joints strength-
failure and then strengthened with MF- ened by MF-EBR (3), MF-FRP (1), NSM (2)
EBR technique

Smooth (1 specimen) and ribbed steel (2 Strengthening technique and configuration were
specimen) and strengthening configura- the main analysed variables (all specimens

tion were the main analysed variables had ribbed steel)
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60

was only placed in the lateral faces of the joint. Finally, the total configuration
consisted on the combination of indirect and direct solutions.

4.1 Interior Beam-Column Joints

The preparation of the interior joints [22] involved three main steps: joint recon-
struction (removal of deteriorated concrete in the corners area and then reconstruc-
tion with grout), cracks sealing (injection of epoxy resin) and CFRP application
according to the MF-EBR technique (presented in previous section).

Figure 19 presents an overview on the strengthening configurations used.
Indirect configuration (Fig. 19b) was applied on two specimens, one with smooth
steel and other with ribbed steel, while total configuration (Fig. 19a) was only
applied to one specimen with smooth steel. As Fig. 19 depicts, in the direct con-
figuration L-shape steel profiles were used to assure continuity between the MDL-
CFRP in adjacent lateral faces.

Table 4 present a summary of the main results obtained in the interior beam-
column joints tests. As can be seen specimen with internal smooth steel reinforce-
ment strengthened with the indirect configuration restored the initial load carrying
capacity and dissipated % more energy even though it as lost some initial stiff-

atical specimen strengthened with the total
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Table 4 Main results obtained for each specimen after strengthening (comparison with the
corresponding specimen before the strengthening)

Specimen Load carrying Displacement Initial Dissipated
capacity (%) ductility (%) stiffness (%) energy (%)
Ribbed indirect +10 —17 —-30 —16
Smooth indirect 0 -7 -8 +24
Smooth total +35 -9 +18 +20

Note (4+) means increase and (—) means decrease

(a) Drift (%) (b) Drift (%)
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Fig. 20 Example of the relationship between force and horizontal displacement registered at the
top of the column (loaded point): a specimen with ribbed steel reinforcements; b specimen with
smooth steel reinforcements (see also Fig. 19)

configuration increased considerably load carrying capacity, initial stiffness and
dissipated energy, while displacement ductility was again lower than that of the
unstrengthened specimen.

Regarding ribbed steel specimen, only load carrying capacity increased, all
other parameters presented considerable decreases. That aspect can be related to
the initial damage imposed to each specimen. In fact, while smooth steel specimens
presented damage concentration in 4 major cracks (one per each structural element)
near the centre of the specimen due to the slippage smooth steel/concrete, in ribbed
specimen damage was distributed in several minor cracks along beams and col-
umns length. Since the restoration approach used in the three specimens was the
same, it can be said that it is efficient for beam-column joints with smooth steel but
not enough or even adequate for ribbed steel beam-column joints. Nevertheless, the
strengthening configuration used was able to minimize that aspect and at least load
carrying capacity improvement was seen in ribbed specimen.

In Fig. 20 the global response in terms of registered load on the top of the
column versus imposed horizontal displacement at the same point for the speci-
mens with worst and best performance. The response of the remaining speci-
men (smooth steel and indirect strengthening) was almost equal to its original
unstrengthened specimen. This figure can be helpful for understanding the results
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4.2 Exterior Beam-Column Joints

The preparation of the exterior joints involved only CFRP application according to
the technique analysed in each specimen (procedures previous described), since they
were not previously damaged [23]. In these tests for MF-EBR technique one speci-
men was strengthened with a direct configuration (MF-EBRd), other with an indirect
configuration using mechanical anchors with a limited depth (MF-EBRi) and other
with an indirect configuration using threaded rods through the entire thickness to
anchor the MDL-CFRP (MF-EBRib). MF-FRP was only applied in a specimen with
direct configuration for comparison (MF-FRPd). NSM was applied in two specimens,
on with direct configuration (NSMd) and other with indirect configuration (NSMi).
Figure 21 presents elucidative pictures of the strengthening solutions adopted.
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Table 5 Main results obtained for each specimen after strengthening (comparison with the
corresponding specimen before the strengthening)

Load carrying Displacement Initial Dissipated
Specimen capacity (%) ductility (%) stiffness (%) energy (%)
MF-EBRi 16 -29 13 —1
MF-EBRib 21 —10 14 4
MF-EBRd 40 -23 26 43
MF-FRPd 52 -36 33 34
NSMd 52 —45 23 35
NSMi 75 -8 16 101

Note: (4+) means increase and (—) means decrease

Table 5 present a summary of the main results obtained in the exterior beam-
column joints tests. In general all strengthened specimens presented increases
in terms of load carrying capacity, initial stiffness and dissipated energy, when
compared with the unstrengthened specimen. This corroborates the conclusion
taken on the interior joints tests that performance of strengthened specimens was
affected by the repair strategy which did not allow full exploration of the strength-
ening strategies. In these tests, since specimens were not pre-damaged, strengthen-
ing strategies impact was clearly seen.

Other similar conclusion in both types of joint tests is that indirect configura-
tions achieved lower increments in each parameter analysed than direct solu-
tions, which was expected since the FRP was not being used in its best direction.
Nevertheless, indirect configurations were considered for comparison with direct
ones. In fact, in real in situ conditions of residential buildings, sometimes the indi-
rect strengthening is the only viable option for applying these techniques.

The only exception to this inferior performance of indirect configurations was
obtained in NSM specimens. This fact is related to an extra 5 mm cover epoxy
layer that was applied in NSMi specimen because there was not enough cover
thickness in this specimen due to a construction error. That aspect can be the
reason for the high increases presented in this specimen for almost all measured
parameters.

For all the proposed solutions, only one drawback point was observed in terms
of displacement ductility, which was always lower in all strengthened specimens
when compared to reference one.

Figure 22 presents the global response in terms of the registered applied load
on the top of the beam versus horizontal displacement at the same point for each
specimen. As can be seen, until the maximum load point all strengthened speci-
mens presented higher stiffness and maximum load than reference specimen.

Other remarkable conclusions that can be drawn from this results is that the
confinement provided by solution MF-EBRib compared to solution MF-EBRIi
added a marginal extra load carrying capacity and MF-FRPd performed better than
MF-EBRd, which was not expected since the later was supposed to be an upgrade




Advancements in Retrofitting Reinforced Concrete Structures 283
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5 Conclusions

Reinforced concrete is undoubtedly one of the major solutions used worldwide
in buildings construction. Many of them were built in times where regulations
weren’t fully developed and several problems have sometimes come to surface
when earthquakes occurred. This fact has called attention to the need of prevent-
ing measures for those constructions, in one hand, and the need for repairing and
strengthening solutions, on the other hand. This subject has been widely addressed
by the civil engineering community in last decades. This chapter intended to pre-
sent a compilation of the most recent common repairing and strengthening solu-
tions for reinforced concrete buildings developed by the authors.
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Numerical Modelling Approaches for
Existing Masonry and RC Structures

Alexandre A. Costa, Bruno Quelhas and Joao P. Almeida

Abstract Assessment of existing buildings making use of numerical simulation
methods, even under the hypothesis of full knowledge of current conditions and
materials, it is not an easy and straightforward task due to the limitations and
complexities of such analysis tools. In this chapter, a discussion of different
approaches for the simulation of structural response is introduced and applied to
two of the most common building typologies: masonry structures and reinforced
concrete frames. Following a brief introduction of the problematic, an overview of
different modelling possibilities for masonry structures is presented. Afterwards,
choices made during numerical modelling are discussed, based mainly on
the finite element method. Moreover, the problematic of different modelling
techniques is addressed, where some paths and best practices are suggested. The
last section is devoted to the response simulation of reinforced concrete structures.
Efficient frame elements and sectional models, which allow capturing an extended
range of elastic and inelastic response, are analysed first. Strut-and-tie modelling
is then recalled as a powerful analysis tool, and its application to the assessment of
old buildings is studied.
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1 On the Structural Response of Existing Constructions

The study of existing constructions and their actual behaviour, even for gravity
loads, is a difficult task, being however a key point on current engineering prac-
tices and scientific research.

When dealing with existing constructions and their numerical simulation, the
next points should be respected and taken into consideration, in order to minimize
uncertainties and increase the confidence on the developed numerical models,
namely:

(1) Overall characterization: all the structural elements must be surveyed (vertical
and horizontal ones, including foundations and roof) for a correct definition
of the elements’ geometry and constituent materials, as well as existing loads
applied on the structure;

(i1) Detailed survey of the structural elements: quantification of reinforcement on
reinforced concrete (RC) elements and corresponding distribution (amount
of longitudinal reinforcement, stirrups diameter and spacing, etc.), detection
of design and/or construction errors, eventual cracking pattern and apparent
causes (overburden, design errors, foundation settlement, etc.);

(iii) Construction detailing (especially for seismic assessment): connection between
horizontal and vertical elements, structural detailing at beam-column joints,
connection between perpendicular load-bearing walls and existence of out-of-
plane devices (for masonry structures only) such as tie-rods, floor connections
to the walls, RC ring beams, etc.

After the first stage of inspection and diagnosis, which is essential for the
development of the numerical model on the actual conditions of the structure, a
first problematic may arise related to material characterization. Current codes are
in general not very helpful since they mainly focus on the design of new struc-
tures, while poor guidance is offered to the analysis of existing buildings.

Since the numerical simulation of structural behaviour is directly related to
the material properties, the second stage should cope with in situ material test-
ing to estimate boundaries of their mechanical characteristics. Despite some
current attempts made towards this purpose (e.g. [1-4]), the amount of informa-
tion and experimental tests required to obtain a good confidence level may lead
to an unrealistic number of experiments (e.g. core drilling) to perform on sin-
gle elements or the whole structure, disrespecting its integrity or even its future
usage.

On the other hand, the material characterization of existing masonry struc-
tures is a major problem because current non-destructive techniques (NDT, as
sonic tests or tomography) and even minor-destructive (as the flat-jack technique)
may not give relevant results (usually only the Young’s modulus) when applied
to multi-leaf stone masonry walls or irregular masonry. Only destructive test-
mg methods, as in situ Vertlcal or dlagonal compression tests, may give pertinent

esults naximumyecompressivesstrength) for the numerical model. Great care




Numerical Modelling Approaches for Existing Masonry and RC Structures 287

should be taken when dealing with existing constructions and unknown materials,
belonging to the engineer the decision on material properties and material safety
factors to be used in the model. Improper preparation of technicians for a cor-
rect assessment of existing structures leads usually to erroneous and/or too intru-
sive interventions, also correlated with the analytical and/or numerical approach
followed.

Modal analysis is an easy and straightforward technique which may reduce
the uncertainties of numerical modelling within the elastic range of the structure.
Indeed, a good numerical model should be always calibrated based on the eigen-
frequencies and mode shapes resulting from experimental modal identification,
which can be carried out using simple ambient vibration tests.

On RC structures, this permits to infer the current load conditions of the struc-
ture, the influence of the surrounding constructions on its dynamic properties (if
dealing with adjoining buildings), but more important than that, its current elastic
modulus and current dynamic mass, as well as the influence of masonry infills in
the global behaviour.

Modal analysis is even more important for masonry structures because it
allows, in addition to the calibration of Young’s modulus and current masses, the
perception of existing connections between all horizontal and vertical elements.
In this manner, it is possible to understand the current loading conditions of the
structure, and also to simulate a strengthening intervention to cope with eventual
deficiencies. Concerning the seismic behaviour, the evaluation of the existence of
connections between horizontal and vertical elements (yielding the so-called “box
behaviour”, which modal analysis can help to identify), and despite the connec-
tions’ unknown efficiency for higher excitation levels, is mandatory for a thorough
structural assessment.

In the work presented by Ilharco et al. [5], the modal identification permitted
to observe the most vulnerable part of an existing three-storey building, Fig. 1a,
as well as to identify the absence of an efficient connection between horizontal
(timber floors, not represented in the figures) and vertical elements (load-bear-
ing masonry walls), Fig. Ib. Local mode shapes were observed in both parallel
facades without frequency or phase correlation, meaning that the floor was not

Fig. 1 Local mode shapes of an existing building [5]: a major vulnerable area; b lack of
connection between timber floors and exterior masonry wall; ¢ good connection and in-plane
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connecting both facades at that level, and mobilized only portions of the facades.
On the other hand, good connection at the roof was observed as well as a mode
shape governed by its in-plane behaviour, Fig. 1c, connecting parallel facades of
the building. It is possible to conclude the above because both facades are mobi-
lized in the same direction and with equal frequency of vibration, meaning that
the roof was acting as an effective connection. This information was important for
the design of the strengthening intervention. In general, the design of rehabilita-
tion and/or strengthening techniques should thus be based on a comprehensive and
exhaustive characterization of the structures’ current conditions.

Despite experimental advances on material characterization and assessment
of actual structural conditions, as expressed in the previous lines, the engineer-
ing experience and judgment plays the main role when dealing with rehabilita-
tion interventions, criticizing and eventually rejecting the results obtained with the
numerical models.

As an attempt to minimize the influence of engineering judgment and expe-
rience in the final decisions, the following paragraphs present some recommen-
dations and modelling strategies to perform better and more efficient numerical
simulations of existing constructions.

2 Numerical Assessment of Existing Masonry Structures

Masonry is one of the oldest structural material still in use; it has been applied on
a huge diversity of constructions throughout the world. It is by nature a heteroge-
neous material whose components present a quite unknown geometry and a high
mechanical variability. The structural behaviour of masonry depends on several
factors such as member geometry; the characteristics of its texture; the physical,
chemical and mechanical properties of its components and finally, the characteris-
tics of masonry as a composite material [6].

All of the above mentioned factors make the analysis of the stone masonry
mechanical behaviour a very complex matter. This is why it is of great interest the
development and calibration of effective modelling and analysis strategies capable
of predicting the behaviour of stone masonry structures, in particular under cyclic
loads for seismic assessments. For this, it is necessary to accurately characterize this
type of material through experimental testing. However, achieving a good character-
ization of masonry structures, detailed enough to be used confidently on the simula-
tion, is, most of the times, a very demanding task, both in terms of cost and time [7].

The mechanical in situ characterization through non- and minor-destructive
tests (sonic tests, flat jacks, etc.) gives precious information, almost without dam-
aging the buildings, but with arguable global representation, while performing
destructive tests on existing structures, either in situ or by removing samples large
enough to be representative, is most often not possible especially when the struc-
tures have a high cultural value. As so, laboratory tests on masonry specimens rep-
1 i a feasible alternative.
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All the previous testing techniques are very useful to characterize masonry
within its linear or non-linear range, to be used with different analysis methods.

2.1 Analysis Methods

To analyse the behaviour of existing masonry structures, there are nowadays sev-
eral methods and computational tools that are based on different theories and strat-
egies, resulting in different levels of complexity, different calculation times and, of
course, different costs.

