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Summary

Unreinforced masonry structures represent the large part of the existing buildings in
many countries. Some of these countries belong to regions were high seismic hazard
is present. Due to the high mass of these structures, the seismic action can be the most
demanding [104]. If the out-of-plane failure mechanisms of a structure are avoided,
the resisting mechanism to horizontal action has to be assured. The distribution of the
forces in the resisting elements is dependent on the shear capacity of the media [181]
and the failure of these elements is characterized by diagonal tension cracking [16].
These structures may need retrofitting, conservation, safety assessments, etc. For these
reasons, the mechanical characterization of the shear modulus and of the tensile strength
is necessary. These properties are usually measured using destructive tests that can be
incompatible with some structures and are quite expensive. Therefore, the necessity
of a minor destructive test for evaluating the shear modulus and the tensile strength of
masonry structures is clear.

To achieve this goal, a new minor destructive test (Shear FJ test) was conceived
using the flat jack technique. FEM analyses were utilized in order to define the best
geometrical configuration that was defined considering the destructiveness, costs and
effectiveness of each layout. Once the best layout was found, a parametric study of the
test was performed giving as result tools to evaluate principal stresses of the sample and
a method to measure the shear modulus.

The test method was then designed and successfully applied on five in situ experi-
ments.

Linear and non-linear numerical analyses were performed to analyze the experimen-
tal results. In particular, the analyses were performed to understand the ability of the
Shear FJ test to measure the tensile strength and the shear modulus.

Further tests and the analyses of the results obtained here will give a definitive re-
sponse to understand the effectiveness of the Shear F/J test.
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Chapter 1

Introduction

Unreinforced masonry (URM) represents one of the most diffuse construction sys-
tem. In addition, this technique is also one of the oldest methods for humanity to build
a shelter. This construction system was used (and many times it is still adopted) to build
from small residential/civil houses to bridges, temples, churches, aqueducts, theaters,
royal palaces, etc. Examples of the application of this material can be found in a large
number of countries around the world.

1.1 Overview

As introduced, URM was used in history but also in present time. A lot of old
structures made with this material are still present and many of them are still used. Italy
can be chosen as an example. The National Institution of Statistic (ISTAT) evaluated
the residential buildings present in Italy. Figure 1.1 presents the evolution in the last
century of the constructions in Italy. This graph shows the age and the percentage
of the structures divided by typologies of construction: masonry, concrete and others
(wood, steel, etc.). It is possible to observe that the existing masonry structures in
Italy represent the 57% of the constructions. 24% of the Italian masonry structures
(representing 14% of all of the buildings) have more than a century. Moreover, 73%
of the masonry constructions (40% of the total) have more than 50 years. It has to be
said that, in addition to these residential buildings, there are many structures with even
bigger value. It can be understandable that, by extension, a similar situation can be
found it the Mediterranean area and not only there (e.g. [50]).

As it can be observed in Figure 1.1 many of these structures are old. For this reason
URM structures may need conservation, retrofitting, safety assessments, evaluations of
seismic vulnerability, etc. (e.g. [45, 50, 54, 96, 97]). It is now clear the importance of a
good mechanical characterization.

Masonry has many characteristics that make it, at the same time, interesting and dif-
ficult to study it. For example, masonry is usually made with two elements: the resisting
element (masonry unit) and the mortar. However, in literature many combinations of
different materials used for these elements are present and each combination brings dif-
ferent characteristics of the media. In parallel to this, the behavior of the masonry could
depend on texture, aging, humidity, strain rate, load history, manufacturing, etc. [23,
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Figure 1.1: Summary of the Italian residential structures from Census in 2011 (ISTAT).
The bars indicate the number of structures in 2011 subdivided by their built decade. The
lines represent the cumulative percentage of structures with respect to the total number
of structures present in 2011.

113, 180]. It has to be underlined that all of these boundary/initial conditions influence
directly the mechanical characteristics of the media.

URM constructions are vulnerable to seismic actions [104]. This problem is due to
the low tensile strength of the material and that these buildings are usually massive. In
Figure 1.2 It is possible to appreciate that the Mediterranean area shows a high seismic
hazard. This combination, of old URM structures and seismic hazard, leads to a high
risk. Moreover, this issue is not only present in the Mediterranean area, in fact, high
risk appears in other regions and countries of the world (e.g. Kashmir, Iran, Pakistan,
Himalaya, Turkey, Andes, etc.).

