Chapter 8

Testing Historic Masonry Elements
and/or Building Models

Elizabeth Vintzileou

Abstract This paper provides an overview of the Literature on the behaviour of
historic masonry elements and building models. The purpose of this paper is to
identify the main parameters affecting the seismic behaviour of historic masonry
buildings, as illustrated through the experimental campaigns carried out by numer-
ous researchers. Furthermore, aspects of the seismic behaviour that are not suffi-
ciently studied to-date are identified. Thus, selected publications are evaluated
related to the behaviour of historic masonry elements in compression, in diagonal
compression, in in-plane shear and simultaneous compression, out-of-plane bend-
ing, as well as publications related to the behaviour of subassemblies and building
models subjected to monotonic, pseudo-dynamic or dynamic tests on earthquake
simulator. The available experimental results illustrate the main weaknesses of
historic masonry elements and bearing systems, namely the vulnerability to
in-plane shear and to out-of-plane bending, the limited ductility, the negative effect
of the flexibility of timber floors and roofs, etc. On the other hand, the beneficial
effect of adequate connection between horizontal and vertical elements, as well as
the connection among walls is also evident. Moreover, the variety of the construc-
tion types of masonry tested by various researchers, the scale of the models, the
variety of experimental setups and loading histories do not allow, in most cases, a
direct comparison of the experimental results. This is so especially as far as
properties related to the deformations of masonry elements are concerned. Thus,
the effort to develop sound physical models and to calibrate them is not yet
satisfactorily assisted by the available experimental results. Yet, this is a prerequi-
site for a reliable assessment of the current state of historic structures and, by way of
consequence, for the selection of adequate intervention techniques for their
preservation.
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8.1 Introduction

Structural Engineers involved in the preservation of the built Cultural Heritage have
to overcome a major contradiction (between safety requirements and internation-
ally accepted Principles of preservation) in their mission: They have to ensure
“adequate” seismic behaviour of the structures, without altering the values of the
cultural heritage structures. On the other hand, even the scope of interventions
(i.e. to ensure “adequate” seismic behaviour) is far from being well determined.
Actually, the combination of the uncertainties related to the phenomenon of
earthquakes and the still limited knowledge about the seismic behaviour of masonry
structures with the inadequate education of our profession in the Mechanics of
masonry structures, has led in the past, quite frequently, to an empiricism that is not
for the benefit of the preservation of the built cultural heritage.

The weapons of the Structural Engineers in their work for the preservation of the
built cultural heritage are: (a) The-as exhaustive as possible-documentation of the
existing structure (in terms of geometry, materials, structural system and behav-
iour), (b) The understanding of the function of the structural system and, hence, the
qualitative interpretation of its pathology and decay, (c) The numerical verification
of (b) and, hence, the diagnosis and assessment of the current state. All these steps
are a prerequisite for the identification of the weaknesses of the system and, hence,
for the selection of adequate intervention techniques that may contribute to the
improvement of the seismic behaviour of the structure.

The purpose of this paper is to present an overview of the literature that may
contribute to the understanding of historic structural systems and to the interpreta-
tion of their behaviour. Due to the fact that historic structures like bridges, aque-
ducts, temples, churches, etc. (a) require specific studies, whereas, (b) the general
principles of Mechanics are valid for special structures as well, this paper is limited
to research results which regard historic buildings.

The evaluation of experimental data related to the assessment of basic properties
of masonry and masonry structural elements, as well as to the seismic behaviour of
entire masonry buildings (the effect of connections among the walls, of the flexi-
bility of floors and roofs, etc.), allows also for the identification of lacunae in the
knowledge of the international community and, hence, for subjects that need to be
further investigated.

The international literature includes results from tests on individual structural
members, on subassemblies, as well as on models of entire buildings. Results of
monotonic, static cyclic or dynamic tests (on earthquake simulators) are reported.
Each category of tests serves a different main purpose: Tests of individual structural
members (in compression, shear, out-of-plane bending or a combination of them)
provides valuable information on the respective bearing capacity and the deforma-
tion properties of the elements. Thus, design models may be adequately validated
and calibrated and, hence, used in practice. On the other hand, tests on subassem-
blies, as well as on models of entire buildings (mainly, under dynamic actions) do
provide information about aspects that characterize the overall behaviour of
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buildings, such as, the effect of the flexibility of floors and roofs, the effect of
connection between horizontal and vertical elements, the effect of the connection
between walls, the deformation capacity of the entire building, their hysteretic
behaviour, etc. Although in more complex configurations of specimens, it is not
possible to record the detailed behaviour of each separate structural member, the
experimental results are of major significance for the identification of inherent
weaknesses of the investigated structural system. Thus, the Engineer is guided in
the selection of adequate intervention techniques that may lead to the improvement
of the seismic behaviour of historic structural systems.

On the other hand, tests of subassemblies or of building models are frequently
carried out on scaled models. Therefore, dynamic similitude laws, as well as scale
effects need to be taken into account very carefully, both at the stage of planning the
tests and at the stage of interpretation of the experimental results.

It should be noted that a synthesis of the available experimental data is not an
easy task: The characteristics of the specimens (in terms of construction materials,
geometry of specimens, etc.), of the experimental setups, as well as of the inves-
tigated parameters present a vast variety, thus making impossible the direct com-
parison of the experimental results. However, several valuable conclusions can be
drawn, even at a qualitative level. Thus, in this paper, an exhaustive presentation of
the totality of the available valuable experimental data is not attempted; only the
results of a rather limited number of publications are discussed upon with the aim to
identify general trends of behaviour or major lacunae in the Literature.

8.2 Masonry and Masonry Elements in Compression

8.2.1 Compressive Strength and Deformability of Masonry

The compressive strength is undoubtedly the more basic mechanical property of
masonry, although seemingly not directly related to the seismic behaviour of
buildings. Actually, one may argue that the reliable assessment of the compressive
strength of masonry is not necessary, since it is known by experience that masonry
structures do not fail in compression. This is normally correct, when the structure is
subject to vertical loads (although there are exceptions, e.g. the collapse of the Civic
Tower in Pavia, Italy-Binda 2008). When, on the contrary, the building is subject to
seismic actions, compression may be significantly increased in vertical elements
(due to the alternation of actions). Furthermore, in shear walls subjected to in-plane
shear, a mechanism of failure of the oblique strut may be generated (Silva
et al. 2014). For this specific case, the compressive strength of masonry under
oblique forces should also be assessed. On the other hand, the deformations that
masonry can sustain before and after the attainment of its compressive strength
constitute a characteristic that is significant for the survival of buildings.
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It is well known that the compressive strength of masonry depends on many
parameters (Tassios 2013), namely, the mechanical properties of the constituent
materials (stones, bricks, mortar), on the bonding of blocks (on the faces and within
the thickness of masonry), on the volume of mortar over the volume of masonry, on
the construction type of masonry, on the existence of timber reinforcement, etc.
Therefore, in order to evaluate the in situ compressive strength of masonry, (a) one
should perform in situ investigations to obtain information on how masonry is
constructed along all three axes (length, height and thickness) and (b) physical
models should be available to allow for the calculation of the compressive strength
of masonry, taking into account the main influencing parameters. Alternatively,
(c) experimental data (for the specific type of masonry) could be used to assess the
compressive strength.

To the best of author’s knowledge, a general model describing the behaviour of
masonry in compression is not available. Actually, such a model should be able to
describe the mechanical properties of various types of historic masonries, some of
which are shown in Fig. 8.1.