Simple analytical models may be used to assess the existing conditions of
masonry structures, such as the simple rule of thumb, limit equilibrium analysis,
arch theory, kinematic analysis, among others.

On the other hand, the analysis of existing masonry structures concern-
ing seismic behaviour can be performed mainly through four different methods:
(1) linear static (or simplified modal), (ii) linear dynamic (typically multimodal
with response spectrum), (iii) non-linear static (‘“pushover”) and (iv) non-linear
dynamic.

When opting for one method of analysis one must have clearly defined the
desired type of analysis, its objectives and also the knowledge of the advantages
and limitations of the available tools, bearing in mind that more complex analysis
are not necessarily synonymous of better results [8]. Above all, an analysis must
be informed and planned in order to maximize its simplicity. A practical analysis
of existing masonry structures implies great simplifications in the creation of the
model geometry; the technician responsible for the analysis has to assess what is
or is not important for a given analysis.

Nowadays the technological and scientific development permits the execution
of increasingly complex analysis in increasingly shorter times, often enhancing
the detail and size of a model. However, this may cause loss of objectivity and

Fig. 2 Comparative analyses, using different methods, of the Cathedral of Santa Maria Assunta,
Reggio Emilia (Italy) [9]: a Out-of-plane mechanism of the frontal facade; b In-plane mechanism
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result on a huge amount of information, rendering more difficult the analysis of
the structural behaviour.

Given the large number of parameters of which depends the analysis of exist-
ing masonry structures and the degree of uncertainty and lack of knowledge that
surrounds them, it is not appropriate and/or correct to propose a single method of
analysis. In addition, on the process of choosing a method of analysis one must
take into consideration the limitations and advantages of each method and the
objectives of the analysis. As such, it is correct to propose analyses of a same
problem using different methods, and the comparison between the results of each
method can increase the degree of confidence in the obtained results. Several
authors combined different modelling strategies, on the analysis of this type of
structures, such as limit analysis and numerical modelling (Fig. 2). The numeri-
cal models allow individualizing macro-elements and their respective lines of col-
lapse, as well as the formation of mechanisms on a structure, whose vulnerability
and safety can be analysed through simplified limit analysis.

2.2 Modelling Strategies

Historically, structures began to be designed using simple rules of thumb based on
the workers’ experience. This method, although quite basic, was used in the con-
struction of big and important structures such as bridges. After this, static graphics
started being used; it is a quite simple method, which allows solving graphically
the structural problems.

Later, methods based on the concept of limit analysis began to be employed.
These methods assume that a structure is collapsing and compares the state of col-
lapse with the actual condition of the structure, thus defining its structural safety.
The main advantage of this type of analysis is the combination of the knowledge
on the mechanisms and failure loads with the simplified implementation on prac-
tical computational tools. The number of required material parameters is thus
reduced to a minimum, which is convenient as this type of parameters have a high
degree of uncertainty, being very difficult to find reliable information [10].

Only recently, due to the high (and ever increasing) capacity of modern com-
puters to solve numerical problems, it became possible to simulate the response
of materials, such as masonry, considering their non-linear structural behaviour.
Several methods, such as the Finite Element Method (FEM), were then imple-
mented. The basic unit that characterizes this method, the finite element, usually
does not represent a structural member but rather one of its sub-parts. Thus, the
FEM can be applied to simulate separately the behaviour of various materials of
the elements that compose the assembly (micro-modelling), or to simulate in a
homogenized and continuous way the global behaviour of a composite material
(macro-modelling).

Apart from the micro- and macro-modelling techniques, there is also the so-
i 1 i e of approach the structure is composed
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by a finite repetition of an elementary cell, and the masonry is seen as a continuum
whose constitutive relations are derived from the characteristics of its individual
components (blocks and mortar), and from the geometry of the elementary cell. In
recent years, some of these homogenization techniques have been developed and
applied by several researchers (e.g. [11, 12]).

Other modelling methods widely used are the Structural Element Models
(SEM), the Discrete Element Method (DEM) and its new formulation, and the
Discontinuous Deformation Analysis (DDA). These last two methods are exten-
sively used on rock mechanics, which in many cases is quite similar to masonry
problems. They are also quite useful on the analysis of the failure mechanisms of
masonry structures.

2.3 Finite Element Method

The Finite Element Method (FEM) is one of the most used approaches for the
modelling of structures. It offers a widespread variety of possibilities concern-
ing the description of the masonry structures within the frame of detailed non-
linear analysis. Most of modern possibilities based on the FEM fall within two
main approaches: modelling at the micro level, considering the material as
discontinuous, or at the macro level. Hybrid models can also be created, which
have considerable interest when, for example, one intends to analyse in detail a
specific structural element within a more complex structure.

2.3.1 Micro-modelling

Some authors, such as Costa et al. in [13] on the analysis of stone masonry struc-
tures through the FEM, used a detailed micro-modelling approach reducing the
masonry to its basic components (joints, blocks and infill), Fig. 3. The units and
the mortar at joints are described using continuum finite elements, whereas the

eplica of an existing wall from Azores [13]
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unit-mortar interface is represented by discontinuous elements accounting for
potential crack or slip planes.

This type of detailed modelling has a greater degree of accuracy; however, it
is inevitably accompanied by an increase in the calculation time and modelling
effort, which makes this simulation strategy unpractical for common engineering
practice. Nonetheless, it is suitable for the study of localized areas and effects,
provided that there is detailed knowledge of the geometry and composing ele-
ments and materials. It is particularly adequate to describe the local response of
the material. Elastic and inelastic properties of both unit and mortar should be
realistically taken into account.

The detailed micro-modelling strategy leads to very accurate results, but
requires an intensive computational effort. This drawback is partially overcome by
the simplified micro-models. Some authors (e.g. [14, 15]) opt for this simplified
micro-modelling strategy, which is characterized by the combination, or omission,
of certain constituents, allowing to drastically reducing the computation time with-
out a great loss of accuracy.

The primary aim of the micro-modelling approaches is to closely represent
masonry based on the knowledge of the properties of each constituent and the
interface. The necessary experimental data for calibration must be obtained from
laboratory tests on the constituents and small masonry samples.

2.3.2 Macro-modelling

Still in the field of finite element modelling, some authors opt for the macro-
modelling using macro mechanical models, also known as homogeneous or con-
tinuous, in which all elements of an assembly of materials are incorporated into a
continuum, wherein it is established a relation between the average extensions and
stresses of the masonry. These relations are obtained by adopting a phenomeno-
logical point of view or by using homogenization techniques.

Macro-modelling is probably the most popular and common approach due to
its lesser calculation demands. In practice-oriented analyses on large structural
members or full structures, a detailed description of the interaction between units
and mortar may not be necessary. In these cases, macro-modelling, which does not
make any distinction between units and joints, may offer an adequate approach to
the characterization of the structural response.

The macro-models have been extensively used with the aim of analysing the
seismic response of complex masonry structures, such as arch bridges (e.g. [16]),
historical buildings (e.g. [17]), and mosques and cathedrals (e.g. [18, 19]).

The smeared crack scalar damage models or other similar models, such as those
presented in [20, 21], are often used in macro-modelling of masonry. This type of
models, where the damage is defined in a given point by a scalar value which defines
the level of material degradation (ranging from the elastic state until collapse), and the
cracking is considered as distributed along the structure, are commonly used in the
i i i tructures (e.g. [22]) or large volumes of
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Fig. 4 Macro-modelling oo
of the Gondar church using
Finite Elements based on a

damage model [25], Tensile

damage map (dF)

concrete (e.g. [20]). Such models were later adapted for the use in masonry buildings
through the work of different authors, such as [23, 24] or [25] (Fig. 4).

In terms of applicability, it is a type of modelling clearly suitable when fac-
tors such as time, simplicity of modelling and computational capacity are crucial.
Further, it is oriented for the everyday use in the analysis of real structures and
when there is the need of maintaining a balance between accuracy and speed/
efficiency [8].

2.4 Modelling Problematic

For what concerns the available analysis methods, the linear elastic analysis is the
most commonly used in current practice, due to its advantages in terms of compu-
tational time. However, its application to masonry structures is, in principle, inad-
equate because it does not take into account the non-tension response or non-linear
sliding-shear, among other essential features of masonry behaviour. It must be
noted that, due to its very limited capacity in tension, masonry shows a complex
non-linear response even at low or moderate stress levels. Moreover, simple linear
elastic analysis cannot be used to simulate masonry strength responses, typically
observed in arches and vaults, characterized by the development of sub-systems
working in compression. Attempts to use linear elastic analysis to design arches
may result in very conservative or inaccurate approaches. Linear elastic analysis
is not useful, in particular, to estimate the ultimate response of masonry structures
and should not be used to conclude on their strength and structural safety.
Notwithstanding, linear elastic analysis has been used, with partial success,
as an auxiliary tool assisting in the diagnosis of large masonry structures. Easy
availability and reduced computer costs have promoted its use, in spite of the men-
tioned limitations, before the development and popularization of more powerful
icati e the studies of San Marco’s Basilica in
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Venice by [26], the Metropolitan Cathedral of Mexico [27], the Tower of Pisa [28],
the Colosseum of Rome [29] and the Church of the Giiell Colony in Barcelona
[30], among many others. In all these cases, the limitations of the method were
counterbalanced by the very large expertise and deep insight of the analysts.

Whenever possible, it is preferable to individually analyse the elements of a struc-
ture, simplifying its geometry and reducing the computation effort. In this case it
may be advisable to use 2D models instead of the 3D ones. In cases where it is con-
sidered important to use the complete model of the structure, it is advised the use of
mixed complexity, detailing (from the geometrical and/or material behaviour point
of view) the areas of major interest, with higher influence on the overall behaviour of
the structure or critical areas that present particular problems to be analysed.

For what regards modelling with finite elements, in the case of continuous
elements such as masonry walls, it is frequent to use shell elements, since these
present advantages in terms of creation of the geometrical model and of computa-
tional effort. However, certain precautions need to be taken into account and sev-
eral difficulties arise when using this type of element, such as:

e the use of this type of element does not allow considering, in a direct manner,
the load or support eccentricity effect, since the shells are aligned with the axis.
In cases where there are large variations in thickness on a structure, it is impor-
tant to take into account this phenomenon, in particular, when the floors are sup-
ported only in one of the leaves of a multiple-leaves wall panel;

e the use of such elements makes it impossible to consider directly the phenome-
non of leaves’ separation, i.e. it can only be used when this type of phenomenon
is not important to analyse the problem, or when the structural element in ques-
tion is monolithic;

e in finite elements, the stress distribution along the thickness of a wall is linear,
which may deviate from reality, at a local level;

e in such elements, the stiffness in the areas of intersection of two shells (e.g.
facade angles) is not always well represented.

The use of volumetric elements allows reproducing, in a more realistic way, the
intersection zones of structural elements. By using this approach it is possible to
evaluate the stresses in the thickness of a wall; however, more than one element
to discrete the mesh along the thickness has to be used, otherwise the errors will
be large, and the greater the thickness of the actual element the greater the error.
By contrast, the use of volumetric elements makes the creation of the geometric
model more complex and time consuming.

The modelling of the links between elements of a masonry structure is
almost always one of the most important numerical modelling problems of his-
torical structures. This difficulty arises not only from the difficulty in defin-
ing them appropriately, but also from the choice of numerical models capable of
realistically characterizing these links. For a question of simplicity, in most cases
the connections are considered as continuous and fixed, but this type of assump-
tion is only valid in certain cases and it is the responsibility of the technician in
1 i mption in each case.
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In the particular case of the support conditions of a structure on the soil, most
of the times the structure is considered as fixed at the base. However, this assump-
tion is only valid in the cases where the soil presents good quality and the wall
foundation can be considered as properly fixed to the soil. Otherwise, the soil
should be modelled as well, for example with springs at the base featuring equiva-
lent stiffness characteristics to the ones presented by the considered type of soil.

In the modelling of wooden roofs reinforced with metal rods, only the tensile
resistance must be considered on the ties, using appropriate models in order to
render the analysis more realistic.

3 Reinforced Concrete Structures

Today, most (if not all) structural engineering offices use software—typically
based on the Finite Element Method as mentioned in the previous section, but
not only—to assess the structural condition of old RC buildings and rehabilita-
tion interventions that may be required. The present section deals with some of the
numerical models that are often used for such intent.

The number of non-linear mechanisms that describe the behaviour of RC in its
cracked state is countless. It ranges from compression and tension softening to creep,
shrinkage, core confinement effects, aggregate interlock, rebar bond slip, dowel
action, tension stiffening, scale effects, and so on. The role of each of those mech-
anisms in the strength and deformation capacity of the structure is highly depend-
ent on the type and magnitude of the applied loads (in the static, cyclic or dynamic
regimes), as well as on the geometrical and mechanical member properties. Despite
the current fast development of software for RC analysis, it is still virtually impos-
sible to build a numerical model that simultaneously accounts for all the aforemen-
tioned mechanisms and load case scenarios. Consequently, the engineer is faced with
the choice of selecting one (or a few) models that can provide a satisfactory insight
into the problem at hand. That decision becomes yet more delicate in the context of
assessment of old RC buildings, wherein additional physical phenomena—associated
to material deterioration and other damage sources—may have to be simulated too.

Likewise, the selection of the modelling methods to present in these few
pages is far from straightforward. Nevertheless, the very fact that RC buildings,
from the force flow viewpoint, are essentially frame structures justifies address-
ing beam-column elements in the next section. Not only they are indispensable
in almost every RC building model, but quite often also the only component used
in assembling large models. The latter element can be suitably supplemented by
a multipurpose analysis tool that, although applicable to the whole RC structure,
is typically used near statistical or geometrical discontinuities: the strut-and-
tie method, discussed in the subsequent section. Its versatility implies success-
ful adaptation to the specificities of old buildings, in addition to modelling of
strengthening systems. Finally, some closing remarks on other relevant physical
1 i i niques are briefly addressed.
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3.1 The Fundamental Role of Frame Elements

Among the major sources of deformation on reinforced concrete structures, mem-
ber bending is typically the most important and should thus be always considered
in the corresponding models. Other mechanisms of deformation, including member
shear, second-order effects, anchorage slip, etc., are briefly referred in Sect. 3.3.

RC simulation should provide tools for reliable conventional assessment of
existing buildings (at the serviceability and ultimate states). However, in earth-
quake-prone regions, their seismic vulnerability is often the conditioning factor of
the overall assessment. Therefore, an ideal member model should be resourceful
enough to capture the flexural behaviour of reinforced and prestressed concrete
members in its various stages of linear and non-linear behaviour, both under static
and cyclic loading. The present section recalls efficient models for sectional and
element analysis that achieve the previous goal.

Due to the inherent 1D character of any beam theory, its displacement field can
be decomposed into a component along the beam longitudinal axis, and another in
the cross-section. The latter include the assumptions that make each beam theory
unique, leading to a specific set of beam local compatibility and equilibrium equa-
tions, as well as their boundary counterparts.