The low tensile strength of masonry is usually displayed with diagonal cracks in
panels after earthquakes actions [16]. These fissures are present in load-bearing win-
dows piers or walls [181, 184]. The diagonal failure of a panel can be reached with two
different mechanisms: sliding shear and diagonal tension-shear. The first mechanism is
characterized by the relative sliding of the resisting elements over the mortar joints (bed
and vertical). This mechanism is not controlled by the resistance of the blocks because
the failure takes place in the mortar joints. The diagonal tension-shear mechanism, on
the contrary, depends from both resisting elements and joints. It has to be underlined
that the shear failure can also happen due to a third mechanism that consists in the shear
slide in a single bed joint [181]. All these mechanisms can take place only if the ma-
sonry does not disintegrate (meaning that all the elements are well bonded together) and

2
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:

Peak Ground Acceleration [g]
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High Hazard

Figure 1.2: European seismic hazard considering 10% exceedance probability in 50
years [75].

if out-of-plane mechanisms do not take place.

The shear-tensile characteristics can be improved with different techniques, for ex-
ample, improving the quality of the mortar and/or of the existing elements [184], con-
fining the walls at the top and at the end [184], enlarging the cross area of the wall [184],
using mortar rendering (e.g. [60]), using Fiber Reinforced Polymers (FRP) (e.g. [119]),
etc. These retrofitting methods are expensive and sometimes they have an important
impact in the aesthetic of the structure. Thus, it is important to measure the tensile
strength and shear modulus of masonry in order to understand if a retrofitting is needed
or to design it. Attention should be paid to costs, to the aesthetic impact and to the
functionality of the structure.

The evaluation of the shear modulus and of the tensile strength in existing masonry
structures is usually performed with two standard tests. These tests, namely, the Shear-
compression test and the Diagonal test, are characterized by a massive impact on the
structure. In fact, to carry out these tests, large masonry panels (~ 1 —2 m sides) have to
be partially isolated from walls. After that the isolation is performed, the test is usually
carried out at high stresses giving as result a high damage in the sample. Furthermore,
the isolation can damage the sample and it surely damages the aesthetic of the wall.
It results understandable that these tests are not suitable in all the structures and in all

3
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situations.

1.2 Objectives

The present work aims to design a new moderate destructive test dedicated to the
evaluation of the shear mechanical properties. In particular, the objectives were to mea-
sure the shear modulus, to evaluate the tensile strength in a 45° inclined plane, to reduce
invasiveness and to limit costs of the test. To achieve these goals, it was decided to use
the Flat Jack (FJ) technique. This method is known as a low impacting test and it is
used not only for masonry structures.

1.3 Thesis content

A brief summary of the thesis content is present in this Section. In particular, the
thesis is developed as follows:

* Chapter 2. In this Chapter, a state of the art is presented. In particular, are dis-
cussed aspects related to the importance of the shear-tensile properties, usually
adopted tests for the mechanical characterization, bases of numerical modeling
and codes.

* Chapter 3. The design of the test is here presented as well as the numerical results
of the parametric analysis and the tools needed to evaluate the shear modulus and
the tensile strength.

* Chapter 4. This Chapter reports the proposed test method and the results ob-
tained with the in situ experiments. In addition, Acoustic Emission results are
also shown.

* Chapter 5. The linear and non-linear analyses performed in order to understand
the experimental results are here presented. In particular, these analyses were
performed on micro and macro-models.

* Chapter 6. In this Chapter the conclusions about the work performed are pre-
sented.

* Appendix A. In the Appendix some details and more information about the results
of the in situ tests and of the test design are given.



Chapter 2

Literature review

As introduced, the shear modulus and the tensile strength affect the behavior of
masonry constructions. It has to be underlined that the shear (tension) failure of a
masonry panel could be reached by diagonal (tension) shear cracking or by horizontal
bed joint failure [16, 48, 181]. However, the diagonal (tension) shear failure is the most
critical [181].

This Chapter is a partial review on the state of the art regarding the studies on ma-
sonry structures. A summary of all the efforts done until now which has the scope of
increasing the knowledge in masonry constructions would be a huge work and partially
useless considering the topic of the present dissertation. These facts justify why a large
study on the state of the art is not presented. However, this Chapter provides a brief
but exhaustive review on basic information, main features of this material, mechanical
characterization, numerical modeling, standards and codes. Some of the following Sec-
tions give only a general overview of this construction material. On the contrary, the
other Sections focus the attention on the main object of the work giving the opportunity
of exploring deeper the tools that played an important role in the present work.