It is worth noting that, even for modern masonries, Eurocode 6 (CEN-EN1996-
1-1, 2005) proposes empirical formulae, valid for masonry construction conform to
specific rules (limits for the thickness of masonry joints, requirements for the bond
of blocks, transverse connection of leaves-in case of cavity walls, etc.). It is obvious
that almost none of the constraints of EC6 are fulfilled by historic masonries.
Therefore, empirical formulae, adequate for historic masonries should be applied.
Actually, there are several empirical formulae in the literature, based on the
evaluation of test results. However, most of them refer either to brickwork or to
good quality solid stone masonry. Formula by Tassios and Chronopoulos (1986),
followed by the formula proposed by Tassios (2004) allow for the estimation of the
compressive strength of historic single and three-leaf masonries. The formulae were
applied by Vintzileou (2011b), to predict the compressive strength of wallettes
made of three-leaf stone and brick masonry with quite satisfactory results (Fig. 8.2),
taking into account the scatter of the experimental values.

Marcari et al. (2010) offer an overview of measured values of compressive
strengths of single and three-leaf tuff and calcareous stone masonries. The evalu-
ation of the available experimental results shows that the compressive strength of
(a) single leaf tuff stone masonry with good quality mortar varies between 3.15 and
5.40 MPa, whereas (b) single leaf tuff stone masonry with poor quality mortar have
a compressive strength varying between 2.03 and 3.60 MPa. Finally, (c) for three-
leaf masonry, the experimental values are quite scattered (between 1.0 and
3.70 MPa) depending on the quality of materials, as well as on whether the exterior
leaves are/are not transversely connected. It has to be noted that, given the signif-
icant differences from one test series to another, the Authors do not propose
empirical formulae for the estimation of the compressive strength of various
types of stone masonry.

The systematic documentation of historic masonry buildings in various Italian
regions (Binda and Saisi 2001) shows that single leaf rubble stone masonry is a
quite general term in the sense that the total volume of mortar may vary between
11 and 37 % of the volume of masonry. Furthermore, in case of three-leaf masonry,
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Fig. 8.1 Examples of types of historic masonries. (a) Double-leaf stone masonry with sporadic
header stones. (b) Three-leaf stone masonry- thick interior leaf with very large voids. (¢) Poor
quality three-leaf rubble stone masonry. (d) Three-leaf rubble stone masonry. (e) Multi-leaf
masonry with high mortar volume. (f) Mixed stone-brick masonry with large mortar volume. (g)
Mixed brick-stone masonry of good quality. (h) Timber reinforced rubble stone masonry. (i)
Timber reinforced adobe. (j) Timber reinforced multiple leaf masonry

usually, the ratio between the thickness of each exterior leaf and that of the infill is
approximately equal to 1:0.50 (Binda et al. 1999). The survey carried out by the
Politecnico of Milan, together with the evaluation of the data reported in (da Porto
et al. 2003), led to the following geometrical data for three-leaf masonries: Per-
centage of stones/mortar/voids: 55-85 %/12-36 %/0.4—15 %. It is obvious (see also
Fig. 8.1) that even if those masonries were made of exactly the same materials, their
compressive strengths would result significantly different. Actually, according to
the evaluation of experimental data and in-situ measurements, da Porto
et al. (2003), the compressive strength of three-leaf stone masonry varies between
0.60 and 2.40 MPa.
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The deformation properties of historic masonries are quite scattered as well. As
reported by Marcari et al. (2010), as well as by Tassios (2013), the strain
corresponding to the compressive strength of single- or three-leaf masonry may
vary between 0.20 and 0.80 %. Similar large scatter is observed in case of the elastic
modulus of elasticity (Fig. 8.3).

It seems, therefore, that when data representative of a specific type of masonry
are needed, the available experimental results are not sufficient. In such cases, an
alternative to laboratory tests and to the application of empirical formulae (when-
ever available for the construction type under examination), would be to perform
in-situ tests on masonry. However, it seems that this is a rather costly and time
consuming alternative. It may be a sensible solution either in case of an important
monument or in case such tests are carried out in the framework of a study
concerning, for example, an entire historic centre.

As a conclusion, one may say that the evaluation of the available data show that
(a) the experimental results (from in situ and in laboratory tests) are limited to few
types of historic masonry, (b) there is no general physical model describing the
behaviour of historic masonry in compression, not to mention that (c) it is quite
uncertain to predict the elastic modulus of elasticity, as well as the deformation at
failure of masonry in compression.
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Fig. 8.3 The initial elastic
modulus of elasticity
reported to the compressive
strength of three-leaf stone
masonry as a function of the
compressive strength of
masonry (Vintzileou 201 1b)
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8.2.2 The Bearing Capacity of Masonry Elements

in Compression

Provided that a vertical masonry element is (a) made of solid masonry, (b) it is
axially loaded and (c) there are no significant second order effects, its bearing
capacity may be calculated as the product of its cross sectional area and its
compressive strength. Nevertheless, this is practically never the case:

(1) Typically, in historic structures, part of the vertical loads (weight of pave-
ments, live loads, etc.) are eccentrically applied to masonry walls both when
there is a timber floor or roof and when a curved element covers the building
(Fig. 8.4). Therefore, even without the occurrence of a seismic event, masonry
walls are subject to simultaneous vertical compression and out-of-plane

bending.

(i1) In the most frequent types of historic masonry (double or three-leaf masonry
with loose connection between leaves), there is a more or less continuous
vertical joint within the thickness of masonry (Fig. 8.5). The failure of those
types of masonry in compression is characterized by the occurrence of vertical
cracks on the faces of masonry, as well as within their thickness (Fig. 8.6), the
latter being critical (Pina-Henriques et al. 2005; Oliveira et al. 20006),

Vintzileou and Miltiadou (2008).
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Fig. 8.4 Eccentric application of vertical loads to masonry walls
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Fig. 8.5 Surveyed types of historic masonries (Binda and Saisi 2001)

Actually, although the two families of cracks open at almost the same vertical
load, the transverse ones grow faster. Thus, the failure of masonry is due to
simultaneous compression and out-of-plane flexure of the leaves.

It should be noted that cracks within the thickness of masonry are not visible or
detectable (unless significant out-of-plane deformation of masonry has occurred).
Such cracks may be due to decay of materials, as well as to previous normal and
seismic actions on the structure (Fig. 8.7). Therefore, instead of a solid masonry,
separated leaves may be asked to resist vertical and horizontal actions. Needless to
say that due to the separation between the leaves of masonry, (a) the real slender-
ness of the walls may be significantly increased, (b) the bearing capacity of walls
both to compression and to out-of-plane bending are significantly reduced com-
pared to the bearing capacity of solid walls.

In conclusion, one could say that the estimation of the bearing capacity of
masonry walls in compression has to be based on the real geometry, state and
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Fig. 8.6 (a) Typical crack pattern for three-leaf masonry in compression, (b) opening of vertical
cracks on the faces of masonry, as well as within its thickness as a function of compressive stresses
(Vintzileou and Miltiadou 2008)

Fig. 8.7 Separation of the leaves of masonry walls during tests on the shaking table (Mouzakis
et al. 2012a)
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Lefkada island, Greece

Kastoria (Macedonia, Greece)

Casa pombalina, Portugal

Fig. 8.8 Various types of timber reinforced structures in Europe (Source: https://www.google.gr/
search?q=casa+pombalina-+lisboa)

boundary conditions of the walls. For that purpose, the structural system has to be
documented in terms of geometry, construction type of masonry and pathology.

8.2.3 The Case of Timber Reinforced Masonry

In earthquake prone areas around the globe (around the Mediterranean, in Asia, as
well as in Latin America), systematic reinforcement of masonry is observed
(Fig. 8.8). Although there is a vast variety of structural systems involving timber
within masonry, there are clear signs testifying that those structural systems were
developed with the purpose of resisting seismic actions (see e.g. Vintzileou 2011a).

Although the contribution of the timber reinforcement to the compressive
strength of masonry is the least significant aspect of those structural systems, test
results (Vintzileou 2008) have shown that

(a) Horizontal timber laces provide confinement to rubble stone masonry, thus,
leading to a moderate enhancement (by 15-20 %) of its compressive strength.
More importantly,

(b) Timber laces lead to a significant enhancement of the deformation (vertical
strain) masonry can sustain without being disintegrated (Fig. 8.9).