In particular, the well-known Euler—Bernoulli hypothesis of plane sections
remaining plane and perpendicular to the longitudinal axis gives rise to the most
widely used beam theory for simulation of member flexural behaviour. Therein,
the distribution of uniaxial normal strains is uniquely defined throughout the
cross-section by the strain at the reference axis and the curvature (or curvatures
about the two axes, if bi-axial bending is considered). The sectional behaviour
can be best simulated by discretising the section into layers (or fibres—s in Fig. 5,
for bi-axial bending), wherein it is assumed that the strain in each layer (fibre)

Reinforcing Steel Fibre

Concrete Cover Fibre

Concrete Core Fibre

discretisation into concrete/steel fibres (right)

ol LElUMN Zyl_i.lbl
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is uniform and equal to the strain at the centre of that layer (fibre). Making use
of appropriate concrete and steel strain—stress relations, the corresponding normal
stress is obtained. Their sectional integration is obtained by summation through-
out the layers (fibres), yielding the axial force and moment(s) [31]. An advantage
of the latter method is that the axial force-bending moment(s) interaction in both
directions is directly simulated, as well as the post-peak softening response.

Alongside the sectional response, the other crucial point in the simulation of
member behaviour is the choice of the element model. Shortly, the solution of the
previously mentioned compatibility or equilibrium equations leads to two dis-
tinct types of frame finite element formulations: the classical displacement-based
(DB), for long the most widely employed in structural analysis software, and the
force-based (FB) approach, which now has stable and efficient state determination
algorithms [32]. The former enforce a linear curvature and constant axial strain
along the element. On the other hand, the latter assume a constant approximating
polynomial for the axial force and a linear shape function for the bending moment.
Under nodal element loading, it is thus apparent that the features of the FB formu-
lation allow for a strict verification of equilibrium along the length, which holds
irrespective of material constitutive behaviour. The DB element, on the other hand,
only provides exact response for linear elastic behaviour. Furthermore, it can also
be shown that span loading can be directly and exactly accounted for in FB formu-
lations, unlike DB, and that no shear-locking phenomena exists. The first sensible
consequence of the abovementioned features is that practitioners should give pref-
erence to FB over DB elements.

The strict verification of equilibrium is an advantage of fundamental relevance
whenever the member response simulation involves highly non-linear material
behaviour, such as under seismic loads (where cyclic uniaxial material laws must
be utilized) or blast loads. It also implies that only one FB element is required to
model each structural member, whilst a refined mesh of DB elements is called for
to attain results of a comparable level of accuracy. Nevertheless, FB elements can
also be very effectively employed to model structural behaviour in earlier stages of
post-cracking response. The model’s exact consideration of distributed loading, for
instance, proves of the utmost significance for the computation of deflections for
service load checks, wherein gravity and other span live loads control.

Consider a simply supported, uniformly loaded, eccentrically prestressed con-
crete beam. While the load is low, the beam will be curved upward. A single FB
element with a layered section approach can be used to estimate the short-term
camber. The long-term upward deflection—accounting for creep, shrinkage and
relaxation—can also be straightforwardly predicted with the same model through
adequate modification of the strain—stress relationships of the prestressing strands
and concrete. For an increasing value of the uniformly distributed load, failure will
eventually occur at mid-span, and once again the previous simple finite element
scheme can be used to compute the corresponding deflection. Many strengthening
techniques can also be modelled with the current method.

However, the element response also depends on the integration scheme and
1 i 1 ectional response is computed. The use
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— Integration Point |
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Fig. 6 Recommended lower bound for FB elements: five-point Gauss—Lobatto integration

of a Gauss—Lobatto integration scheme is advised as it controls the end sections of
the element, which are privileged locations for the occurrence of inelastic behav-
iour. The number of integration points to consider is a question of required numer-
ical accuracy: five can be roughly considered as the lower bound—see Fig. 6, but
seven or even more may be advisable on occasion.

Finally, it is noted that if softening branches of the moment—curvature relation
are attained (in one or more integration points), a pathological numerical behav-
iour known as strain-localisation takes place. As a consequence, the model results
begin losing their physical meaningfulness and regularization techniques should
be applied to restore it [33].

3.2 Strut-and-Tie in Assessment and Rehabilitation

It is most likely that the standards on which the design of an ‘old’ RC building was
based no longer comply with current state-of-the-art principles, in terms of model-
ling and analysis methods, as well as detailing rules. Furthermore, it is also very
probable that all computations were carried out by hand. Therefore, the influence
of computer-aided methods of structural simulation—fundamentally connected to
the development of the Finite Element Method—cannot be found.

Although many regular RC buildings can be entirely modelled by frame
elements (henceforth denoted as B-regions, from Bernoulli or beam), there are
also, in general, statical or geometrical discontinuity zones depicting two or
three-dimensional stress states that require further special-purpose analysis and
verification. In those so-called D-regions (from disturbed or discontinuity), the
i i i ered analysis do no longer apply since
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plane sections do not remain plane, transverse strains may not be negligible, etc.
Additionally, old structures often evidence distinct effects of damage, such as
cracking patterns, deterioration of concrete, rebar corrosion, etc., and it would thus
be most helpful to bring such information inside the modelling and analysis frame-
work process. Finally, within the context of rehabilitation, simulation of possible
strengthening solutions is also frequently required.

The so-called strut-and-tie modelling (STM) is a versatile tool that rationally
tackles the aforementioned points (D-regions, damage and strengthening) and
whose relevance has been recognized by incorporation into major international
codes for structural concrete. Since the famous works by Marti [34] and Schlaich
[35], almost 30 years ago, the STM has progressively established as a powerful
analysis and design method—now increasingly computerized—that has replaced
the empirical approaches historically applied in the design of D-regions.

Figure 7a depicts an example of division between B-regions—analysed in the
previous section—and D-regions in a frame, assumed under in-plane loading.
Typically, D-regions are areas under point or reaction loads, openings, re-entrant
corners, frame joints, etc. Based on Saint—Venant’s principle, the dimensions
of a D-region can be taken within a distance corresponding to the largest of the
depth or width of the member to either side of the disturbance, see Fig. 7b. Once
D-regions are identified they can be isolated for analysis purposes.

(a)
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Fig. 7 a Illustrative identification of B-and D- regions in cracked frame structure; b STM for
ion D i ith indicati geometrical properties
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STM is based on the theory of plasticity and requires sketching, for each
D-region, an internal truss (which consists of struts, ties and nodes) representing a
statically admissible field. The latter has to be in equilibrium: (i) externally, with the
applied loading and reactions (boundary forces from supports or adjacent B-regions);
(ii) internally, at each node. The method produces a lower bound solution and there-
fore conservative predictions of the ultimate capacity of D-regions are obtained.

In general, ties represent one or multiple layers of reinforcing or prestressing
steel. A strut represents a concrete compressive stress field whose centreline is
in the same direction of the predominant principal stresses. It can have distinct
shapes (prismatic, bottle-shaped, fan-shaped) [35], but in STM a uniform distribu-
tion is typically assumed. The effective cross-sectional area of the strut is given by
A, = w X t, where ¢ is the member thickness and w is the critical effective width,
both indicated in Fig. 7b. Finally, nodes are regions where forces are transferred
between struts and ties.

The stress limit of a strut (also known as effective strength), f;,, is obtained
from the uniaxial concrete compressive strength, f.”, and the so-called effective-
ness factor, v (<1.0), as follows: f.,, = v f.”. The purpose of the previous effec-
tiveness factor v is to account for the limited deformation capacity of concrete, its
post-peak softening behaviour, the strength reduction caused by the shape of the
strut’s stress field and disturbances due to cracks and tensile strains, and still the
strength degradation that may arise during cyclic loading. The effectiveness fac-
tor can also consider strength enhancements from confinement, as that provided
by transversal reinforcement. Assuming a uniformly distributed stress field, the
capacity of the strut is given simply by F, = A¢ feu-

On the other hand, the stress in the ties is limited by the yield strength of ordinary
reinforcing steel, f, or prestressing steel, f,,,. Hence, the capacity of the tie is computed
by Fu =fy Ay + Afy Aps, Where Ay is the area of rebars, Ay is the area of prestressing
steel, and Af, is the difference between f,, and the installed prestressing steel stress.

It should be noted that more than one STM may be envisaged for each load
case, as long as equilibrium is satisfied. However, attention is required in order
to respect the limited deformation capacity of concrete. This is the most time-
consuming phase of the process, often requiring iterations to optimize the model
and satisfy stress limit criteria. The devised truss should stand as an idealization
of the actual flow of tensile and compressive forces in the region. Whilst experi-
ence is advantageous, the following tips can also prove useful: (i) loads tend to
reach the support through the shortest path, (ii) the nodal angle between struts and
ties should be reasonably large to minimize strain incompatibilities caused by strut
shortening and tie lengthening in almost the same direction, (iii) based on the prin-
ciple of minimum strain energy after cracking and the smaller deformability of
concrete struts in comparison to steel ties, Schaich et al. [35] proposed to select
STMs that minimize the total length of the ties. However, other less subjective aids
can be used in sketching the STM, as follows.

To start with, the engineer can and should take advantage of previously existing
STMs associated with similar regions (under analogous loading conditions) that
i i idelinesyand standards. A common alternative is
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to arrange the STM according to the elastic principal stresses produced by a finite
element model, which will arguably satisfy both serviceability and ultimate limit
states of D-regions; the deviation between the STM and the elastic solution should
be kept within 15 degrees [35]. More recently, techniques for automatic generation
of STMs, based on system performance criteria and topology optimization of con-
tinuum structures, have been developed [36, 37]. They are a few examples of the
great increase in STM software, which is generalizing.

One should also look at the particulars of analysing existing members and
at how damage inspection of old buildings can be used to calibrate appropriate
STMs. The review of the building construction plans is invaluable, since they
contain clear indications on the physical placement of the steel reinforcement
and hence the centroid of the modelled ties can be accurately determined. In
their absence, monitoring of crack patterns assumes extra pertinence. It is known
that principal compressive stresses are parallel to cracks, which are caused by
the orthogonal principal tensile stresses; therefore, struts should be set along the
cracks’ direction, and possibly centred in the cracked region width. Figure 7a and
b, as well as Fig. 8a and c, help understanding the aforementioned relation. On
the other hand, clear signs of concrete degradation, evidence of rebar corrosion or
steel—concrete bonding problems, should also be duly accounted for in the STM.
That can be achieved by readjustment of the truss or by an appropriate reduction
(or even elimination) of the capacity of the concerned struts and ties.

(a)

W‘ﬂ

1

Fig. 8 a STM for region D2 of Fig. 7, with sample calculations, b Alternative STM for region
) ismi ST ion D TM for region D4
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The selection of the effective width w of a strut is usually computed so that the
strut’s capacity is larger than the force it carries. On the other hand, there is also a
tie effective width that can be computed during the analysis of the node in order to
satisfy the nodal bearing capacity. Several methods for construction and verifica-
tion of nodes, which won’t be addressed, have been proposed up to now, including
the hydrostatic approach [34] and the modified hydrostatic approach [38].

Figure 8a shows a straightforward computation of sample truss member forces; it is
noted that other more complex STMs may be challenging in that they may imply solv-
ing statically indeterminate systems. Figure 8b illustrates the necessity that can arise,
on occasion, of sketching a different truss when a distinct load case is considered.

Finally, it is highlighted that the STM can also be used in the rehabilitation con-
text to assess the efficiency of a specific strengthening technique. Using the same
underlying principles of static admissibility and flow of forces, STM—eventually
combined with frame fibre analysis—can readily simulate common retrofitting
solutions such as RC or steel member jacketing, steel bracing, infill strengthening,
use of fibre reinforced polymers, etc.

3.3 Other Relevant Modelling Tools

From the major sources of deformation on reinforced concrete buildings, mem-
ber bending is typically the most important and is therefore always considered by
linear and non-linear beam-column models, such as those of Sect 3.1. However,
besides normal stresses, shear stresses are also present in frame members that may
result in diagonal cracking. The latter can lead to premature member failure unless
adequate reinforcement has been provided.

In frame elements, a Timoshenko or a higher-order beam theory must be
considered to simulate shear deformation, and the corresponding governing
equations solved either with a displacement-based or force-based formulation.
At the sectional level, the most simplified approaches use approximate shear
force-shear deformation relationships. More detailed frame models employs 2D
or 3D material models for reinforced concrete to characterize the layer (fibre)
behaviour; however, the assumed imposition of a sectional shear-strain profile is
unable to respect local equilibrium throughout the whole range of non-linear anal-
ysis. Therefore, the correct coupling between normal and shear stresses cannot be
reproduced in a direct way, which impairs the theoretical soundness of such mod-
els. Several iterative procedures with simplifying assumptions have been proposed
by different authors [39], but further developments are still required in this com-
plex field of research.

On the opposite end of the modelling spectrum one can find detailed 2D or 3D
finite element models. Advanced concrete models are required, for instance based
on non-linear elasticity, theory of plasticity, fracture, microplane models, etc. They
have been used by the research community to reproduce the behaviour of RC
i i ations, but are not a practical tool for
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practitioners. Additionally, they call for a demanding combination of expertise in
numerical modelling, as well as powerful processing capabilities.

Second-order effects can also be relevant in assessing serviceability and failure
limit states. For each type of structural element (beam, plate, shell, solid...) there
is a wealth of theoretical models to account for such effect. In view of the dis-
cussion in Sect. 0, it is worth mentioning the appropriateness of the co rotational
approach for non-linear geometrical analysis of force-based elements [40].

Fixed end rotations, caused by slip of longitudinal steel reinforcing bars along their
embedment length in beam-column joints, or footings, can be another important mech-
anism of member deformation. In terms of contribution to the total lateral member dis-
placement, it may represent, on occasion, almost as much as the flexural component
during inelastic response [41]. It is possible to find in the literature different simula-
tion methods and pseudo-empirical expressions addressing this issue, but again there
is room for more insightful research on the mechanics of its non-linear performance.

Finally, a thorough assessment of the condition of old buildings may require
assessing the influence of additional physical phenomena, for which adequate
models can in general be found. One may wish to consider, for instance, creep
and shrinkage in concrete, corrosion of reinforcement (which affects not just the
rebars, but bond, cracking and spalling of concrete), the deformability of beam-
column joints and foundations, crack widths and propagation, among others.

4 Final Remarks

Some guidance and paths were shown in the previous sections, as well as state-
of-the-practice tools and solutions for current engineering problems that research-
ers and engineers may face while developing numerical models for masonry and
RC structures. It is thus expected that some uncertainties related to modelling
issues were mitigated, contributing to an improvement of the overall quality of the
numerical model and subsequent results.