2.1 Background information

Masonry structures represent one of the more complex and diffused construction
systems. Unreinforced masonry was (and still is) used for a large number of purposes,
from simple houses and civil buildings to bridges and cathedrals. Therefore, the struc-
tural performances of the material were designed in accordance with the scope of the
structure. The behavior of this laid structural system varies in dependence on a large
number of parameters. Therefore, it is necessary to know the main types of URM, some
nomenclature [13] and classifications basics even if a universal classification of all the
different masonry types is absent [94]. These are briefly presented in the following
paragraphs.

One of the possible classifications divides the masonry typologies considering their
mechanical behavior. Binda et al. [24] suggest that a first idea of the behavior of a
masonry wall can be deduced considering:

* the geometry;
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* the characteristics of the following aspects: texture, cross-section, connections
between the leaves; joints (empty or filled with mortar); physical, chemical and
mechanical characteristics of the components (bricks, stones, mortar);

* the characteristics of masonry as a composite material.

This classification is already very difficult to apply. Considering, for example, a histor-
ical structure, it is hard to have the possibility of characterizing its components because
this implies the removal of some resisting elements and/or joints. This operation can
influence the aesthetic of the structure. Moreover, this classification considers as a key
aspect the mechanical behavior but this cannot be useful for all the applications. In
addition to this, the great number of materials, technologies, abilities and cultures has
generated a large number of different masonry typologies.

The ASTM [13] defines masonry as a type of construction made of masonry units
laid with mortar, grout or other methods of joints. A possible interpretation of this
definition is that a material that joints the resisting elements is always present in the
masonry. This is not true. In fact, in one of the oldest methods of masonry construc-
tion, named dry stack, the joints are void [59, 98, 172, 185]. Moreover, there is another
method of construction named rammed earth (walls made in frameworks compacting
moldable materials like clay added with gravel and sand) where joints are not even
present or at least it is difficult to define them as such unlike other typologies of ma-
sonry. Therefore, the only feature that is common to all types of masonry is the pres-
ence of resisting elements that can be used for the classification. In fact, the resisting
elements can be made only of natural or artificial elements that are stones and bricks.
Carbonara [76] presents a classification that takes into account the resisting elements
and divides them into stones, un-fired bricks, fired bricks and formacei walls. It must
be considered now the not remote possibility of masonry composed by both artificial
and natural elements and the combination with different joint techniques.
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Figure 2.1: The image illustrates examples of different cross-section in stone masonry.
Starting from the left it is possible to distinguish single-leaf, double-leaf without and
with interlocking and three leaves.

Saorm

The differences in the types of masonry constructions are not only given by the us-
age of different materials (that for some structures is imposed by the local possibilities)
but they also depend on the different techniques used [24]. Considering as an example
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the cross-sections of different stone walls (Fig. 2.1), it is possible to classify four princi-
pal techniques that are single-leaf, double-leaf (without and with interlocking) and three
leaves. These different cross-sections lead to different mechanical behaviors. In fact,
the presence of multiple leaves leads to a non-monolithic behavior of the wall for the
out-of-plane actions (Fig. 2.2). However, the presence of some transverse connection
elements (called header) can restore a single-leaf behavior.

< AN o<

Figure 2.2: In the image an exemplification of out-of-plane behavior for walls having
different cross-sections is displayed.

The disposition of the resisting elements (or texture) is usually related to aesthetic
choices. For the large part of the historical rural and residential buildings, the texture
was imposed by the local available materials and by the manual skills of the construc-
tion workers. The texture plays also an important role in the mechanical behavior.
For example, not continuous horizontal bed joints can modify the lateral compressive
strength of a masonry wall panel [30].

There is also a classification regarding the typologies of elements that compose
civil masonry structures. This classification is based on the presence of openings be-
cause they play an important role in the behavior of structures especially under seismic
actions. Three bi-dimensional elements (Fig. 2.3) are defined considering the different
behaviors that they play into the structure [17]. The pier panels are included between
two openings on the same floor. Their main function is to bear the vertical loads. The
spandrel panels are included between two openings on two different floors. They are
connected to the slab and they bear its load. The last typology of element is the cross
panels. They connect the pier and spandrel panels. The cross panel bears both the slab
and the stress due to the vertical loads coming from the piers.