8.3 Masonry Elements Subjected to In-Plane Shear

The behaviour of masonry elements under in-plane shear is of major significance
for the seismic response of buildings, as documented by typical damage,
i.e. diagonal or bi-diagonal cracks in walls and spandrels (Fig. 8.10). Thus, numer-
ous research works were devoted to the behaviour of masonry under shear.
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Fig. 8.9 Compressive
stress-vertical strain for
masonry wallettes: Wallette
1-plain masonry, Wallettes
2 and 3-timber laced
masonry (Vintzileou 2008)

Fig. 8.10 Severe damages

to shear walls and spandrels

(Onna, after the 2009
earthquake of L’Aquila,
Italy)
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In laboratory and in situ tests were carried out on wallettes subjected to diagonal
compression, with the purpose of assessing the shear strength of masonry under
zero normal stress. The results show strength values depending on the mechanical
properties of materials, as well as on the bond between blocks and mortar. For
example, Shahzada et al. (2012) have tested solid brick masonry wallettes in
diagonal compression. The shear strength under zero normal stress was very low
(the Authors do not even mention its value). On the other extreme, Ali et al. (2012)
have tested several wallettes made of bricks and mortars (typical for Pakistan).
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The compressive strength of the mortar was varying between 3.0 and 27.0 MPa. For
those, rather unusually strong mortars, they have measured shear strengths varying
between 0.30 and 1.70 MPa. Brignola et al. (2006) report the results of in situ tests
in several historic buildings in Tuscany. For the stone masonries tested by the
authors, low shear strength values were obtained (varying between 0.04 and
0.067 MPa).

In situ diagonal compression tests on stone masonry walls by Chiostrini
et al. (2000) yielded values of shear strength varying between 0.061 and
0.16 MPa. Corradi et al. (2003, 2008) have measured similar values of shear
strength. Similar (low) values were measured in laboratory on wallettes made of
three-leaf stone masonry to diagonal compression by Vintzileou and Tassios
(1995)—0.15 MPa, as well as by Vintzileou and Miltiadou (2008)—0.10 MPa.
The results obtained by Milosevic et al. (2012) on rubble stone masonry were
quite scattered (between 0.024 and 0.313 MPa), irrespectively of the compressive
strength of the mortar.

Limited in number test results are available for timber laced masonry
(Vintzileou 2008). The presence of timber laces led to a shear strength under zero
normal stress almost 5.0 times that of the plain three-leaf rubble stone masonry.
More importantly, the strain at strength was by almost an order of magnitude larger.

However, the strength at zero normal stress is only one of the components of the
bearing capacity of a masonry element subjected to in-plane shear, when failure is
due to the occurrence of diagonal or bi-diagonal cracks. On the other hand, the
in-plane behaviour of walls failing in bending or vulnerable to rocking needs to be
investigated through testing under simultaneous in-plane shear and vertical load.
Actually, several researchers have conducted tests on masonry walls under mono-
tonic or cyclic shear (see i.a. Chiostrini et al. 2000; Corradi et al. 2003, 2008;
Vasconcelos and Lourenco 2006; Costa et al. 2012a, b, c; Capozucca 2011; Silva
et al. 2014).

Tests on individual structural members allow for the behaviour of full-scale
elements to be investigated in detail (failure modes, deformations along three axes,
failure load, ductility, etc.). Furthermore, the effect of various intervention tech-
niques can be investigated. Tests on individual members provide data that are
necessary for the development and the calibration of models to be applied for the
assessment of the bearing capacity of existing elements, as well as for the design of
the intervention techniques. It should be noted that due to the differences in
materials, in geometry, in applied time-history, etc., it is impossible to provide a
synthesis of the experimental results and to draw general conclusions. Finally, a
large part of the tests on individual walls refer to modern brick and block masonry.
Therefore, the experimental results on various construction types of historic
masonry are still rather limited in number.

The available experimental data regard shear walls made of a variety of mate-
rials (mostly clay and concrete blocks, stones and mortar). Full scale walls or scaled
models are tested. The walls are subject to simultaneous vertical load (either
constant or varying during the lateral loading). The walls are either cantilevers or
fixed at both ends. The aspect ratio (height to length) varies between 1:2 and 2:1.
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Fig. 8.11 Typical shear failure of stone masonry walls under simultaneous vertical load
(Vasconcelos and Lourenco 2009)

In some cases, there are also openings in the walls. The specimens are subjected
either to monotonically increasing lateral load or to static cyclic lateral loading or
(in a limited number of cases) to dynamic in-plane actions. The prevailing failure
mode is due to the formation of diagonal or bi-diagonal cracks (Fig. 8.11),
involving-in some cases-also compression failure close to the base of the wall
(Silva et al. 2014). Flexural failure or mixed shear-flexural failure was observed
for rather high aspect ratio values. Rocking was also observed in some cases
(especially, under low vertical load, Silva et al. 2014). Typically, after the attain-
ment of the maximum resisting shear force, significant force-response degradation
is recorded (Fig. 8.12a). Deformations (vertical and horizontal) are recorded during
testing. However, due to the differences among tested models, the author of this
paper is unable to provide a comparison of the relevant experimental data. It should
be noted that several researchers have worked on modeling of the behaviour of
shear walls (see i.a. Vasconcelos and Lourenco 2006; Costa et al. 2012a; Magenes
and Calvi 1997; Brencich and Lagomarsino 1998), developing either sophisticated
models or simple ones, adequate for use by practitioners as well.

8.4 Masonry Elements Subjected to Out-of-Plane Bending

It is well known that in historic buildings subjected to seismic actions, the out-of-
plane behaviour of (solid or with openings) walls may be critical (Fig. 8.13).

The vulnerability to out-of-plane actions is due to typical characteristics of
historic masonry buildings, namely, the flexible floor and roof diaphragms
(Fig. 8.13b), as well as the defective connection between floors/roof and walls
(allowing for significant out-of-plane deformations of walls), the defective connec-
tion of walls at building corners (Fig. 8.13a, c¢), the presence of openings close to the
corners of the building and, last but not least, the frequent construction type of
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Fig. 8.12 (a) Typical hysteresis loops for stone masonry walls failed in shear (Vasconcelos and
Lourenco 2009), (b) Typical hysteresis loops for rocking stone masonry wall (Silva et al. 2014)

Fig. 8.13 Typical damages due to out-of-plane seismic actions. (a) Typical vertical crack due to
out-of-plane bending of the solid wall. (b) Typical vertical crack at mid-length of the wall and
separation of walls at the corner of the building. (¢) Out-of-plane collapse of wall. (d) Collapse of
the corner of a building (due to combined in-and out-of-plane action)

historic masonry (double- or three-leaf). Actually, the separation between leaves
(due either to decay or to previous actions) leads to significant reduction of the out-
of-plane stiffness of walls, whereas the masonry cross section is also significantly
reduced (Fig. 8.13d) and Giuffre et al. (1993).

It is obvious that the testing of individual walls out of their plane cannot describe
the behaviour of walls belonging to a building. Furthermore, available test results
are almost exclusively dealing with brick or concrete block masonry walls, whereas
various testing procedures are applied. Some of the relevant publications are briefly
presented herein: One of the earlier experimental campaigns was carried out at
ABK (1981). Several construction types of masonry were tested, among them also
multi-leaf brick masonry walls. The aim of this work was to assess the effectiveness
of various intervention techniques, taking into account the slenderness ratio and the
boundary conditions of the panels. 20 full-scale masonry panels were subjected to
about 200 seismic inputs, covering the full range of USA seismicity. The walls were
full height (floor to floor) and were not laterally supported along the vertical edges.
The work provided data that were used both (a) to calibrate mathematical models
developed by the authors for the prediction of the failure mode and (b) to draft
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guidelines for the design of various strengthening techniques. A finding to note is
that the collapse mechanism was found to depend more on the induced peak
velocities (at the top and the bottom of the panels) rather than on the relative
deformation between the top and the bottom of the panels.