Nevertheless, one of the foremost remarks is that there is no unique solu-
tion for the modelling of an existing structure. The usage of different modelling
approaches, such as sub-assemblages and detailed finite element analysis of com-
ponents of a structure, together with macro analysis of the complete construction,
increases the global knowledge of structural performance and confidence on the
developed numerical model.

The selection of the adequate tools, methods and elements is a crucial step, to
the success of the model, as thoroughly discussed for masonry and RC structures.
Moreover, the inspection of the current conditions of the structure is of meaningful
importance for tuning the numerical model, and therefore to obtain reliable final
assessment results. For masonry structures, materials and connections should be
checked with particular care, while for RC buildings, concrete cracking, rebar cor-
rosion, and other damage sources should be identified for the definition of appro-
priate material properties of beam-column models, as well as configuration and
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For the overall interpretation of the results, the engineering judgment and
experience will play a decisive role, yet the guidelines presented herein are expected
to reduce modelling uncertainties and assist in the final decision making process.

References

1. CEN (2007) EN 13791: assessment of in situ compressive strength in structures and precast
concrete components

2. NTC (2008) Norme Tecniche per le Costruzioni, D. M. 14 gennaio 2008, Suppl. ord. n° 30
alla G.U. n. 29 del 4/02/2008, Consiglio Superiore dei Lavori Pubblici

3. CEN (2005) EN 1998-3: Eurocode 8-Part 3: Assessment and Retrofitting of Buildings

4. ACI 214.4R-10 (2010) Guide for obtaining Cores and interpreting compressive strength
results. ACI Committee 214

5. Ilharco, T., Costa, A.A., Lopes, V., Costa, A., Guedes, J.: Assessment and intervention on the
timber structure of a XVII century building in Lisbon: an example of seismic retrofitting.
Revista Portuguesa de Engenharia de Estruturas II(11), 25-38 (2012)

6. Binda, L., Saisi, A.: Research on historic structures in seismic areas in Italy. Prog. Struct.
Mat. Eng. 7(2), 71-85 (2005)

7. Oliveira, D.: Experimental and numerical analysis of blocky masonry structures under cyclic
loading. PhD Thesis (2003)

8. Lourencgo, P.B.: Computations on historic masonry structures. Prog. Struct. Mat. Eng. 4(3),
301-319 (2002)

9. Casarin, F.: Structural assessment and vulnerability analysis of a complex historical Building.
PhD Thesis, University of Trento, Trento, Italy (2006)

10. Orduiia, A., Lourenco, P.B.: Limit Analysis as a tool for the simplified assessment of ancient
masonry structures. In: International Conference on Structural Analysis of Historical
Constructions—SAHCO1, Guimaries, Portugal, pp. 511-520 (2001)

11. Lourencgo, P.B., Milani, G., Tralli, A., Zucchini, A.: Analysis of masonry structures: review of
and recent trends of homogenisation techniques. Can. J. Civil Eng. 34, 1443-1457 (2007)

12. Sacco, E.: A non-linear homogenization procedure for periodic masonry. Eur. J. Mech.
A/Solids, Elsevier Masson SAS 28(2), 209-222 (2009)

13. Costa, A.A., Silva, B., Aréde, A., Guedes, J., Aréde, A., Costa, A.: Experimental assessment,
numerical modelling and strengthening of a stone masonry wall. Bull. Earthq. Eng. 10(1),
135-159 (2012)

14. Lourenco, P.B., Rots, J.G.: A multi-surface interface model for the analysis of masonry struc-
tures. J. Eng. Mech. ASCE 123(7), 660-668 (1997)

15. Lagomarsino, S., Gambarotta, L.: Damage models for the seismic response of brick masonry
shear walls. Part I: The mortar joint model and its applications. Earthquake Eng. Struct.
Dynam. 26, 423-439 (1997)

16. Pela, L., Aprile, A., Benedetti, A.: Seismic assessment of masonry arch bridges. Eng. Struct.
31(8), 1777-1788 (2009)

17. Mallardo, V., Malvezzi, R., Milani, E., Milani, G.: Seismic vulnerability of historical
masonry buildings: a case study in Ferrara. Eng. Struct. 30(8), 2223-2241 (2007)

18. Roca, P, Massanas, M., Cervera, M., Arun, G.: Structural analysis of Kiiciik Ayasofya
Mosque in Istanbul. IV International Seminar on Structural Analysis of Historical
Constructions—SAHCO04, Padova, Italy, pp. 679-686, (2004)

19. Martinez, G., Roca, P., Caselles, O., Clapés, J.: Characterization of the dynamic response
for the structure of Mallorca Cathedral. V International Seminar on Structural Analysis of
Historical Constructions—SAHCO06, New Delhi, India, (2006)

20. Faria, R., Oliver, J., Cervera, M.: A strain-based plastic viscous-damage model for massive

e i 4), 1533-1558 (1998)




Numerical Modelling Approaches for Existing Masonry and RC Structures 305

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31
32.
33.

34,
. Schlaich, J., Schafer, K., Jennewein, M.: Toward a consistent design of structural concrete.

36.
37.
38.
39.

40.

41.

Cervera, M.: Visco-elasticity and rate-dependent continuum damage models. Centre for
Numerical Methods in Engineering—CIMNE, Monograph M79, Barcelona, Spain, (2003)
Faria, R., Pouca, N.V., Delgado, R.: Simulation of the cyclic behaviour of R/C rectangular
hollow section bridge piers via a detailed numerical model. J. Earthquake Eng. 8(5), 725-748
(2004)

Clemente, R., Roca, P., Cervera, M.: Damage model with crack localization—Application to
historical buildings. Structural V International Seminar on Structural Analysis of Historical
Constructions—SAHCO06, New Delhi, India, pp. 1125-1135, (2006)

Pela, L., Cervera, M., Roca, P., Benedetti, A.: An orthotropic damage model for the analy-
sis of masonry structures. VIII International Seminar on Structural Masonry—ISSM 08,
pp. 175-178 (2008)

Silva, B., Guedes, J., Aréde, A., Costa, A.: Calibration and application of a continuum dam-
age model on the simulation of stone masonry structures: Gondar church as a case study.
Bull. Earthq. Eng. 10(1), 211-234 (2012)

Mola, F., Vitaliani, R.: Analysis, diagnosis and preservation of ancient monuments: the
St. Mark’s Basilica in Venice. Structural analysis of historical constructions [—CIMNE,
Barcelona, Spain, pp. 166—188 (1995)

Meli, R., Sdnchez-Ramire, A.R.: Structural aspects of the rehabilitation of the Mexico City
Cathedral. Structural analysis of historical constructions I—CIMNE, Barcelona, Spain,
pp- 123-140 (1995)

Macchi, G., Ruggeri, M., Eusebio, M., Moncecchi, M.: Structural assessment of the lean-
ing tower of Pisa. Structural preservation of the architectural heritage, IABSE, Ziirich,
Switzerland, pp. 401-408 (1993)

Croci, G.: The Colosseum: safety evaluation and preliminary criteria of intervention.
International Seminar on Structural Analysis of Historical Constructions—SAHC, Barcelona,
Spain (1995)

Gonzalez, A., Casals, A., Roca, P., Gonzalez, J.L.: Studies of Gaudi’s Cripta de la Colonia
Giiell. International Conference on Composite Construction—Conventional and Innovative—
IABSE, Rome, Italy, pp. 457-464, (1993)

Collins, M.P., Mitchell, D.: Pre-stressed concrete structures. Response Publications, Canada
(1997)

Neuenhofer, A., Filippou, F.C.: Evaluation of non-linear frame finite-element models.
J. Struct. Eng. 123(7), 958-966 (1997)

Calabrese, A., Almeida, J.P., Pinho, R.: Numerical issues in distributed inelasticity modeling
of RC frame elements for seismic analysis. J. Earthquake Eng. 14(S1), 38-68 (2010)

Marti, P.: Basic tools of reinforced concrete beam design. ACI J. Proc. 82(1), 45-56 (1985)

J. Prestress Concr. Inst. 32(3), 74-150 (1987)

Ali, M.A., White, R.N.: Automatic generation of truss model for optimal design of reinforced
concrete structures. ACI Struct. J. 98(4), 431-442 (2001)

Liang, Q.Q., Uy, B., Steven, G.P.: Performance-based optimization for strut-tie modeling of
structural concrete. J. Struct. Eng. 128(6), 815-823 (2002)

Schlaich, M., Anagnostou, G.: Stress fields for nodes of strut-and-tie models. J. Struct. Eng.
116(1), 13-23 (1990)

Bentz, E.C.: Section analysis of RC members. PhD Thesis. University of Toronto, Canada,
(2000)

de Souza, R.M.: Force-based finite element for large displacements inelastic analysis of
frames. PhD Thesis. University of California, Berkeley, US, (2000)

Sezen, H.: Seismic behavior and modeling of reinforced concrete building columns. PhD
Thesis. University of California, Berkeley, US, (2002)




Seismic Vulnerability and Risk Assessment
of Historic Masonry Buildings

Romeu Vicente, Dina D’Ayala, Tiago Miguel Ferreira,
Humberto Varum, Anibal Costa, J. A. R. Mendes da Silva
and Sergio Lagomarsino

Abstract Seismic risk evaluation of built-up areas involves analysis of the level of
earthquake hazard of the region, building vulnerability and exposure. Within this
approach that defines seismic risk, building vulnerability assessment assumes great
importance, not only because of the obvious physical consequences in the even-
tual occurrence of a seismic event, but also because it is the one of the few potential
aspects in which engineering research can intervene. In fact, rigorous vulnerability
assessment of existing buildings and the implementation of appropriate retrofit-
ting solutions can help to reduce the levels of physical damage, loss of life and the
economic impact of future seismic events. Vulnerability studies of urban centres
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should be developed with the aim of identifying building fragilities and reducing
seismic risk. As part of the rehabilitation of the historic city centre of Coimbra, a
complete identification and inspection survey of old masonry buildings has been car-
ried out. The main purpose of this research is to discuss vulnerability assessment
methodologies, particularly those of the first level, through the proposal and devel-
opment of a method previously used to determine the level of vulnerability, in the
assessment of physical damage and its relationship with seismic intensity.

Keywords Vulnerability ¢ Risk ¢ Masonry e Fragility curves ¢ Damage scenarios

1 Vulnerability Assessment and Risk Evaluation

The assessment of the vulnerability of the building stock of an urban centre is an
essential prerequisite to its seismic risk assessment. The other two ingredients are
the expected hazard over given return periods and the distribution and values of the
assets constituting the building stock. All three elements of the seismic risk assess-
ment are affected by uncertainties of aleatory nature, related to the spatial vari-
ability of the parameters involved in the assessment, and epistemic, related to the
limited capacity of the models used to capture all aspects of the seismic behaviour of
buildings and of describing them in simple terms, suitable for this type of analysis.
Hence it should always be kept in mind that the computation of a risk level is highly
probabilistic, and that to accurately represent the risk the expected values should
always be accompanied by a measure of the associated dispersion. A very prelimi-
nary estimate of the seismic capacity of the local building stock can be obtained by
consulting the requirement included in the seismic standards and code of practices
in force at the time of construction of such buildings. This information together with
a temporal and spatial record of the growth of the urban centre can provide a first
definition of classes of buildings assumed to have different capacity class by class.
This information can be obtained by looking at past and present cadastral maps with
ages of buildings and knowing the historical development and enforcement of codes
at the site. In general however for a correct assessment of the seismic risk a more
detailed inventory and classification should be considered, the extent of which is a
function of the economic and technical resources available and of the extent of the
area under investigation and the diversity within the building stock.

In the case of historic masonry buildings constituting the core of city centres
data on their structural layout and lateral capacity cannot generally be obtained
from seismic standard, as this do not include these buildings typologies. However
in the last twenty years extensive historical studies on the development of so-
called non engineered structural typologies and documentation of the associ-
ated local construction techniques have been produced in many region of Europe
exposed to significant earthquake hazard. These studies tend to provide construc-
tion details and qualitative assessment that can constitute some of the ingredients
i ility assessment, based on engineering
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principles. For instance a study at the urban scale can provide insight on the shape
of single buildings and aggregate and hence an understanding of the interactions
among buildings. Details on floor construction and layout, type and layout of
masonry, presence of connections among walls, can lead the seismic assessor to a
qualitative judgement of relative robustness and resilience of different construction
solutions. It is however only when these details are interpreted within a mechani-
cal framework and the relations among the parts expressed in mathematical terms
that the relevance of the various parameters to the overall seismic behaviour can
be established and the relative vulnerability of different objects quantified with
a measured level of reliability. To achieve so, such information cannot be simply
descriptive, but needs to be collected in a systematic way to be used in mathemati-
cal models. Moreover in order to correctly measure the level of uncertainty and
hence reliability of the risk assessment of a particular urban centre, the sampling
and data collection needs to follow some consistent rules.

The appropriate approach to a seismic risk assessment at territorial scale needs to
address diverse issues, to balance the relative simplicity of the analysis vis-a-vis the
variability in the building stock, so as to properly represent the diverse typologies
present and hence accurately characterise the global vulnerability and cumulative
fragility, while explicitly accounting for the uncertainties related to modelling limita-
tion, the inherent randomness of the sample, and the randomness of the response.

For ordinary buildings seismic risk assessment is typically carried out for the
performance condition of life safety and collapse prevention, related to a seismic
hazard scenario related to a 10 % probability of exceedence in 50 year or 475 year
return period. For historic buildings in city centre and in case of assets of particu-
lar value, it might be more appropriate to consider the performance condition of
damage limitation or significant damage associated to lower-intensity and shorter
return period seismic hazard. Recently has been argued by the author that for spe-
cific studies of high value historic buildings, such as the ISMEP project [1], and
where sufficient information on the seismicity of the region is available, such as
the case of Istanbul, a deterministic analysis can be used to define the hazard,
rather than the probabilistic one, and consider the most credible seismic scenario
within the set timeframe of assessment.

In the following sections of the chapter, after a review of earlier approaches
to seismic vulnerability, the derivation of fragility functions is illustrated for three
different methodologies: an empirical approach based on a modified version of the
Vulnerability Index [2], an analytical approach based on mechanical simulation
called FaMIVE [3] and a similar analytical approach for aggregates.

2 Vulnerability Assessment Methodologies

As stated in the introduction, when performing vulnerability assessment of large
numbers of buildings and over an urban centre or a region, the resources and
1 i i 1 i and thus the use of less sophisticated
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and onerous inspection and recording tools is more practical. Methodologies
for vulnerability assessment at the national scale should hence be based on few
parameters, some of an empirical nature based on knowledge of the effects of past
earthquakes, which can then be treated statistically.

