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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 Tenttgal [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-
tinuous) interface lines, commonly referred 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);

e. Opus incertum, dry walls formed by irregular stones without any horizontal set-
tings; (see Fig. le).
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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,
the walls constructed in further periods were 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)

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
wall (3 layers). e Dry wall without mortar joints
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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 Local 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
courses. d Mixed irregular blocks, pebbles and flakes of rocks
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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 -05.

where o¢m, 0cs and oc; 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/o'cm =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
of the authors point out values for k between 500 and 1000, being the last the one



138 B. Quelhas et al.

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
through the stiffer areas, promoting a concentration 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
collapse mechanisms [46-53]. According 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
tie-rods, the walls can be contained and this 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-
mate limit state is obtained by failure at the compressed corners, Fig. 6a.
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Fig. 6 Identified masonry failure mechanism [57]

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 important investigation is still being carried in this
field, there is still much to do, in particular 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

Fig. 7 Damage caused by past interventions, Abruzzo 2009
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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: (la) 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,
allowing the identification of higher and lower 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,
pointing to the most friendly intervention, 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,
74-80], and more recently the research works 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
aggregates, and they have shown how to 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

Fig. 9 Deep re-pointing procedure [7]



Characterization and Reinforcement of Stone Masonry Walls 149

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
improves the global behaviour of the masonry, preventing the out-of-plane insta-
bility of the leaves, Fig. 10, not only under 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
orthogonal to the facades of the wall, but also along diagonals. For the technique
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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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