Griffith et al. 2004 investigated the response of unreinforced brick masonry wall
panels subjected to out-of-plane loading. For this purpose, fourteen specimens,
having different slenderness ratios (13.6 and 30.0), were constructed and tested.
The test program included static, free-vibration, and dynamic tests (with induced
harmonic, or impulse or seismic motions). However, the slenderness ratios of the
walls are not typical for historic masonry. Simsir et al. (2004) carried out dynamic
tests on four half-scale masonry walls made of lightweight concrete hollow blocks.
The experimental set-up allowed testing walls in the free-standing boundary con-
ditions as shown in Fig. 8.14. Two of the walls were tested in-plane, while the other
two were subjected to out-of-plane seismic actions, (Fig. 8.14b). The aim of the
experiment was to investigate the influence of the boundary conditions, namely the
horizontal structures at top and constrains at the bottom of wall panels, simulating
the real conditions of a wall panel. Differently from other similar tests, specimens
did not exhibit a mid-height failure that leads to collapse, except for the cases where
the panel was subjected to low axial load. Furthermore, it was proven that the
flexibility of diaphragms can significantly enhance the out-of-plane displacements.

Tominaga and Nishimura (2008) have tested brick masonry walls out-of-their
plane, by applying two concentrated loads at the thirds of the span. No vertical load
was applied. Failure along mortar joints was observed. The maximum resistance
was mobilized for very small deflection (of the order of few mm), but the residual
resistance was significant, due to friction along the failed mortar joints.

Cavaleri et al. (2006) report the results of an experimental campaign on four
(4) single leaf calcareous stone masonry walls (0.74 m long, 2.10 m high and 0.21 m
thick). The walls were under constant compression load (equal to 0.12 the bearing
capacity of walls to compression). Deformations were applied to the walls
(by moving horizontally the base of the walls). The curvatures at the base region
of the walls were also recorded. Failure was due to the occurrence of horizontal
cracks along the mortar joints close to the base.

Meisl et al. (2006) have tested four multi-leaf plain masonry walls. The effect of
the quality of construction (in terms of strength of mortar) and that of the soil
conditions (one soft and one more firm substrate) were investigated. The results
have shown little effect of the quality of construction on the overall behaviour of
specimens. On the contrary, walls founded on soft soil exhibited more damages (for
the same input) than those founded on firm soil.

Manoledaki et al. (2012) have tested piers made of three-leaf stone masonry. The
piers were sitting on either a loose (D, =33 %) or a dense (D, =92 %) sand, through
a rectangular RC footing (Fig. 8.15). The walls, either constrained or free at their
top, were subjected to horizontal displacements at their mid-height.

The tests showed that the out-of-plane seismic performance of the masonry walls
was substantially affected by soil-foundation—structure interaction (SFSI).
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Fig. 8.15 Three-leaf stone masonry piers and experimental setup (Manoledaki et al. 2012)

As indicated by the two examined cases, soil resilience had a significant influence
on system response. Foundation rocking resulted in a reduction of the soil-footing
contact zone in the case of dense sand, whereas, in loose sand the response was
governed by sinking (Fig. 8.16). The essential influence of the boundary conditions
on the out-of-plane response of the walls is also amongst the key observations made
from the tests. In the cases where the elongation of the wall was partially obstructed
by the top support, the induced axial load led to significant enhancement of the out-
of-plane capacity. The walls generally exhibited the typical cracking pattern asso-
ciated with one-way vertical out-of-plane bending. Material crushing was restricted
to the weak mortar joints.

Recently, within the EU funded project NIKER, tests were carried out (Valluzzi
et al. 2013) on three-leaf rubble stone masonry full scale panels (Fig. 8.17)
subjected to out-of-plane excitations on a shaking table. The panels (1.30 m long,
2.60 m high and 0.50 m thick) were subjected to adequately scaled real
accelerograms.
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Fig. 8.16 Test results obtained by Manoledaki et al. (2012)

The panels failed under acceleration approximately equal to 0.30 g. As shown in
Fig. 8.18, cracks typical for out-of-plane bending have occurred. Failure was due to
the separation of the leaves of masonry and to the collapse of one of the two exterior
leaves (Fig. 8.19).

The detailed data obtained during testing (accelerations, frequencies, displace-
ments, etc.) allowed for full documentation of the behaviour of the panels. They
have also served the purpose of prediction of the observed behaviour by means of
modeling.

Tests on subassemblies (e.g. facade wall with portions of transverse walls) are
also reported in the literature. Those tests are presented and commented upon in the
following Sections.
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Fig. 8.18 Typical failure mode of three-leaf stone masonry walls subjected to out-of-plane
seismic actions (Valluzzi et al. 2013)

8.5 Tests on Subassemblies and Building Models

8.5.1 Tests on Subassemblies

As shown in the previous Sections, tests on individual bearing elements (under
monotonic or cyclic actions) provide valuable information regarding the failure
mode under compression, shear or out-of-plane bending, as well as on properties
like bearing capacity, deformability, hysteretic damping, stiffness, force-response
degradation due to cycling, etc. Nevertheless, there are significant aspects of the
seismic behaviour of masonry buildings that cannot be modelled and experimen-
tally reproduced by testing individual bearing elements. Actually, the effect of the
in-plane stiffness of floors and roofs, the effect of the connection between bearing
walls, the behaviour of masonry elements subjected to simultaneous shear and out-
of-plane bending, the capacity of masonry buildings to redistribute actions among
bearing elements need to be identified through testing of subassemblies or models
of entire buildings. Another important issue is the capacity of historic masonry
buildings to undergo large post-elastic deformations, i.e. their ductility. Finally, the
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Fig. 8.19 Failure of walls 1 and 2 (Valluzzi et al. 2013)

effect of several interventions applied with the purpose of improving the seismic
behaviour of historic buildings, namely, the enhancement of diaphragm action of
floors and roof, the improvement of the connection of walls by means of ties, etc.
can only be exhaustively investigated on specimens simulating at least part of the
entire building.

In the Literature, there are results obtained from quasi-static or dynamic tests on
subassemblies. Some of them are related to the study of specific monuments
(e.g. Pinto et al. 1999a, b, c, 2001). The valuable results of those tests are hardly
offered to generalization. Therefore, they are not presented herein. There are also
tests on subassemblies investigating the behaviour of arches and vaults (see
i.a. Baratta and Corbi 2007; Taranu et al. 2010; Mouzakis et al. 2012b). Those
experimental works are presented neither.

Al Shawa et al. (2009) have tested full scale subassemblies made of tuff masonry
(Fig. 8.20), with the purpose of investigating the out-of-plane behaviour of walls
connected with transverse walls. The research includes subassemblies before and
after strengthening. The tested wall (3.40 m high, 0.25 m thick) was either free
standing or connected to the transverse ones along a mortar joint. A third case was
also considered, in which the walls were connected through bonding of stones, as
well as through steel bars. The subassemblies were subjected to forced vibrations,
following adequately scaled accelerograms of real earthquakes. The tests have
proven the major significance of the connection between walls. Actually, in terms
of maximum acceleration sustained before failure (or collapse), the free standing
wall, as well as that connected to the transverse ones through a mortar joint, were
able to sustain an acceleration approximately equal to 0.30 g. On the contrary, the
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Fig. 8.20 Photo of a
specimen after the test: case
of out-of-plane loaded wall
connected to the transversal
walls through a mortar joint
(Al Shawa et al. 2009)

proper connection between the walls, allowed for a peak ground acceleration equal
to 0.60 g to be sustained.