In the recent past, European partnerships [4—6] constituting various work-
groups on different aspects of vulnerability assessment and earthquake risk
mitigation have defined, particularly for the former, methodologies that are
grouped into essentially three categories in terms of their level of detail, scale of
evaluation and use of data (first, second and third level approaches). First level
approaches use a considerable amount of qualitative information and are ideal
for the development of seismic vulnerability assessment for large scale analysis.
Second level approaches are based on mechanical models and rely on a higher
quality of information (geometrical and mechanical) regarding building stock.
The third level involves the use of numerical modelling techniques that require a
complete and rigorous survey of individual buildings. The definition and nature
of the approach (qualitative and quantitative) naturally condition the formulation
of the methodologies and the level at which the evaluation is conducted, from the
expedite evaluation of buildings based on visual observation to the most complex
numerical modelling of single buildings (see Fig. 1).

A most important criterion of distinguishing vulnerability approaches for
historic buildings, is whether the method is purely empirical, i.e. based on obser-
vation and record of damage in past earthquake, from which a correlation between

[_BUILDING AGGHREGATE
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building typologies and damage level given a seismic intensity level can be
derived, or analytical, where a model of a representative building for a typology
is defined, and the response of such model to expected shaking intensities is com-
puted. The first approach is particularly suited to historic city centres where a
record of past earthquakes is available and damage to the building has been col-
lected systematically over a number of events. This is for instance the case of the
GNDT-AEDES approach developed in Italy over several decades from the earth-
quake in Friuli onwards [7]. The second approach is suitable to areas for which
construction details are recorded and well understood, there might be some experi-
mental work available to characterise their mechanical behaviour, there is some
record of damage to calibrate the procedure, but most importantly they are suit-
able to be used to produce scenarios for future event and help define strengthening
strategies, at the level of the single building, urban block, district or entire city [4].

A third approach is the heuristic or expert opinion approach by which vulner-
ability is attributed to building typologies by a panel of experts elicited to perform
an assessment based on a common set of information and their previous knowl-
edge. An example of such approach is the development of the vulnerability classes
defined within the European Macroseismic Scale EMS-98 [8]. To the above three
approaches a fourth, hybrid, can be added.

Following the first example of such classification developed by [8] and refined
by [9], vulnerability approaches can also be grouped in direct and indirect. A
brief review of the most significant approaches in each group is included in the
reminder of this section.

Direct techniques use only one step to estimate the damage caused to a structure
by an earthquake, employing two types of methods; typological and mechanical:

Typological methods—classify buildings into classes depending on materials,
construction techniques, structural features and other factors influencing building
response. Vulnerability is defined as the probability of a structure to suffer a certain
level of damage for a defined seismic intensity. Evaluation of damage probability
is based on observed and recorded damage after previous earthquakes and also on
expert knowledge. Results obtained using this method must be considered in terms
of their statistical accuracy, since they are based on simple field investigation. In
effect the results are valid only for the area assessed, or for other areas of similar
construction typology and equal level of seismic hazard. Examples of this method
are the vulnerability functions or Damage Probability Matrices (DPM) developed
by [9], in which a matrix for each building type or vulnerability class is defined that
directly correlates seismic intensity with probable level of damage suffered.

Mechanical methods—predict the seismic effect on the structure through the use
of an appropriate mechanical model, which may be more or less complex, of the
whole building or of an individual structural element. Methods based on simpli-
fied mechanical models are more suitable for the analysis of a large number of
bulldlngs as requlre only a few 1nput parameters, modest computing burden and
C ations. A commonly used method belonging
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to this group is the limit state method, based on limit state analysis (displacement
capacity and demand) [10] applied this method to the analysis of the historic city
centre of Catania considering only in plane mechanisms. The FAMIVE method
[11] is a more holistic and reliable mechanically-based method, considering a
suite of different mechanisms directly correlated to structural and constructional
features. More sophisticated methods are generally used to evaluate single struc-
tures at a higher level of detail (in terms of building structure and construction)
and are based on more refined modelling techniques. The analytical procedure for
this type of method can involve non-linear static push over analysis such as the
methodologies at [12, 13] and Capacity Spectrum Method (CSM) [14]. Examples
of CSM application are provided in Sects. 3.2 and 3.3.

Indirect techniques initially involve the determination of a vulnerability index,
followed by establishment of the relationships between damage and seismic inten-
sity, supported by statistical studies of post-ecarthquake damage data. This form of
evaluation is used extensively in the analysis of vulnerability on a wide scale. Of
the various techniques currently available, the methodology initially developed
by GNDT in the 1980s has undergone various modification and applications, for
example Catania in 1999 and Molise in 2001 [7]. The method involves the deter-
mination of a building vulnerability classification system (vulnerability index)
based on observation of physical construction and structural characteristics. Each
building is classified in terms of a vulnerability index related to a damage grade
determined via the use of vulnerability functions. These functions enable the for-
mulation, of the damage suffered by buildings for each level of seismic intensity
(or peak ground acceleration, PGA) and vulnerability index. These types of meth-
ods use extensive databases of building characteristics (typological and mechani-
cal properties) and rely on observed damage after previous earthquakes to classify
vulnerability, based on a score assignment. The rapid screening ATC-21 technique
(1988) is extensively used in the U.S. to obtain such a vulnerability score [15]. An
example of application of GNDT approach is shown in Sect. 3.1

Conventional techniques are essentially heuristic, introducing a vulnerability index
for the prediction of the level of damage. There are essentially two types of approach:
those that qualify the different physical characteristics of structures empirically and
those based on the criteria defined in seismic design standards for structures, eval-
uating the capacity-demand relationship of buildings. ATC-13 [16], the best known
of the first type, defines damage probability matrices for 78 classes of structure, 40
of which refer to buildings. Uncertainty is treated explicitly through a probabilistic
approach. The HAZUS methods [17] belongs to the second type, providing param-
eters for capacity curves and damage through the CSM approach. Damage level are
derived heuristically for 36 building classes [18]. For each construction type and level
of earthquake-resistant design, the capacity of the structure, spectral displacement
and inter-story drift limit are defined for different levels of damage.

Hybrid techniques combine features of the methods described previously, such
ili i ed vulnerability and expert judgment, in
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Fig. 2 Database and GIS framework (from [20])

which vulnerability is based on the vulnerability classes defined in the European
Macroseismic Scale, EMS-98 [8]. This is the case in the Macroseimic Method
devised by [19], which combines the characteristics of typological and indirect
methods using the vulnerability classes defined in the EMS-98 scale and a vulner-
ability index improved by the use of modification factors.

For a robust decision making process following a risk analysis of a region it
is essential to visualise and interpret the results considering their spatial distribu-
tion. The use of relational database within a GIS environment, allows to manage
data regarding historic building stock characteristics, conservation requirements,
seismic vulnerability, damage and loss scenarios, cost estimation and conduct risk-
impact assessment.

Figure 2 represents such an application. Such platforms allow visualising
both collected data and damage distributions for different hazard scenarios, and
depending on the resolutions results can be mapped down to a single building.

3 Vulnerability of Historic Masonry Buildings

3.1 Empirical Approach

Historic masonry buildings do not have adequate seismic capacity and conse-
quently require special attention due to their incalculable historical, cultural and
architectural value. The amount of resources spent on their vulnerability assess-
ment and structural safety evaluation is justifiable, since not only does a first level
assessment [21, 22] include building inspection, but also can help in the identi-
fication of building for which a more detailed assessment is required, as well as
the definition of priorities for both retrofitting and in support of earthquake risk
management [23]. The definition and validation of a scoring method for the urban
istori ilding i scribed in this section.
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The methodology presented here can be classified as a hybrid technique. The
vulnerability index formulation proposed is based essentially on the GNDT Level
IT approach [7] based on post-seismic damage observation and survey data cov-
ering a vast area, focussing on the most important parameters affecting building
damage which must be surveyed individually.

Overall vulnerability is calculated as the weighted sum of 14 parameters (see
Table 1) used in the formulation of the seismic vulnerability index. These param-
eters are related to four classes of increasing vulnerability: A, B, C and D. Each
parameter represents a building feature influencing building response to seismic
activity. A weight pi is assigned to each parameter, ranging from 0.50 for the less
important parameters (in terms of structural vulnerability) up to 1.5 for the most
important (for example parameter P3 represents conventional strength) as shown
in Table 1. The vulnerability index obtained as the weighted sum of the 14 param-
eters initially ranges between 0 and 650, with the value then normalised to fall
within the range 0 < I, < 100. The calculated vulnerability index can then be used
to estimate building damage due to a seismic event of given intensity.

This procedure has been used in Italy for the last 25 years and was later adapted
by [24] for Portuguese masonry buildings and improved by: (i) introducing a
more detailed analysis based on better data on the building stock; (ii) clarifying
the definition of some of the most important parameters; and (iii) introducing new
parameters that take into account the interaction between buildings (structural
aggregates) and other overlooked building features. The addition of parameters
P5, P7 and P10 provides: the height of the building (P5); the interaction between
contiguous buildings (P7)—a very important feature when assessing buildings in
urban areas; and the alignment of wall fagade openings which affects the load path
and load bearing capacity (P10).

The 14 parameters are arranged into four groups, as shown in Table 1, in
order to emphasise their differences and relative importance (see [24]). The
first group includes parameters P1 and P2 characterising the building resisting
system, the type and quality of masonry, through the material (size, shape and
stone type), masonry fabric, arrangement and quality of connections between
walls; P3 roughly estimates the shear strength capacity; P4 evaluates the potential
risk of out-of-plane collapse, P5 evaluate the height and P6 the foundation soil. The
second group of parameters is mainly focused on the relative location of a building
in the area as a whole and on its interaction with other buildings (parameter P7).
This feature, not considered in other methodologies, is extremely important, since
the seismic response of a group of buildings is rather different to the response of
a single building. Parameters P8 and P9 evaluate irregularity in plan and height,
while parameter P10 identifies the relative location of openings, which is impor-
tant in terms of the load path. The third group of parameters, which includes P11
and P12, evaluates horizontal structural systems, namely the type of connection
of the timber floors and the thrust of pitched roofing systems. Finally, P13 evalu-
ates structural fragilities and conservation level of the building, while P14 meas-
ures the negative mﬂuence of non-structural elements with poor connections to the
in Table 1, among all parameters, P3, P5
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and P7 have the highest weight values (p;) in the vulnerability index. On the other
hand, parameter P2, P11, 12 and P13 are those whose increase could be defined as
representing a strengthening action (masonry consolidation, timber floor stiffening,
retrofitting of trussed roofing systems, effective connection between horizontal and
vertical structural elements and building maintenance strategy).

The definition of each parameter weight is a major source of uncertainty as it
is based on expert opinion. Consequently in order for the results to be accurately
interpreted statistically, upper and lower bounds of the vulnerability index, /, were
defined. This method can be considered robust when two conditions are verified:
(1) the inspection of the majority of buildings under analysis was carried out in
detail; and (ii) accurate geometrical information was available. A confidence level
indicator is associated with each parameter, so that the vulnerability index is also
coupled to a confidence level rating.

To resolve the conflict of a detailed inspection versus a large number of build-
ing to be inspected in an urban area a strategy is chosen to undertake a vulnerability
assessment in two phases: in the first phase, an evaluation of vulnerability index, 1,
is made for those buildings for which detailed information is available—geometrical
and morphological information, blue prints, survey sheets, etc. -; in the second phase
a more expeditious approach is adopted, based on the mean values obtained from the
first phase. The underlying assumption is that masonry building characteristics are
homogeneous in the region under study. The mean vulnerability index value obtained
for all masonry buildings in the first detailed evaluation is used as vulnerability index
for a typology, to be weighed by modifiers for each building. Classification of these
modifiers will affect the total vulnerability index computed in Table 1 as sum of all
the weighed parameters, some of which act as modifiers of the mean score.

Table 2 presents the seven modifier parameters and their scores in relation to
the average vulnerability value for each parameter. The vulnerability index, I,,
is defined according to the sum of the modifier parameter scores for each non-
detailed assessment.

Table 2 Vulnerability modifier factors and scores

Vulnerability classes, ¢,; Modified score:
Vulnerability modifiers A B C D pi _
7 — X (cvi — ¢vi)
P5  Number of floors —4.1 -3.1 0.0 6.2 i1 Pi
P6 Location and soil conditions —0.5 0.0 1.6 4.7 pi: parameter, i,
P7 Aggregate position and —1.0 0.0 3.1 9.3 ) )
interaction vs;elght assigned
P8 Plan configuration —2.1 —1.6 0.0 3.1 > pi sum of
P9 Regularity in height —2.1 —1.8 0.0 3.1 i=1 " ioht
P12 Roofing system 28 -21 00 41 parameter weights
P13 Fragilities and conservation —2.8 —2.1 0.0 4.1 cyi- modifier factor
state vulnerability class

Maximum modifier range, > Al, —15.3 —10.3 4.7 34.7 -
cyit average vulner-

ability class of
parameter i
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The scores for each parameter are defined with respect to the average value
of that parameter obtained for the mean value of the vulnerability index and the
weight of each parameter in the overall definition. For example, as the mean
vulnerability class value for parameter P8 (plan configuration) obtained by the
detailed assessment is taken as that of class C, the modifier scores are computed
with respect to this average value. The final vulnerability is defined as:

L=T+Y Al (1)

where 7, is the final vulnerability index, 1, is the average vulnerability index from
the detailed assessment and Y Al is the sum of the modified scores.

It is then possible to estimate damage associated with a certain level of seis-
mic intensity, /, described in terms of macroseismic intensity [8]. The validation
of this vulnerability index method was carried out by [21] through correlation
between the GNDT II method [2] and the EMS-98 Macroseismic Scale, as indi-
cated in [20]. On the basis of the EMS-98 scale damage definitions it is possible
to derive damage probability matrices for each of the defined vulnerability classes
(A-F). Through numerical interpretation of the linguistic definitions, Few, Many
and Most, complete Damage Probability Matrices (DPM) for every vulnerability
class may be obtained. Having solved the incompleteness using probability the-
ory, the ambiguity and overlap of the linguistic definitions is then tackled using
fuzzy set theory [25], by deriving, for each building typology and vulnerability
class, upper and lower limits for the correlation between macroseismic intensity
and mean damage grade.

For the operational implementation of the methodology, an analytical expres-
sion is proposed [26] which correlates hazard with the mean damage grade
(0 < up < 5) of the damage distribution (discrete beta distribution) in terms of the
vulnerability value, as shown in Eq. 2.

I14+625xV —127
Q

;LD=2.5+3><tanh( ) x f(V,I) )

where [ is the seismic hazard described in terms of macroseismic intensity, V
the vulnerability index as calculated by [20], Q a ductility factor and f(V, I) is a
function of the vulnerability index and intensity. The latter is introduced in order
to understand the trend of numerical vulnerability curves derived from EMS-98
DPMs for lower values of the intensity grades (/ =V and VI) where:

v
IXA=D [ <7
f(V,I):[e . 127

This analytical expression derives from the interpolation of vulnerability curves
calculated from the completed DPMs, as suggested in the EMS-98 scale. Used to
estimate physical damage, this mathematical formulation is based on work previ-

ility index, V, determines the position of the

3)
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curve, while the ductility factor, Q, determines the slope of the vulnerability func-
tion (rate of damage increases with rising intensity). Regression analysis and para-
metric studies performed by [27] lead to a mean value of O = 3.0 being suggested
for masonry buildings of fairly ductile behaviour.

Based on the comparison between both the methods (see [21]), the following
analytical expression for the vulnerability index, V, was derived:

V =0.56 4 0.0064 x I, “)

Via this relationship, the vulnerability index, Iy, can be transformed into the
vulnerability index, V (used in the Macroseismic Method), enabling the calcula-
tion of the mean damage grade through Eq. 2 and subsequently the estimation of
damage and loss. For those buildings where detailed evaluation was not carried
out, the mean vulnerability index can be defined as a function of the vulnerability
classes defined in terms of the EMS-98 scale. In this case, the modifier parameters
can also be expressed in vulnerability index V format, taking into account the I,
values re-defined in Eq. 4.

Once vulnerability has been defined, the mean damage grade, wp, can be cal-
culated for different macroseismic intensities, using Eq. 2. Figure 3 shows one
example of vulnerability curves for a mean value of vulnerability index, I, mean,
as well as for the upper and lower bound ranges (I, mean — 201 Lymean — 101,
Lymean + 10w, Lymean + 201,). From these mean damage grade values, up, dif-
ferent damage distribution histograms for events of varying seismic intensity and
their respective vulnerability index values can be defined, using a probabilistic
approach. The most commonly-applied methods are based on the binomial prob-
ability mass function and the beta probability density function.

Vulnerability curves

44
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The damage distribution fits to a beta distribution function, where ¢ and r are
geometric parameters associated with the damage distribution. Research carried
out by [25] shows that the beta distribution is the most versatile, as variation of ¢
and r enables the fitting of both very narrow and broad damage distributions. This
continuous beta probability density function in which I"is the known gamma func-
tion is expressed as:

r Q) (x — a)r—l = x)t—r—l
INGINGEED) (6)

;a<x<bija=0;b=5

PMF : pg (x) =

Assuming that a = 0 and b = 5, it can then be simplified to:

PMF : Pg (x) =k(t,r) x X x G- x)t—r—l A

where for a continuous variable x, the variance (62) and the mean value (i) of the
values are related to ¢ and r as defined below:

t=T, ®)
=
r=r ©9)

The discrete distribution of the probability associated with each damage grade, Dy,
with k € [0,5], is defined as:

0.5
P (Do) =p(©) = [ k(tr)- 2" (5 —x) " dx
0
k—0.5
P(Dy) =ptk)y= [ k(@r)- X! (5 — x)t—r—l dx 10)
k—0

P(Ds) =p(5) = } k(t,r) v o= x)t—r—l dx
4.5

For the definition of parameters ¢ and r in the beta discrete distribution, the
numerical damage distributions derived from the EMS-98 scale [26] can be used.
The reduced variation obtained for parameter t in the numerical damage distribu-
tions justifies the adoption of a unique value of 7 (equal to 8) with which to repre-
sent the variance of all possible damage distributions. Based on this assumption, it
i i istributions exclusively through use of the




320 R. Vicente et al.

average value up, characterized by variance coherent with that found via comple-
tion of the EMS-98 DPM’s.

“D
r=8- 5 (11)
Figure 4 presents examples of damage distributions obtained through use of the
beta probability distribution (t = 8; a = 0; b = 5) for events of different seismic
intensity and the mean value of the building vulnerability index (/, = 32.88).
Another method of representing damage using damage distribution histograms
involves the use of fragility curves. Here the probability of exceeding a certain
damage grade or state, Dy (k € [0,5]) is obtained directly from the physical build-
ing damage distributions derived from the beta probability function for a deter-
mined building typology. Just like the vulnerability curves, fragility curves define
the relationship between earthquake intensity and damage in terms of the condi-
tional cumulative probability of reaching a certain damage state. Probability his-
tograms of a certain damage grade, P(Dy = d), are derived from the difference of
cumulative probabilities:

P(Dy=d) = Pp[Dy > d]— Pp[Diy1 > d] (12)

Fragility curves are influenced by the parameters of the beta distribution func-
tion and allow for the estimation of damage as a continuous probability function.
Figure 5 shows fragility curves corresponding to the damage distribution histo-
grams of the mean vulnerability index value (/,) as well as of the mean value plus
one standard deviation (I, + op,).

The next step in a risk assessment process is the estimation of losses. Loss
estimation models can also be based on damage grades and involve correlating
the probability of the occurrence of a certain damage level with the probabil-
ity of building collapse and loss of functionality. The most frequently employed
approaches are those based on observed damage data, such as the one proposed
in [17] or that of the Italian National Seismic Survey. The latter was based on
work by [28] which involved the analysis of data associated with the probability of
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Fig. 5 From left to right: examples of fragility curves for 7, and I, + op,

buildings to be deemed unusable after minor and moderate earthquakes. Although
such events produce lower levels of structural and non-structural damage, higher
mean damage values may occur which are associated with a higher probability of
building collapse.

The probability of the occurrence of each damage grade is multiplied by a fac-
tor. This range from O to 1 and differs from proposal to proposal, based on sta-
tistical correlation. In Italy, data processing undertaken by [28] enabled the
establishment of these weighted factors and respective expressions for their use in
the estimation of building loss. For the analysis of collapsed and unusable build-
ings the following equations have been derived:

Pcollapse = P(Ds) (13)
Punusable buildings = P (D3) X Wyp3 + P(Dg) X Wyp 4 (14)

where P(Dy) is the probability of the occurrence of a certain level of damage (D
to Ds) and W, 3, Wyp 4 are weights indicating the percentage of buildings associ-
ated with the damage level Dy, that have suffered collapse or that are considered
unusable. The values of the weighting factors presented in the SSN [28] and [17]
are slightly different. The weights: W53 = 0.4; W4 = 0.6; can be used for the
evaluation of stone masonry buildings.

Figure 6 shows an example of probability curves which describe the results
of building collapse and unusable building estimations for the mean value of
the vulnerability index (/,) as well as for other values of vulnerability, namely:
(Ly,mean — 201, Lymean — 101, Lymean + 1010 Lymean + 2op).

One of the most serious consequences of an earthquake is the loss of human
life and thus one of the major goals of risk mitigation strategies is ensuring human
safety. Over the last hundred years the world has been struck by more than 1,250
strong earthquakes and over 1.5 million people have died as a consequence [29].
However official numbers are not always accurate and the actual totals may be
much higher. Of the various casualty rate analyses and correlation laws found in

he literature, those 9=31] are the most frequently cited.
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Fig. 6 Estimate of the collapsed and unusable buildings for different vulnerability values

Once again the Italian proposal [28] is presented here for consistency with
the loss assessment procedure. The rate of dead and severely injured is projected
as being 30 % of the residents living in collapsed and unusable buildings, with
the survivors assumed to require short term shelter. Casualty (dead and severely
injured) and homelessness rates are determined via Egs. 15 and 16 respectively.

Picad ana severely injured = 0.3 x P(DS) (15)

Prometess = P (D3) x Wub,3 + P(Dy4) x Wub,4 + P(Ds) x 0.7

These two indicators are of great interest for risk management. Following
the same logic, Fig. 7 shows an estimation of the numbers of dead, severely
injured and homeless for the mean value of the vulnerability index (7)), as well
as for other vulnerability values (I, mean — 201 Lymean — 101 Lymean + 101
Ly mean + 2071,).

Finally, the estimated damage grade can be interpreted economically, as defined
by [2], i.e. the ratio between the repair cost and the replacement cost (building
value). The correlation between damage grades and the repair and rebuilding costs
are obtained by processing of post-earthquake damage data. As shown in Table 3,
a variety of correlations are found in literature.

The most reasonable relationship, as confirmed by the post-seismic investiga-
tion of [32], is that which assumes a similar value of the damage index for damage
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Table 3 Correlation between damage levels and damage index

Damage grade, Dy 0 1 2 3 4 5

[28] 0.000 0.010 0.100 0.350 0.750 1.000
[16] 0.000 0.050 0.200 0.550 0.900 1.000
[31] 0.005 0.035 0.145 0.305 0.800 0.950

grade 4 and 5 and a greater difference between the damage index for the lower
damage grades of 1 and 2. The values obtained by [16] and [31] are in agreement
with these criteria. The statistical values obtained by these authors were derived
from analysis of the data collected, using the GNDT-SSN procedure, after the
Umbria-Marche (1997) and the Pollino (1998) earthquakes [31], and based on the
estimated cost of typical repairs for more than 50,000 buildings.

The probabilities of the repair costs are defined as the product of the following
two probabilities: The conditional probability of the repair cost for each damage
level, P[R|Dy], expressed by the values presented in Table 3, and the known condi-
tional probability of the damage condition for each level of building vulnerability
and seismic intensity, P[Dy |v, I], given by:

5 100
Prob[R|I1= > > Prob[R|D] x Prob|Dx|l,.I] (17)
Dy—1 1,=0

These values should be calculated for both the mean vulnerability index value and
the lower and upper bound values (Zy,mean — 201, Lymean — 101 Lymean + 10710
I, mean + 207,). Note that according to this methodology, for seismic events of
intensity in the range of V-IX the variation between estimated minimum and max-
imum repair cost is significant. For higher earthquake intensities, the difference
is much smaller as a result of the high damage levels caused by severe seismic
events.

3.2 Analytical Mechanical Approach: FaMIVE

The seismic vulnerability assessment of unreinforced masonry or adobe his-
toric buildings can be performed with the Failure Mechanisms Identification and
Vulnerability Evaluation (FaMIVE) analytical method, developed in [3, 33]. The
FaMIVE method uses a nonlinear pseudo-static structural analysis with a degrad-
ing pushover curve to estimate the performance points by way of a variant of the
N2 method [14], included in EC8 part 3 [34]. It yields as output collapse multi-
pliers which identify the occurrence of possible different mechanisms for a given
masonry construction typology, given certain structural characteristics.

Developed over the last decade, it is based on a suite of 12 possible failure
mechanisms directly correlated to in situ observed damage [33, 35, 36] and labora-

ory experimental validation [37] as she n in Fig. 8.
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Combined Mechanisms
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Fig. 8 Mechanisms for computation of limit lateral capacity of masonry fagades

Each mode of failure corresponds to different constraints conditions between
the facade and the rest of the structure, hence a collapse mechanism can be univo-
cally defined and its collapse load factor computed. As shown in the flowchart of
Fig. 9 the programme FaMIVE, first calculates the collapse load factor for each
facade in a building, then taking into account geometric and structural character-
istics and constraints, identifies the one which is most likely to occur considering
the combination of the largest portion mobilised with the lowest collapse load fac-
tor at building level.

The FaMIVE algorithm produces vulnerability functions in terms of ulti-
mate lateral capacity for different building typologies and quantifies the effect of
strengthening and repair intervention on reduction of vulnerability. In its latest
version it also computes capacity curves, performance points and outputs fragility
curves for different seismic scenarios in terms of intermediate and ultimate dis-
placements or ultimate acceleration. Within the FAMIVE database capacity curves
and fragility functions are available for various unreinforced masonry typologies,
from adobe to concrete blocks, for a number of reference typologies studied at
sites in Italy [33 36] Spam Slovenia [38] Turkey [1], Nepal, India, Iran and Iraq.

G as be g ainststhe EMS-98 vulnerability classes [8, 26]
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Fig. 9 Flowchart setting out the rationale of the FAMIVE Procedure

and recently used to produce capacity curves and fragility curves for use in the
USGS PAGER environment [39, 40].

The mechanism’s characteristics are used to derive an equivalent non-linear sin-
gle degree of freedom capacity curve to be compared to a spectrum demand curve,
and eventually define performance points as illustrated in the flowchart in.

3.2.1 Definition of Damage Limit States and Damage Thresholds

In order to derive fragility curves the next step consist of defining limit state
ormance criteria tc correlatedptopdamage states. This step is fraught with
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uncertainties, as very limited consolidate evidence exist to perform such corre-
lation over a wide range of building typologies and shaking levels. While robust
database of damage states exist in literature no attempt has been so far made to
record permanent drift and corresponding ground shaking in a consistent way, so
as to provide empirical evidence for capacity curves. As an alternative, a number
of authors have worked on correlating performance indicator and damage indica-
tor on experimentally obtained capacity curves, by way of shaking table tests or
push-over tests [41, 42]. The major limitation of these tests have been carried out
focusing only on the capacity of in-plane walls, while very limited experimen-
tal work has been conducted on the characterisation of out-of-plane capacity for
URM [43] have considered the out-of-plane failure of URM bearing walls con-
strained by flexible diaphragm, however the support conditions predefine the fail-
ure mode with three horizontal cylindrical hinges, already highlighted by [44], and
rather different from on site and laboratory observation collected by [45]. A test-
ing scheme more informed by observation of post-earthquake damage in existing
masonry structures is the one devised by [46], however by predefining a state of
damage the mechanism is also predefined.

Table 4 compares ranges for drift limit states as average from experimental
literature, with the EC8 [34] provision for URM for the damage limit states of
Significant damage and Near Collapse. The EC8 values relate to the in-plane
failure of single pier elements, either with prevalent shear or flexural behav-
iour, while there is no indication for out of plane behaviour. In Table 4 are also
included the range of values of performance drift obtained with the FaMIVE
simulations for over 1000 cases as obtained from ten different sites for any type
of masonry fabric and floor structure. The next section explains in detail how in
the FaAMIVE procedure the capacity curves are derived and the drift limit states
computed.

Table 4 Performance drift value for damage limit states

Damage Significant
limitation damage Near Collapse  Collapse
Limit state (%) (%) (%) (%)
In-plane EC 8 Part 3 0.4-0.6 0.53-0.8
prevalent  Experimental — 0.18-0.23 0.65-0.90 1.23-1.92 2.1-2.8
behaviour  FaMIVE 0.023-0.132  0.069-0.679  0.990-1.579  1.801-2.547
Out-of-plane  EC8 Part 3 0.8-1.2 1.06-1.60
prevalent (Ho/D) (Ho/D)
behaviour  Experimental  0.33 0.88 23 4.8
FaMIVE 0.263-0.691  0.841-1.580  1.266-1.961  2.167-5.562
Combined FaMIVE 0.030-0.168  0.181-0.582  0.724-1.401 1.114-3.307

prevalent
behaviour
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3.2.2 Derivation of Capacity Curves

Capacity curves can be derived for each facade on the basis of the following steps.
The first step is to calculate the lateral effective stiffness for each wall and its trib-
utary mass. The effective stiffness for a wall is calculated on the basis of the type
of mechanism attained, the geometry of the wall and layout of opening, the con-
straints to other walls and floors and the portion of other walls involved in the
mechanism:

Eilsr LK EiAcry

3

Kerr = Ki
Heyy Her

(18)

where H, is the height of the portion involved in the mechanism, E; is the esti-
mated modulus of the masonry as it can be obtained from experimental litera-
ture for different masonry typologies, I, and A,y are the second moment of area
and the cross sectional area, calculated taking into account extent and position
of openings and variation of thickness over height, k; and k, are constants which
assume different values depending on edge constraints and whether shear and flex-
ural stiffness are relevant for the specific mechanism.