The mechanisms of out-of-plane failure of a wall connected with transverse ones
was studied by Restrepo-Vélez (2004) and Restrepo-Vélez and Magenes (2004)
through testing of subassemblies made of dry stack masonry (Fig. 8.21). The
models (scale 1:5) allowed for identification of the two possible failure modes,
i.e. detachment of the out-of-plane loaded wall from the transverse ones and out-of-
plane collapse of the wall.

The same mechanisms were detected also by Bui et al. (2010). The subassem-
blies they have tested were subjected to monotonically increasing uniformly dis-
tributed load on the longitudinal wall (Fig. 8.22).

A full scale shaking table test on a 3-D specimen made of three-leaf masonry
was performed by Costa et al. (2012a). The subassembly-simulating a typical
facade of historic buildings in the Azores-exhibited the same failure mechanisms,
together with detachment of the leaves of masonry (Fig. 8.23).

Costa et al. (2012b) carried out an in situ test on a building severely damaged
during the Azores earthquake in 1998 (Fig. 8.24). The building was made of double
leaf stone masonry.

Cyclic tests were performed, not to collapse though due to the limitations of the
equipment, as well as for safety reasons. Valuable data were collected regarding the
dynamic properties of the structure, the sustained deformations, hysteretic behav-
iour, etc. The behaviour of the structure was tested also after the application of
reinforced plaster on the walls.

A 3D subassembly was tested within the EU funded project NIKER (Vintzileou
et al. 2012a, b). The subassembly (made of three-leaf stone masonry) consists in
one wall with a portion of a transverse wall at its mid-length and a parallel wall of
rectangular section (Fig. 8.25). A timber floor (typical for historic buildings) is
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Fig. 8.21 Failure mode of out-of-plane loaded walls connected to portions of transverse walls
Restrepo-Vélez (2004) and Restrepo-Vélez and Magenes (2004)
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Fig. 8.24 Testing arrangement and instrumentation of a building tested on situ (Costa
et al. 2012b)
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Fig. 8.25 The specimen and its construction details (Vintzileou et al. 2012)

provided. For dynamic similitude purposes, additional masses are fixed on the floor
before testing on the earthquake simulator. The subassembly was subjected to a
series of adequately scaled accelerograms of the Irpinia, Italy 1980 earthquake out-
of-the plane of the parallel walls. Figure 8.26 shows the crack pattern
(at PGA ~0.50 g). The effect of the portion of the transverse wall (failed in shear)
on the longitudinal wall to which it is connected is shown. Furthermore, the flexible
wall of rectangular section was not severely damaged. It exhibited, however,
extensive detachment of the masonry leaves. It should be noted that the same
subassembly after strengthening (grouting of masonry, enhancement of the dia-
phragm action of the floor and connection thereof with the walls) exhibited a clear
rocking behaviour.

The experimental works briefly presented herein have provided valuable infor-
mation on several aspects of the out-of-plane behaviour of masonry walls under
realistic boundary conditions. It should be noted, however, that in most of the
laboratory tests there was no vertical load on the out-of-plane loaded walls.
Similarly, with one exception, there was no diaphragm at floor(s) levels. The
presence of vertical load plays a positive role on the out-of-plane behaviour of
walls, whereas the effect of a more or less flexible diaphragm may affect signifi-
cantly the seismic behaviour of the structure. Nevertheless, the obtained results are
valuable and, in the opinion of the author of this paper, there is a need for systematic
analytical work (with simulation of the test specimens), for the international
community to take the maximum possible profit of the experimental data.

8.5.2 Tests on Building Models

Testing models of entire buildings (either under monotonic or under seismic
actions) has the advantage of simulating parameters that cannot be simulated
through testing of subassemblies or individual bearing elements. This is of major
significance, due to some typical characteristics of existing masonry buildings that
govern their seismic behaviour, namely, the presence of more or less flexible floors
and roofs (that allow the vertical elements to deform independently from one
another), the connection between horizontal and vertical elements, as well as the
connection between longitudinal and transverse walls (its quality affecting
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Fig. 8.26 Crack pattern of the subassembly (Vintzileou et al. 2012)

significantly the box action of the building and, hence, the magnitude of the
imposed deformations). Furthermore, basic parameters like dynamic properties
(and their modifications during the seismic event), hysteretic properties and overall
ductility cannot be realistically assessed unless the entire structure is considered. It
is mentioned, as an example, that it is typically assumed that unreinfrorced masonry
buildings are very brittle. However, inspection after seismic events shows that
many structures survive (damaged, of course) in contradiction with our calcula-
tions. Last but not least, the efficiency of several intervention techniques cannot be
assessed on the basis of tests on individual members. Actually, those techniques
that aim at improving the overall behaviour of buildings (e.g. enhancement of the
diaphragm action of floors or the arrangement of ties to improve the connection
between walls) need to be assessed on the basis of large scale tests. In recognition of
the above advantages of testing building models, several researchers have
performed tests either on shaking tables or quasi-static tests on building models.

It should be noted, however, that the interpretation of the results obtained from
testing building models is not as self evident as one could possibly think. Actually,
due to several constraints related to this type of tests, very careful design of testing
campaign is needed, along with systematic analytical work on both prototypes and
models. In fact, shaking table tests are quite expensive (in terms of construction,
instrumentation, use of the facility, etc.). Thus, within each testing campaign, the
number of models that are tested is limited. By way of consequence, several
parameters are usually simultaneously modeled and, hence, frequently, it is not
possible to directly assess the effect of each of them. On the other hand, in order to
take the maximum profit out of those tests, building models are subject to series of
input motions (of increasing magnitude). Thus, the behaviour of the model
subjected to a series of seismic inputs may be different than the behaviour to be
exhibited by a model directly subjected to high intensity actions.

In shaking table tests, there are also limitations related to the capacity of the
facility (in terms of plan dimensions, degrees of freedom, total height of the model
coupled with total weight, maximum acceleration and maximum displacement that
can be imposed to the model). Those limitations lead to either small scale models or
to testing of rather simple in configuration buildings. In the first case, there are scale
effects (to be taken into account when assessing the experimental results), the
detailed discussion on which is beyond the scope of this paper. Furthermore, for
dynamic similitude reasons, additional masses need to be arranged. The fact that
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those masses are inevitably located on floors and roof (instead of being distributed
along the height of the model), as well as the fact that additional masses are
transferred to part of the cross section of masonry (e.g. through the timber beams
of floors resting on the interior leaf of a double- or three-leaf masonry) may affect
the behaviour exhibited by the model. Last but not least, the foundation of the
model cannot be realistically modeled (the models are fixed on a rigid base) and,
hence, also soil structure interaction cannot be studied.

In this Section, a brief presentation of the results obtained from tests on building
models in the last three decades is attempted. The overview of the experimental
data is limited to tests on historic masonry. Still, an exhaustive presentation of all
the available data being impossible, selected works are presented, those that allow
for the identification of the effect of major features on the seismic behaviour of
historic buildings. Although this paper does not cover the effect of intervention
techniques to historic buildings, some selected results are included herein. Those
results concern the effect of some techniques that could be termed as “systemic”
interventions, in the sense that they affect the overall behaviour of historic buildings
(e.g. enhancement of diaphragm action of floors and roofs, improvement of con-
nection among the walls, etc.).

8.5.2.1 Short Presentation of Tested Models

The models that were subjected either to pseudo-dynamic or to dynamic tests on a
shaking table have quite different characteristics in terms of scale (1:1 to 1:10), in
dimensions, in number of storeys (1, 2 or 4), in arrangement of openings (doors and
windows), in the flexibility of floors and roofs, in materials and construction type of
masonry, etc. Therefore, a direct comparison of the experimental results is not
possible. Nevertheless, a qualitative comparison of the data is attempted wherever
possible.

Benedetti (1980) performed a series of pseudo-dynamic tests on scale 1:2,
one-storey multi-leaf stone masonry model buildings (plan dimensions
1.90 x 2.20 m, Fig. 8.27a). Seismic excitation was simulated by static lateral
loads via actuators. No roof was provided to the models. Three of the models
were tested unstrengthened, whereas two models were tested after the application of
a cement grout. One model was fully grouted, the other was partially grouted.

Tomazevic et al. (1990, 1991, 1993) report the results of two series of shaking
table tests on reduced scale (1:4) stone masonry building models. The two-storey
models (Fig. 8.27b) were 1.0 x 1.10 m in plan. The total height was equal to 1.50 m,
whereas the thickness of walls was equal to 0.12 m. The models were subjected
along one direction, parallel to the walls without openings, to an adequately scaled
acceleration record (Montenegro 1979 earthquake). The purpose of the research
was to investigate the effect of the rigidity of floors. Thus, Model A was provided
with timber floors (simply resting on the walls without openings), Model B was
provided with RC slabs, whereas in Model C, prestressed steel ties (located
underneath the timber beams) were used to improve the connection between
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Fig. 8.27 An overview of building models subjected to dynamic testing. (a) Benedetti (1980). (b)
Tomazevic et al. (1990, 1991, 1993). (¢) Spence and Coburn (1987, 1992). (d) Models tested at
ISMES and at LEE/Athens (Benedetti et al. 1998). (e) Bayiilke et al. (2000). (f) Juhasova
et al. (2002). (g) Juhasova et al. (2008). (h) Bergamo et al. (2006). (i) Tomazevic¢ et al. (2009).
(j) Ersubasi and Korkmaz (2010). (k) Shashi and Pankaj (2000). (I) Meguro et al. (2012). (m)
Ahmad et al. (2010, 2012). (n) Mendes and Lourenco (2010). (0) Magenes et al. (2010, 2012a, b).
(p) Mazzon et al. (2009). (q) Mouzakis et al. (2012a) and Adami et al. (2012)
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longitudinal and transverse walls and to connect the floors to the walls. Finally, in
Model D, the ground storey floor was a brick vault, whereas a timber floor was
provided to the upper storey (Fig. 8.27b). Poor quality materials, typical for old
buildings were used for the construction of the models.

Spence and Coburn (1987, 1992) conducted an experimental program on three
full scale single storey masonry building models, simulating the structural system
that is typical for Eastern Turkey. The models, subjected to uni-directional impulse
tests were 4.50 x 4.50 m in plan, 2.60 m high, whereas the (rubble stone masonry)
walls were 0.60 m thick. All models were provided with a typical timber roof (made
of timber beams and timber planking). On top of the planking a layer of 0.20 m
thick compacted soil was added. Some characteristics of the models are shown in
Fig. 8.27c. The models were subjected to gradually increasing impulse load until
failure.

The most extensive experimental programme reported in the literature is the one
carried out at ISMES (Italy) and NTUA (Greece). Fourteen two-storey models
(before and after interventions) at scale 1:2 were tested (Benedetti et al. 1998).
Eight models were tested at ISMES (4 brick masonry and 4 stone masonry), and six
models were tested at the Laboratory of Earthquake Engineering, Athens (3 brick
masonry and 3 stone masonry) (Fig. 8.27d). The lintels were either arched or
horizontal beams. All models were provided with timber floors and planking. In
general, poor quality mortar was used. In the models tested at ISMES, the connec-
tion between orthogonal walls was rather defective. The models were subjected to
scaled accelerograms along two orthogonal axes before and after the application of
interventions. Unfortunately, the investigated parameters are so many (in terms of
applied interventions) and interrelated that it is rather hard to detect the effect
of each separate remedial measure.

One building model was tested on a unidirectional impulse table by Bayiilke
et al. (2000). The model made of pumiced bimsblock masonry was single storey. It
was 4.00 x 5.00 m in plan, 2.60 m high. Masonry walls were 0.20 m thick. A
peculiar characteristic was that the compressive strength of the blocks was signif-
icantly smaller than the compressive strength of the mortar. A concrete slab was
constructed at the top of the model. The model employed a concrete slab (made
with ready mix concrete) and timber tie beams at roof level (Fig. 8.27¢).

Juhasova et al. (2002) conducted a series of shaking table tests at ISMES
(Bergamo). Two-storey, scale 1:2, brick masonry models were tested before and
after interventions. The peculiarity of those models is that they have quite pro-
nounced asymmetry. Some of the characteristics of the model are shown in
Fig. 8.27f. The model was initially tested as built until severely damaged. Then,
it was retrofitted using lime cement fibre plaster reinforced with plastic grids.

Juhdsova et al. (2008) carried out shaking table tests on a full scale single storey
stone masonry building (Fig. 8.27g) at LNEC in Lisbon. The asymmetrical model
(non-provided with roof) was 3.58 m wide, 4.01 m long, 3.60 m high. The thickness
of walls was equal to 0.24 m. The model was subject to the adequately scaled
accelerogram of the Montenegro earthquake.
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Bergamo et al. (2006) carried out shaking table tests on a 2-storey tuff masonry
model building with three-leaf walls (Fig. 8.27h), before and after retrofit, at the
facilities of CESI in Bergamo. The model was built in reduced scale of 1:2, and was
2.85 m long, 2.60 m wide and 3.30 m high. The walls (0.30 m thick) were three-leaf
(exterior leaves 0.10 m thick, filling with small pieces of tuff and mortar). The two
exterior leaves were connected with header stones. Timber floors with plywood
pavement were provided at both floor levels. Concrete tie beams were constructed
at both floor levels. Timber lintels were provided to the openings. The model was
tested both as-built and after strengthening using GFRP strips. The model was
subjected to adequately scaled real accelerogram along two orthogonal axes.

Tomazevic et al. (2009) have tested five two-storey brick masonry building
models on the shaking table. The models (scale 1:4), with timber floors
(Fig. 8.271) were tested before and after strengthening using CFRP laminates.
Seismic isolation was also considered in some cases. The models were 1.32 m
long, 0.76 m wide and 1.71 m high. The walls were 0.063 m thick. The 1979
Montenegro earthquake accelerogram was imposed along x, y and z axes.

Ersubasi and Korkmaz (2010) have tested ten small scale models (scale 1:10) on
a shaking table (Fig. 8.27j). The dimensions of the single storey models were quite
small (0.35 m long, 0.26 m wide and 0.30 m high). A marble plate, positioned at the
top of the models was simulating a RC slab. One model was tested as-built. The
other nine models were tested strengthened using various intervention techniques.
Constant amplitude sinusoidal displacement was applied during tests and the
frequency (and acceleration) of the motion were gradually increased.

Shashi and Pankaj (2000) have tested (on an impulse table) two full scale models
of single storey stone masonry (Fig. 8.27k). The models were first tested strength-
ened using various techniques. Then, they were repaired and retested. The models
were 2.90 m long and 2.60 m wide. The roof is described as “gable type” without
any further information. The quality of materials and the construction type of
masonry are not given in the publication.

Meguro et al. (2012) conducted an experimental research on two scaled (1:4)
single storey models with timber roof (Fig. 8.271). The models (0.95 m long, 0.95 m
wide and 0.72 m high) having walls 0.10 m thick made of stone masonry were
subjected to unidirectional motions. The models were tested both as-built and
retrofitted after damage.

Ahmad et al. (2010, 2012) performed a series of tests on one single storey stone
masonry model with a reinforced concrete slab, simulating typical rural buildings in
Pakistan (Fig. 8.27m). The model (1.52 m long, 1.22 m wide and 1.04 m high) made
of double-leaf masonry, it was scaled to 1:3 and it was subjected to a series of
motions along its weak direction.