The tributary mass 2.5 is calculated following the same approach and it
includes the portion of the elevation activated by the mechanisms plus the mass of
the horizontal structures involved in the mechanism:

Qepp = Verfém + Qp + Q, (19)

where V4 is the solid volume of the portion of wall involved in the mechanism,
dm 18 the density of the masonry Q r,(), are the masses of the horizontal structures
involved in the mechanism. Effective mass and effective stiffness are used to cal-
culate a natural period Tz, which characterise an equivalent single degree of free-
dom (SDoF) oscillator:

Q
T,pp =2m | =L (20)
Kerr

The mass is applied at the height of the centre of gravity of the collapsing por-
tion with respect to the ground and a linear acceleration distribution over the wall
height is assumed. The elastic limit acceleration Ay is identified as the combination
of lateral and gravitational load that will cause a triangular distribution of com-
pression stresses at the base of the overturning portion, just before the onset of
partialisation:

12 . . .
Ay = % g With corresponding displacement

A
Ay = y2 Terr (21)




328 R. Vicente et al.

where, f, is the effective thickness of the wall at the base of the overturning por-
tion, h, is the height to the ground of the centre of mass of the overturning portion,
and 7 the natural period of the equivalent single degree of freedom (SDF) oscilla-
tor. The maximum lateral capacity A, is defined as:

A, = 22)

o1

where A, is the load factor of the collapse mechanism chosen, calculated by
FaMIVE, and «; is the proportion of total mass participating to the mechanism.
This is calculated as the ratio of the mass of the facade and sides or internal walls
and floor involved in the mechanism 2., to the total mass of the involved mac-
roelements (walls, floors, and roof). The displacement corresponding to the peak
lateral force, A, is

3A, < A, < 6A, (23)

as suggested by [47]. The range in Eq. (22) is useful to characterize masonry fab-
ric of variable regularity and its integrity at ultimate conditions, with the lower
bound better describing the behavior of adobe, rubble stone and brickwork in mud
mortar, while the upper bound can be used for massive stone, brickwork set in
lime or cement mortar and concrete blockwork.

Finally the near collapse condition is determined by the displacement A,
identified by the condition of loss of vertical equilibrium which, for overturning
mechanisms, can be computed as a lateral displacement at the top or for in plane
mechanism by the loss of overlap of two units in successive courses:

Ape = tb/3 or Ape = l/3 (24)

where 15, is the thickness at the base of the overturning portion and / is the typical
length of units forming the wall. In the case of in-plane mechanism the geometric
parameter used for the elastic limit is, rather than the wall thickness, the width of
the slender pier.

The thresholds points identified by Egs. (20)—(23) can be associated to corre-
sponding states of damage. Specifically DL, damage limitation, corresponds to the
elastic lateral capacity threshold (Dy, Ay) defined by Eq. (20), SD, significant dam-
age, corresponds to the peak capacity threshold (A, A,) defined by Eqgs. (21) and
(22), and NC, near collapse, corresponds to incipient or partial collapse threshold
(Apc Ay) defined by Eq. (23).

The procedure’s approach also allows a direct analysis of the influence of dif-
ferent parameters on the resulting capacity curves, whether these are geometrical,
mechanical or structural. By way of example Fig. 10 shows a comparison of aver-
age capacity curves grouping the results by different criteria for the same sample
of buildings. In Fig. 10 the average curves are obtained by considering whether
failure occurs by out-of-plane, in-plane or combined mechanism involving both
sets of walls as presented in Fig. 8. In Fig. 11 the capacity curves are obtained by
cons1der1ng different structural typologies, as classified by the WHE-PAGER pro-
seen that the correlation between mode
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Fig. 10 Average capacity
curves for sample grouped by
collapse mechanism classes

Fig. 11 Average capacity
curves for sample grouped by
structural typology
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Table 5 Structural typologies classification according to PAGER [48]

PAGER
Load bearing structure
material code Description
Stone Masonry ~ RS3 Local field stones with lime mortar

RS4
DS2
DS3
DS4

MS
Brickwork or UFBI1
blockwork  UFB3
UFB4
UFB5

UCB

Local field stones with cement mortar, vaulted brick roof and floors

Rectangular cut stone masonry block with lime mortar

Rectangular cut stone masonry block with cement mortar

Rectangular cut stone masonry block with reinforced concrete
floors and roof

Massive stone masonry in lime or cement mortar

Unreinforced brick masonry in mud mortar without timber posts

Unreinforced brick masonry in lime mortar. Timber flooring

Unreinforced fired brick masonry, cement mortar. Timber flooring.

Unreinforced fired brick masonry, cement mortar, but with
reinforced concrete floor and roof slabs

Unreinforced concrete block masonry with lime or cement mortar
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of failure and structural typology is qualitatively good but not univocal, and the
grouping affects both ultimate lateral capacity and drift.

Substantial differences also exist for nominally the same structural typology from
different regional setting. In Fig. 12 average capacity curves for structural typologies
based on unreinforced brickwork with different mortars and horizontal structures are
compared from different locations, one in Italy, one in Turkey, one in Nepal.

The results in Fig. 12 show that the parameter location, and hence construction
details, layout and local tradition, might have a greater influence on the resulting
curves, than the nominal structural typology class, usually considered of universal
reference in many general purpose databases (such as HAZUS 99 [17], RISK-EU
[5], LESS-LOSS [6], etc.). Such results bring in sharper focus the limitation and
inaccuracy of using idealised models and average curves without adequately con-
sidering the inherent aleatoric variation associated with any given site where the
assessment is conducted, and the importance of a detailed knowledge of the local
construction characteristics when sampling the buildings representative of the
building stock. A substantial variation in the drift associated with the various limit
states can be also observed.

3.2.3 Performance Points and Their Correlation with Damage States

The lateral acceleration capacity and the relative proportion of drift for the three

limit states identified in the previous section are essential indicators of the seis-

mic performance. A method for assessing the overall behaviour by use of a global
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performance indicator is the computation of the performance point. In order to cal-
culate the performance point it is necessary to intersect the capacity curve derived
above with the demand spectra for different return periods in relation to the perfor-
mance criteria considered. Two broadly equivalent approaches for the derivation of
the non-linear demand spectra exist: the N2 method [14] included in the ECS8 [34]
and the Capacity Spectrum method (CSP) [14]. The two methods differ essentially
in the way the non-linear demand spectrum is arrived at: the N2 method uses a
reduction factor R, function of the structure expected ductility w, while the CSP
uses a fictitious damping factor derived from the hysteresis loop of the structure.
There exists a rich literature that compares the benefits of the two approaches [49].
In the following the N2 method will be used to illustrate the derivation of perfor-
mance points.

To calculate the coordinates of the performance point in the displacement-
acceleration space, the intersection of the capacity curve with the nonlinear
demand spectrum for an appropriate level of ductility i can be determined as
shown in Eq. (24), given the value of A;:

ifT <T,

. T2 (BAy (0) — Ay(T))? gu

if Ay > Ay (T) = SDy() = P * A

. T2 (BAa (0) — Ay gu

lf Ay (T,) < Ay <Ay (T) = SDy () = (u— 1)2 * 47-[2Au
2 2

i Au = Au (T) = SDu(u) = 1= B OF (5)
4 Ay,

ifT=>T,

. _ 8T (BA4 (0)

if Ay > Ay (T) = SDy(n) = W
2 2

if Ay < Ap (T) = SDy () = w
4w Ay,

where two different formulations are provided for values of ultimate capacity A,
greater or smaller than the nonlinear spectral acceleration A, (7,) associated with
the corner period 7, marking the transition from constant acceleration to constant
velocity section of the parent elastic spectrum. In (24) SD,; is the non-linear spec-
tral displacement, function of the chosen target ductility u; B is the acceleration
amplification factor calculated as the ratio of the elastic maximum spectral accel-
eration and the peak ground acceleration A.(0); A, (T) is the non-linear spectral
acceleration for the value of natural period that defines the elastic branch of the
capacity curve; g is the gravity constant. Note that in Eq. (24) A¢«(T), A(T) and A,

are dimensionless quantities, expressed as proportion of g.
In Fig. 13 the damage thresholds for the limit state of near collapse for each
building in the sample of Nocera Umbra, Italy, are compared with the regional
1 iod (or 10 % of exceedance in 50 years)
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Fig. 13 Representation of target performance points and damage thresholds for Near Collapse
limit states in the acceleration/displacement space. The PGA is the value recorded for the 1997
Umbria Marche earthquake in Nocera Umbra. On the mean capacity curve for the three mecha-
nism classes, the mean significant damage thresholds are marked in red

anchored to the PGA of the second shock of the Umbria-Marche September 1997
sequence. For the non-linear spectrum obtained with the N2 method approach a
ductility i = 3.5 has been chosen in agreement with experimental evidence pro-
vided by [47] and [50] and to match the performance point of NC for the mean
capacity curve for the combined mechanism. It can be seen that there is quite a
significant scatter of performance and most of the out-of plane mean curves lies
below the nonlinear spectrum, meaning that a higher level of ductility is required
to meet the performance.

It should also be noted that a consistent proportion of the representative points
of Near Collapse lies under the nonlinear response spectrum, equally deficient in
terms of acceleration and displacement, especially for the out of plane behaviour.
Such outliers should not be overlooked as they usually point out to inherent con-
struction deficiency in a regional context, inhibiting seismic resilience.

3.2.4 Derivation of Fragility Curves

Advanced uncertainty modelling and probability of occurrence of given phenom-
ena is usually confined to the hazard component of the risk equations, while when
probabilistic models are developed for vulnerability components, these usually
relate to 51mp11ﬁed modelhng of the structure seismic response and assumption of
re-determin 0 ssmight:besfound in literature [17, 51].
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Usually it is also assumed that fragility curves for different limit states can be
obtained by using mean values of the performance point displacement and deriv-
ing lognormal distributions by either computing the associated standard deviation
if some form of random sampling has been considered, or by assuming values of
from empirical distribution or literature. To this end the average displacement for
each limit state can be calculated as:

. 1
Ars = e* with u = - > (nx) (26)

and the corresponding standard deviation as:

Inx —Inx)?2
_ ot Joor _ 1 with o = | 20X D 27)
BLs =e e with o .

Figures 14 and 15 show the set of fragility curves obtained for each of the dam-
age limit states of DL and SD as computed for the two Italian sites of Nocera
Umbra and Serravalle considering separately the three types of structural behav-
iour. As, once a structural typology has been assigned, the values of the mechani-
cal characteristics are the same across the two samples, while the structural
details are accounted for directly in the three classes of mechanisms, the variabil-
ity observed in each chart between samples can be related directly to geometric
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differences and masonry fabric, i.e. to the local aspects of the construction practice
and architectural layout. Hence curves on the left of the diagrams are stiffer in the
case of damage limitation or have lesser ductility in the case of significant dam-
age. However the distribution does not bare consistency across the three classes of
mechanism for the two sites.

Figures 16 and 17 show the fragility distribution at ultimate conditions in terms
of near collapse displacement and ultimate lateral capacity for the three failure
behaviour. While there is little difference among the two locations for the out-of
plane behaviour both the in-plane and the combined behaviour show high varia-
bility. The higher deformability of Serravalle for the in-plane behaviour is related
to a higher proportion in this sample of facades with porticoes at ground level,
resulting in possible soft storeys, while the lower value of limit displacement for
the Nocera Umbra sample is dependent on a high proportion of masonry fabric of
poorly hewed stone classified as RS3. On the other end the lower lateral capacity
of the Serravalle sample for the combined mechanism is to be associated with slen-
derer fagades. Moreover Nocera Umbra has a greater lateral capacity both for com-
bined mechanisms and for in-plane mechanism than Serravalle (see Fig. 17) while
ultimate capacity for the out-of-plane mechanism provides similar fragility curves.

The reliability of the results obtained in the previous section can be consid-
ered within the framework set out in the Eurocode 8 [34], whereby the reliability
associated to the results of a seismic assessment of a structure is expressed as a

Fig. 16 Fragility curves for LS Near Collapse
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function of the level of knowledge and quantified by means of the confidence fac-
tor. Hence this can be considered a measure of the epistemic uncertainty. Eurocode
8 recognises three levels of knowledge: limited, normal and full; and three fields
of knowledge: geometry, construction details and materials. As data used in the
FaMIVE approach are collected by on site visual inspection with some measure-
ment and in situ accurate observation of construction details, while only very
limited in situ non-destructive test on materials are performed and material char-
acteristics are otherwise assigned based on literature or surveyor experience, then
the level of knowledge is superior to KL1, limited, but not quite equal to KL2,
normal. For this level of knowledge, a static nonlinear analysis, such as the limit
state mechanism approach, leading to a capacity curve is deemed appropriate.
Hence according to the recommended values the confidence factor CF should be
in the range 1.2—1.35 depending on how closer the actual knowledge can be con-
sidered to the reference level identified by KL2. The confidence factor is then used
in EC8 to reduce the capacity values as obtained from the assessment.

Although the EC8 approach recognise the importance of treating epistemic
uncertainties, the level of knowledge is translated in a safety factor value rather
than a probability or possibility of a specific value to occur. While this approach
can be considered acceptable for the assessment of single buildings, it does not
account explicitly for aleatoric variation.

The FaMIVE procedure uses a measure of reliability of the input data to deter-
mine the reliability of the output. Depending on whether data, in each section
of the data collection form, has been collected and measured directly on site, or
collected on site and confirmed by existing drawings or photograph, or collected
from photographic evidence only, three level of reliability are considered, as high,
medium and low, respectively, to which three confidence ranges of the value given
for a parameter can be considered corresponding to 10 % variation, 20 % variation
and 30 % variation. The parameter value attributed during the survey is considered
central to the confidence range so that the interval of existence of each parameter
is defined as i = 5 %, i &= 10 %, p = 15 %, depending on highest or lowest reli-
ability. The reliability applied to the output parameters, specifically lateral accel-
eration and limit states’ displacement, is calculated as a weighted average of the
reliability of each section of the data form, with minimum 5 % confidence range to
maximum 15 % confidence range.