Mendes and Lourenco (2010) have tested two 4-storey models at the LNEC
facility (Fig. 8.27n). The models were subjected to artificial accelerograms along
two orthogonal directions. One of them was tested as-built, the other after inter-
ventions. The two models, typical for houses in Lisbon, were at 1:3 scale. The
models (4.8 m long, 3.15 m wide and 4.8 m high) were made of single leaf stone
masonry 0.17 m thick and timber floors (timber beams and MDF panels as
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pavement). The panels of the pavement were positioned leaving 1 mm joints among
them, in order to reduce the in-plane stiffness of the diaphragms. The intervention
techniques that were applied, aimed at increasing the diaphragm action of the floors
and at improving the connection between floors and walls (to prevent out-of-plane
collapse of the latter).

Magenes et al. (2010, 2012a, b) report the results of a series of shaking table tests
on full scale stone masonry models carried out at the Eucentre facility, Pavia. The
three models were 2-storey buildings with timber floor and roof (Fig. 8.270). They
were made of double-leaf stone masonry, 0.32 m thick. The models (provided with
additional masses for dynamic similitude reasons and adequately instrumented)
were subjected to series of scaled accelerograms (1979 Montenegro earthquake).
One of the models was tested as built, the others after the application of intervention
techniques (such as enhancement of the diaphragm action by means of a second
planking, improvement of the connection of horizontal and vertical members,
substitution of the floor by a reinforced concrete slab etc.).

Mazzon et al. (2009) and Mazzon (2010) report the results of shaking table tests
on two storey three-leaf stone masonry building models (scale 2:3). The models
(Fig. 8.27p) were provided with timber floors with double planking (for improved
diaphragm action). One of the models was tested before the application of grouting
to masonries, it was grouted and retested, whereas the second model was tested
grouted. The purpose of those tests, with models subjected to a series of motions
along two orthogonal axes, was among others, to detect the effect of grouting on the
dynamic properties of buildings. Finally,

Two two-storey building models were tested at the facility of the Laboratory of
Earthquake Engineering, Athens. The models, made of three-leaf rubble stone
masonry (Mouzakis et al. 2012a and Adami et al. 2012), were identical in geometry,
materials, construction details, etc. Their only difference was that one was made of
plain masonry, whereas the other was provided with timber-laces, to simulate
structural systems that are very common in earthquake prone areas around the
Mediterranean. The two models (Fig. 8.27q) were subjected to a series of scaled
accelerograms (Kalamata, Greece, 1986 and Irpinia, Italy, 1980) along two orthog-
onal axes, until they are severely damaged. Subsequently, they were strengthened
(enhancement of diaphragm action and grouting of masonry) and retested to failure.

The short presentation of the Literature related to dynamic testing of building
models shows the variety of the parameters investigated by various researchers and,
hence, the difficulties in making comparisons and draw general conclusions. How-
ever, an attempt for such a comparison is presented herein, together with an effort to
draw qualitative conclusions that may be of interest for the Reader of this paper.

8.5.2.2 The Overall Behaviour of Building Models at Their as-Built
State

Although, as depicted in the previous paragraph and in Fig. 8.27, there were
significant differences between the models tested by various researchers (in terms
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of scale, materials, construction type of masonry, number of storeys, loading
history, etc.), Fig. 8.28 shows the similar results obtained by almost all experimen-
tal campaigns in terms of failure mode of the models tested on a shaking table.
Actually, the models shown in the photographs and sketches of Fig. 8.28 have
common characteristics, typical for historic buildings, namely, rather flexible in
their plane diaphragms, a more or less good connection between perimeter walls at
the corners of the building, small to medium size openings (windows and doors)
and piers of rather small aspect ratio. Thus, the experimental results reproduce the
damages that are usually observed to masonry buildings after seismic events, i.e.:
(a) Diagonal or bi-diagonal cracks in walls subjected to in-plane shear, (b) Diagonal
or bi-diagonal cracks to the masonry plates between openings of the two storeys
(very vulnerable to shear, as they are usually under simultaneous horizontal ten-
sion), (c) Cracks attributed to the out-of-plane or in-plane bending of walls,
i.e. almost vertical cracks close to the corners of the buildings and horizontal cracks
at top and bottom of piers. In some cases, when openings are located close to the
corners of a building, partial or total collapse of that region is observed. Finally,
(d) in case of three-leaf masonry, separation between leaves and partial collapse of
the exterior leaf of masonry was observed.

It should also be noted that in the model tested by Adami et al. (2012), in which
masonry was provided with horizontal timber laces, significant improvement of the
behaviour was observed. Actually, the damages occurred to the timber laced model
due to a seismic motion by 30 % higher (in terms of PGA) than in the unreinforced
masonry model were significantly lighter (in terms of width of cracks), whereas
separation between the leaves of masonry was practically prevented. Figure 8.28m
shows a splice of longitudinal timber elements, as well as the timber laces at one
corner of the building: The relative movement of the timber elements at their
connections proves that the timber laces were mobilized and they have prevented
the opening of wide cracks in masonry. Furthermore, the presence of timber laces
has reduced the out-of-plane vulnerability of walls. As shown in Fig. 8.29, the
displacements of the long walls of the timber laced model were almost equal to
those of the unreinforced masonry model subjected to 30 % smaller PGA.

More detailed direct evaluation of the experimental results reported in the
literature would require the availability of measured data, as well as systematic
analytical work. Such an assessment is obviously beyond the scope of this paper.
However, the fact that most of the testing campaigns reproduce the real behaviour
of historic buildings subjected to seismic actions is a clear indication of the
reliability of the obtained data. Thus, it can also be assumed that testing building
models on a shaking table may provide reliable results on the effect of various
intervention techniques. Although the study of the effect of repair and strengthening
techniques on the seismic behaviour of historic buildings is out of the scope of this
paper, the author would like to comment on selected experimental results that
demonstrate the effect of two intervention techniques frequently applied to historic
buildings and widely accepted also by Architects involved in the preservation of the
built cultural heritage, namely grouting of masonry and enhancement of the dia-
phragm action of floors and roofs.
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Fig. 8.28 Overview of the general behaviour of building models. (a) Benedetti 1980. (b)
Tomazevi¢ et al. 1990, 1991, 1993. (¢) Spence and Coburn 1987, 1992. (d) Benedetti
et al. 1998. (e) Bayiilke et al. (2001). (f) TomazeviC et al. 2009. (f) Tomazevic et al. 2009. (g)
Shashi and Pankaj 2000. (h) Meguro et al. (2012). (i) Mendes and Lourenco (2010). (j) Magenes
et al. (2010, 2012a, b). (k) Mazzon et al. (2009). (I) Mouzakis et al. (2012a) and Adami
et al. (2012). (m) Adami et al. (2012)
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Fig. 8.29 (a) Plain masonry model: Out-of-plane displacements of the long wall for an input
motion equal to 90 % Kalamata earthquake, (b) timber laced model: Out-of-plane displacements
of the long wall for an input motion equal to 120 % Kalamata earthquake (Mouzakis et al. 2012a,
b; Adami et al. 2012)

8.5.2.3 The Effect of Grouting and of Enhancement of the Diaphragm
Action on the Behaviour of Historic Buildings

Due to the fact that masonry is a brittle material and, by way of consequence,
masonry elements reach their maximum resistance at rather small imposed defor-
mation, it is desirable to ensure to masonry buildings sufficient box-action. In such
a case, the deformations to be sustained by the building are significantly reduced
(for the same seismic input) and the building can sustain even strong motions
without collapse. Along the same line, vulnerable construction types of masonry
(double- and three-leaf masonries) that become “monolithic” through interventions,
can sustain seismic actions without significant separation of their leaves and, hence,
without local or more generalized collapse of the exterior leaf. Among the tech-
niques available for enhancing the box action of masonry buildings and making the
masonry behave in a more or less monolithic way, this section focuses on the
enhancement of the diaphragm action of floors and roofs, as well as on the grouting
of masonry.

In the past decades, the replacement of timber floors and roofs by RC (horizontal
or inclined) slabs was quite frequent. However, in addition to the fact that such a
replacement is rather invasive (as it alters significantly the original structural
system), there is evidence of catastrophic effects of this intervention. Actually,
when-stiff in their plane and quite heavy-RC slabs are simply supported by masonry
(in many cases, not strengthened), they may act as a hammer during the earthquake,
thus causing non-repairable damages to masonry (Fig. 8.30). Thus, the possibility to
ensure sufficiently stiff diaphragms without replacing the original timber floors and
roofs was experimentally investigated by several researchers.

Piazza et al. (2008), Valluzzi et al. (2010), Wilson et al. (2011), Zaopo (2011)
have tested timber diaphragms either as-built or stiffened using various techniques
(e.g. double board, FRP strips, diagonal steel ties, plywood panels, RC slab, etc.).
They have tested single span diaphragms in their plane (monotonically or cycli-
cally) and they have recorded both the deflection of the diaphragm and the
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Fig. 8.30 Catastrophic effect of RC slabs on poor quality (unstrengthened) masonry (courtesy of
Prof. C.Modena)

respective in-plane load. As shown in Fig. 8.31, the use of double board may lead to
an increase of the in-plane stiffness of the floor, almost by an order of magnitude.
The use of plywood as pavement provides similar stiffness with a reinforced
concrete slab. Similar results are shown in Fig. 8.32, where the lower curves
correspond to floors typical for historic buildings. It is evident that, in all cases,
significant enhancement of the in-plane bearing capacity of the floors was also
recorded. On the basis of the available results, one may conclude that the addition
of a second layer of boards (preferably, at an angle with respect to the original layer
of boards) may render the diaphragms sufficiently stiff in their plane. This is a very
promising result, since this technique is reversible and acceptable even for high
value historic structures.

The effect of the enhanced in-plane stiffness of diaphragms was also tested
through shaking table tests of entire building models. Actually, Tomazevi¢
et al. (1991, 1993) have tested four building models with four different types of
floors (model A: typical timber floor, model B: RC slab, model C: timber floor with
prestressed steel ties, model 4: vaulted floor, see also Fig. 8.27b). As shown in
Fig. 8.33, the typical timber floor is rather flexible in its plane. Actually, the
mid-span displacement is almost double the displacement at the supports of the
floor. On the contrary, in the other three models, the floors did perform quite
satisfactorily, thus forcing the supporting walls to sustain practically equal dis-
placements. The results were similar in the case of the building models tested by
Magenes et al. (2010, 2012a, b). The authors did also draw a very significant
conclusion by stating that . . .the improvement on the seismic performance appears
to be related more to the improvement of the floor-to-wall and roof-to-wall con-
nections, rather than to a strong in-plane stiffening of the diaphragms”.

Mouzakis et al. (2012a) in their shaking table tests have provided to the building
models a second layer of boards (at an angle of 45° with respect to the original
pavement, Fig. 8.34). Natural frequency measurements along x and y axes have
shown a significant difference along the two axes (6.05 and 4.21 Hz respectively),
due to the significantly smaller stiffness perpendicular to the long side of the model.
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Fig. 8.32 Test setup and main results (Valluzzi et al. 2010; Zaopo 2011)

After strengthening, the two values were substantially larger (10.36 and 9.95 Hz
respectively) indicating a significant overall increase of the stiffness of the model.
More importantly, the two frequency values are almost equal along the two axes,
indicating that the stiffness of the strengthened diaphragms was able to ensure the
box action of the model.
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Fig. 8.34 Enhancement of the diaphragm action of floors (Mouzakis et al. 2012a): (a) the original
pavement, (b) the pavement with the second layer of boards, (¢) detail of the connection between
diaphragm and walls, (d) the model after strengthening

The effect of grouting on the seismic behaviour of building models was inves-
tigated by several researchers, in most cases combined with other intervention
techniques as well. Mazzon et al. (2009) and Mazzon (2010) have investigated
the effect of grouting alone. One of the main findings of their research is that
grouting provides a significant enhancement of the seismic resistance of masonry
buildings without altering their dynamic properties. Grouting prevents the separa-
tion of masonry leaves and, hence, it reduces their seismic vulnerability.

Tests by Adami et al. (2012) on a timber laced masonry model before and after
the application of grouting have shown that under the same input motion that led to
significant damages of the unstrengthened model, the grouted model did not suffer
any damage.

A final observation that, in the opinion of the author, needs to be further
investigated and discussed upon is illustrated in Fig. 8.35. Shaking table tests by
Mouzakis et al. (2012a) have shown that, although masonry is a brittle material and
masonry elements are also brittle, masonry buildings may exhibit significant duc-
tility, even at their as-built state. Although this result is reported with caution
and it definitely needs to be confirmed by further experimental data, it may
insinuate that historic masonry buildings avail of reserves-not easily detectable
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by calculations-which ensure a significantly better behaviour than usually assumed.
It should be noted that this observation seems not to contradict reality, as many
historic structures survived several earthquakes, although according to our calcu-
lations they should have failed.

8.6 Concluding Remarks

This paper provides an overview of the results obtained from testing masonry
elements, subassemblies and building models. Although this overview is clearly
incomplete, both because it does not cover but a part of the available experimental
results and because it does not offer but some general comments on the data, it
allows for some qualitative conclusions to be drawn:

(a) The international Literature is rich in results of experimental campaigns related
to the behaviour of masonry elements (in compression, shear or out-of-plane
flexure), of subassemblies, as well as of models of entire buildings. A vast
variety of combinations of building materials, construction types of masonry,
geometry of specimens, experimental setups, types of loading, scale of tested
specimens, etc. can be found in publications. Valuable data are available on the
mechanical properties of various types of masonry, as well as on stiffness and
bearing capacity of elements, on the hysteretic behaviour of elements or
assemblies. However,

(b) Due to the variety of parameters investigated by various researchers, a direct
comparison among seemingly comparable experimental results is in many
cases not possible. In order to take the maximum profit of the available valuable
data, the development of sound physical models is necessary. Furthermore,
systematic analytical work is needed, in order to validate and calibrate physical
models and propose design models adequate for practical use.

(c) Although numerous experimental campaigns were carried out throughout the
globe, there are still several aspects of the behaviour of historic masonry
structures that remain insufficiently investigated. For example, out of the
frequent types of masonry found in historic structures, only a limited variety
has been investigated to date. Even their behaviour under compression is not
adequately documented (in terms of strength, deformability, post-peak
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behaviour, etc.). Furthermore, the behaviour of historic masonry under a com-
bination of in- and out-of-plane actions is not sufficiently investigated at the
level of structural member or subassemblies. Taking into account the vulnera-
bility of historic masonry to out-of-plane actions and the subsequent effect of
that vulnerability to the in-plane behaviour of structural members, this lacuna is
quite significant. Moreover,

(d) The experimental results are not presented in a form that would allow for
comparisons at a large scale. Even the definition of some terms differs from
publication to publication. Thus, although valuable qualitative conclusions can
be drawn, the need for results liable to quantitative assessment is-in general-not
satisfied. If one adds to those difficulties the inherent scatter of the experimental
results, it becomes obvious that an exhaustive assessment of the Literature is a
task with rather dubious outcome.

(e) Thus, the author of this paper would like to make a proposal for future work
within the European Association: An international group of experts both in
experimental work and in the preservation of the built cultural heritage could
collect all relevant publications. The group could establish a model for the
presentation of experimental data, rendering the data liable to quantitative
evaluation. The model forms should be filled for each publication. Obviously,
in many cases it would be necessary for the group to contact the researchers
asking for more data or for data in the adequate form. The final step would be
the assessment of the experimental results and the creation of a database that
could be made available to the Public. Such a database could also allow for the
identification of open issues and, thus, guide further research on the subject.
The author of this paper is conscious of the fact that such an operation is quite
ambitious. However, it is strongly believed that this is a necessary step for the
rationalization of the work of Engineers and, hence, for the preservation of
the wealth the built cultural heritage constitutes for Europe.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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