To quantify the effect of the level of the epistemic uncertainty on the fragil-
ity curves obtained with the FAMIVE procedure, the samples from three different
locations in Italy and for the three failure behaviours introduced in the previous
section, are analysed together. For each entry in the sample a separate reliability
parameter is computed as indicated above, then two new sets of values represent-
ing the lower bound and upper bound for each entry are computed. For these two
sets logarithmic mean and standard deviation are calculated using Egs. (25) and
(26) and the lognormal distributions obtained. These are presented in

Figure 18 for the three displacement limit states and for the ultimate accelera-
tion, respectively. The reliability indicator for the overall sample is +=11 %, show-
i iability i i , 1.e. no availability of drawings in most
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Fig. 18 Effect of epistemic uncertainty on fragility distribution for limit states

cases and onsite measurement on a modest number of cases. This is a typical situ-
ation in the aftermath of an earthquake, such as the conditions in which both the
Nocera Umbra sample and the L’ Aquila sample were collected.

3.3 Building Aggregates

In historic centres the evolution of the urban layout is a critical factor. The dia-
chronic process of construction means that in some cases adjacent buildings share
load-bearing masonry walls and their facades are aligned. In this case, buildings
do not constitute independent units, resulting in their structural interaction, par-
ticularly critical for horizontal actions. Hence the structural performance should be
studied at the level of the aggregate and not only for each isolated building.

This chapter presents an extension of the mechanical methods introduced in the
previous chapter, to undertake vulnerability assessment, evaluate seismic risk and
estimate loss at the urban scale for historic city centres in which the building stock
is structurally linked. It is assumed that collapse or ultimate limit state of the struc-
ture is due to shear-type failure.

A building aggregate can be considered as a unit, for which it is fundamen-
tal, the knowledge on building typology, conservation state and connection scheme
between buildings, as a consequence of the evolution of the urban layout (see
Fig. 19). The building interaction does not only change the load paths, but also
the global and local seismic response as a consequence of the quality of the con-

or single buildings overlooks the integrity
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Fig. 19 Diachronic
construction process and
building interaction (adapted
from [50])
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of the aggregate weather it is small or large aggregate, the irregularity created by
confining buildings, connection to neighbouring buildings, etc. [S0].

The interaction of buildings is first of all very dependent on irregularity raised
by differences in height and stiffness of neighbouring buildings. Since the aggre-
gate is constituted by single buildings, which have different level of vulnerabil-
ity when considered individually, the position and layout of these can increase or
reduce the vulnerability of the aggregate as a whole. In this sense the aggregate is
a structural unit and should be evaluated as a global structure and from its collec-
tive behaviour and response to seismic action more vulnerable buildings can ben-
efit from this confinement, however the interaction of the buildings can worsen the
global vulnerability of an aggregate due to changes in height or stiffness. In gen-
eral the global behaviour is beneficial for the more vulnerable buildings while for
the stiffer units the level of damage suffered during a seismic event is greater, due
to the interaction of strong building-weak building.

Building aggregates can take a number of shapes, as shown in Fig. 20, although
buildings in a row are very characteristic of the eighteenth century urban layout
for many European historic city centres. Whatever the aggregate shape, the seis-
mic behaviour is evaluated in two main directions: parallel to the building facades
development and perpendicular to them. More complex aggregate shapes can be
sub-divided in smaller aggregates of simpler shape.

For the case of a row of buildings, many situations can arise from the inter-
action among buildings. Normally flexural failure is expected for buildings with
slender masonry piers at ground floor due to big openings and shear failure for
buildings with thick masonry piers between openings, but these kind of failure
modes are altered because of the group response. The misalignments of building
front, misalignments of window openings of adjacent buildings, big differences in
wall area and stiffness of aligned buildings may change completely the load paths
for the horizontal forces and the resulting failure mechanism.

Figure 21 shows an example of the influence of aggregate’s layout on building
failure mechanisms

It is often noted that end buildings are very vulnerable due to their position and
normally suffer most damage by rotation and sliding phenomenon’s induced by
1nert1a1 forces of the whole aggregate in one direction. Furthermore the rigidity

e o1 m ngs do not oppose to the global behaviour
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since they are flexible diaphragms but are important in the horizontal load distribu-
tion among masonry shear walls. In this direction the global response is proven
to be of great importance, however in the perpendicular direction, the building
response is substantially self-ruling. The masonry mid-walls of adjacent build-
ings, lacking openings, charged by floor structures leading to high values of nor-
mal stress appear to have high shear strength in the in-plane response and do
not condition building failure. A critical issue for the facades of the aggregates,
often observed in post seismic survey, is the out of plane collapse of walls. The
weak connections to orthogonal walls, due to the building process of buildings in-
between existent ones or to the addition of extra floor on the other may compro-
mise the quality of connections among orthogonal walls. Out of plane collapses at
roof level are also common due to the combined effect of weak connections and

low values of normal stress reducing the shear capacity.

3.4 Mechanical Method for Building Aggregate

The vulnerability assessment procedure is based on the use of a simplified capac-
ity curve for each building. To better understand the assessment process, it has

been broken down into steps following the same logic as in Sect. 3.

3.4.1 Identification of Building Typology

A subdivision into two different typologies relating to two different wall arrange-
ments are identified as A and B. This division is necessary to identify primarily the
more vulnerable direction of the masonry building and define a more probable col-

lapse mechanism as shown in Fig. 22:

L Uniform collapse (the damage is distributed over the wall in height)

A |
,:’ ,:' Soft storey (concentration of damage at ground floor)

=
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Type A—Masonry walls that have regular openings in height or few or no
openings whatsoever (midwalls, gable end walls)

Type B—Masonry walls with big openings at ground floor level: This situa-
tion is a frequent characteristic in the refurbishment and transformation of historic
masonry buildings where wall are suppressed to create larger open spaces.

3.4.2 Collapse Mechanism

The building aggregate is analysed considering two possible mechanisms: uniform
collapse and soft-storey collapse. For each of the building typologies identified
and relative to the direction considered, the analysis of a building or a group of
buildings is undertaken considering the collapse mechanism and the typology. The
following situation can be identified (see Fig. 22):

e For buildings of typology A, two collapse mechanisms are possible: the uniform
collapse considers that the damage is distributed over the height of the wall and
for the soft storey mechanism damage is concentrated at ground floor.

e For buildings of typology B only one collapse mechanism is considered because
of its increased vulnerability at ground floor level.

3.4.3 Vulnerability Assessment

To evaluate the response of building aggregate with a bulky or array shape, in both
principal directions (X, Y) it is assumed that the X-direction is the weaker direc-
tion of the building aggregate for which the occurrence of a soft storey mechanism
is prevalent, for both building types A and B. For the other direction, Y, both col-
lapsed mechanisms are considered in the assessment.

In an array of buildings the YY direction assumed as the stronger, is usually the
direction of the majority of the party walls between buildings within the aggregate.
These walls are assumed to have individual response. This hypothesis is fairly
acceptable, because in this direction buildings do not interact as strongly as in the
other direction (facade walls). In this direction a very straightforward vulnerability
assessment is attained for each building using the mechanical model in which the
simplified bilinear capacity curve (SDOF system) is constructed for each building
[51, 53], limit states and the level of seismic action are defined, hence the perfor-
mance point is retrieved through the capacity spectrum methodology (see [24]).
Once the fragility curves for the four damage states are obtained, the evaluation
of the probabilistic damage distribution is performed. The damage distribution of
the aggregate in this direction is evaluated by the average value of the single dam-
age distribution for each building for both collapse mechanisms (uniform collapse
and soft storey mechanism), defining in this way a damage range for the build-
ing aggregate in this direction, without considering the damage of each building
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For the XX Direction, considered the weaker direction as mentioned, usually
building facades are aligned and the interaction between buildings in this direction
is much more important. The procedure adopted in this case is as follows:

(i) Construction of each simplified bilinear capacity curve corresponding to
a single degree of freedom system for each building in this direction. Once
obtained these simplified capacity curves, they can be transformed into force—
displacement curves and summed to obtain a global push-over curve for the
aggregate. But since aggregates are formed by buildings with different height,
horizontal displacements should be normalized in such a way that ¢, = 1
(modal shape vector), where n is the control node. This must be done because
buildings that compose and aggregate have different number of floors and
consequently different height and therefore top-displacement at roof level that
is normally considered cannot be the selected control node. To achieve this,
the displacements are divided by the number of floors, therefore the control
node is the displacement at ground floor and the curves can be summed (see
Fig. 23). Each simplified capacity curve (Ay, dy, du) is then normalized by
transformation of coordinates into the force—displacement using the following
expressions:

Force : F= Ay x m*T (28)

_dyxT

=

(i) The force displacement curves are summed and the global pushover curve of
the building aggregate is obtained in this direction (see Fig. 23)

Displacement : d N : numt (29)

Fr=Fi+F+F;
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(iii) The determination of an equivalent elasto-perfectly plastic force—displace-
ment relationship for the building aggregate is constructed (non-linear static
analysis through a simplified mechanical model) that the elastic stiffness of
an equivalent bilinear system is found by marking the secant to the push-over
curve at the point corresponding to a shear base 70 % of the maximum value
(maximum base shear). The horizontal section of the bilinear curve shall be
found by equalizing the areas underneath the two curves up to the ultimate
displacement of the system. The value of the ultimate displacement which is
considered equal to the ultimate limit state corresponds to a force degradation
of not more than 20 % of the maximum. The construction of the equivalent
global pushover curve, an equivalent capacity curve to evaluate the response
of the aggregate structure must take into account two possible situations:

(a) There is no building within the aggregate that collapses of a value of shear
base 70 % of the maximum shear of the global pushover curve and in this case
the equivalent bilinear curve is defined analytically as followed in Fig. 24.

(b) If a building within the aggregate collapses before attaining the 70 %
of the maximum shear value defined for the global push-over curve, it
will drop of a value of the shear capacity of the building that prematurely
failed. In this case, the equivalent stiffness is found by marking the secant
to the unfailed push-over curve and the horizontal section is defined as

5 displacement corresponding to 0.7 x Fy 4,
5 F* .

= ; displacement of the bilinear curve
Fnax

8y, : final displacement corresponding to a 20% force degradation

Definition of the equivalent bilinear curve, calculation of F , for the equivalence of areas:
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Fig. 24 Construction of the equivalent bilinear curve—case a)
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defined in the normal procedure. For this case in Fig. 25 is shown the
steps to construct the equivalent elasto-perfectly plastic force—displace-
ment relationship.

(iv) The construction of the equivalent bilinear capacity curve of an equivalent
single degree of freedom is attained by a global transformation factor, I"giobal
considering the number of floors of each building and the singular transforma-
tion factors of each building, to return to a system coordinates of (S,, Sq). The
transformation factor is given by:

N N
N (o
F:N *=N 2 *;er*= Ml N 2 * (30)
> “II_J > i [X"mj nll_.l > i Ifmj
=17 =Y j=1" =1
in which:

i=1...., N buildings;

m*: > m; x Q;sequivalant mass:;
i

npj: number of floors of building;
[j: transformation factor

(v) Once computed the equivalent bilinear curve, it is possible to evaluate the per-
formance point by using the capacity spectrum method (see Fig. 26). After
identifying the final performance point by doing the reverse process the evalu-
ation of the damage state of each building is possible by identifying on each
curve the target displacement. In order to access the damage state suffered by
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Fig. 26 F-§ curves for each building and performance level identification and limit state
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Table 6 Thresholds for damage states

Spectral displacement threshold Damage state

Sq,1 = 0.7xDy Slight damage
Sq,1 = 1.5xDy Moderate damage
Sq,1 = 0.5x(Dy + Dy) Severe damage
Sa,1 =Dy Heavy damage

each building in the aggregate under the defined seismic action, the displace-
ment corresponding to the performance point can then evaluated the perfor-
mance level of each building, by defining the damage threshold states, the
values used for the damage state definition have been widely discussed in [51]
and are based on expert judgment and for this case are defined as (Table 6):

Once defined the equivalent bilinear curve of the aggregate the performance can
be retrieved by applying known procedure for the CSM (see [24]). Then the cor-
respondent displacement is evaluated over the push-over curves for each building,
evaluating individually the probabilistic damage distribution for each building and
the global response in the direction evaluated. Finally the damage distribution of
the aggregate in this direction is evaluated by the average value of the single dis-
tribution for each building for only each collapse mode mechanism (soft storey
mechanism or uniform collapse) or the global response depending on the direction
evaluated, defining in this way a damage range for the building aggregate in this
direction, without losing the perception of the damage for each building with the
aggregate.

4 Final Remarks

The chapter offers a review and classification of the most commonly adopted pro-
cedures for carrying out a seismic vulnerability assessment at territorial scale of
large number of historic masonry buildings. By way of exemplification of each
of the classes of methods identified, three procedures are presented in greater
details. The first one relies on empirical data only and it is an extension of the
Vulnerability Index method. By combining this procedure with the vulnerability
classes and damage states proposed by EMS’98, is possible to derive fragility
curves, cumulative losses and casualty for building pertaining to diverse vulner-
ability classes. A simple treatment of the uncertainty is proposed, by using the
standard deviation of the Vulnerability Index. This does not account for the uncer-
tainty associated with the hazard.

However, the uncertainties associated with the empirical vulnerability curves
and the quality of vulnerability classification data are still issues that must be
studied further Wlth respect to post seismic data collection. For risk mitigation,
a reduction in b spa priority and therefore the development
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of more reliable vulnerability assessment models which combine statistical and
mechanical methods should lead to better results.

The second procedure proposed, FAMIVE, represent a robust attempt to meet
these requirements. It moves from a survey of the local structural and vulner-
ability characteristics of the building stock in an historic centre, and uses the col-
lected data within the framework capacity spectrum method and performance base
design to derive performance points and fragility curves, for classes of buildings
of same typology. Damage thresholds are defined on the basis of observation,
numerical analysis and comparison with existing experimental results. The results
show that, by considering diverse types of mechanisms, construction details and
resilient features, it is possible to tune, capacity curves, first, and then fragility
curves, to specific construction typologies and local building characteristics. The
aleatoric uncertainty is dealt by considering variability in construction as obtained
through the direct survey. The epistemic uncertainty associated with the methodol-
ogy is accounted for by developing a reliability framework.

Buildings in historic centres are usually built adjacent to each other and their
vulnerability is highly affected by the connections to neighbouring buildings.
The third procedure shows a first attempt to interpret the overall behaviour of an
aggregate by considering in detail the interaction of buildings’ facades in plane.
This allows deriving capacity curves at the level of the aggregate and captures the
global response of the aggregate opening the possibility of defining vulnerabil-
ity functions at the level of the aggregate based on mechanical behaviour. Out-of
plane failures, although classified, have not been considered and this will be a fea-
ture extension of the method.

The three procedures illustrated here lend themselves to the use of a GIS plat-
form and database management system to best communicate the information col-
lected about building feature and geometry, the output of seismic vulnerability
assessment and the development of damage and other risks scenarios. Such tools,
depending on the scale and type of procedure used can be very helpful for the
development of strengthening strategies, cost-benefit analyses, civil protection and
emergency planning.
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