This brief Section was more focused on some characteristics, components and nomen-
clature of masonry. These basics give an elementary knowledge of masonry and ma-
sonry elements. It has to be remarked that the perfect understanding of a masonry
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Figure 2.3: The image gives an example of a fagade in a civil masonry construction
considering the different typologies of elements that compose it.

structure is more difficult to obtain because factors such as building history and evolu-
tion (consequently load history and evolution), disposition of resisting elements, con-
nection between walls and floors, crack patterns, materials degradation, loading rates,
boundary conditions, strain rates, etc., play an important role in the structural/material
behavior [23, 77, 81, 180].

2.2 Overview of in situ characterization

Masonry constructions are widespread. Looking at the architectural heritage, URM
is the most used construction system. In almost all the Mediterranean countries masonry
structures still represent the largest number of the presents buildings. The knowledge
of the mechanical behavior of this type of structure plays the key role for prevention,
renovations, maintenance, retrofitting, etc. The mechanical parameters allow to under-
stand the behavior of the constructions under different actions. Countries like Italy,
Portugal, Turkey, Nepal, etc., need tools to determine the seismic vulnerability of their
structures. These are only some of the objectives that spurred generations of engineers
and architects to improve and create characterization tests.

Masonry characterization can be performed both in laboratory and/or in situ. Lab
tests are usually performed for the characterization of samples realized directly in labo-
ratory. In these tests variables like dimensions, materials composition, curing, etc., are
easy to control. However, it is not unusual to test in laboratory specimens coming from
existing structures. These tests present a limitation in the validity of the results because
the specimens could be damaged during the isolation from the structure and/or during
the transportation to the laboratory. The in situ characterization gives the opportunity
to test specimens reducing the risk of damaging them and the structure from where they
were taken. These are remarkable advantages for existing structures especially if they
have a historical and/or architectural value.
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Figure 2.4: The chart illustrates the classification of the principal in situ tests fro ma-
sonry testing [57].
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This Section gives an overview of the tests used for the characterization of masonry.
In particular, attention is paid to the mechanical characterization of the existing build-
ings. Some of these tests do not contemplate a contact with the structure. However,
other tests destroy a portion of the structure. These differences in the interaction with
the material give a classification of the characterization methods. These are divided
according to their destructiveness in Non Destructive Testing NDT, Minor Destructive
Testing MDT and Destructive Testing DT methods (Fig. 2.4) [57]. It is important to
remember that a large number of these tests was not only created for masonry struc-
tures but (as happens very often for tests) they were already employed for different
materials (like concrete [132]) and different applications (for example oil and mineral
exploration, manufacturing quality control, physiological evaluation, etc. [132]).

A second classification exists. Tests can be divided into direct and indirect tests. In
a direct test the mechanical property is physically measured (for example flat jack tests,
compression test, diagonal test, etc.). On the contrary, in an indirect test, the mechanical
property is estimated via correlation to other direct measures (for example sclerometer,
sonic and ultrasonic tests).
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2.2.1 Non Destructive Testing methods

Non Destructive Testing (NDT) methods do not cause any damage or alteration to
the masonry [57]. NDT cannot eliminate the necessity of conducting other tests but of-
fers a mean to reduce the number of more destructive tests [131, 167]. Some of the NDT
techniques are always used and are the starting point to study all kinds of structures. In
fact, measurements, mapping, photo shooting and the measure of displacements are the
base for every work done in all types of existing structures. These first operations give
the basic information that is needed for deeper investigations. These tests are usually
performed in parallel (and not in substitution) to more destructive tests because NDT
can help to identify the uniformity of the results obtained with the others tests.

NDT methods can be divided into two sub-categories that are active and passive
tests. The distinction between them is given by the interaction that they have with the
sample. In passive tests, no energy is given to the sample. On the contrary, in the active
NDT, the energy is usually introduced in form of mechanical or electromagnetic waves.
This energy departs the from the instrumentation through the sample and the measure is
an evaluation of the behavior of the specimen toward this introduced energy (Fig. 2.4).

The acoustic emission (AE) test is presented in a following Section (2.6) because
this test is used in the present work and for this reason, a deeper view on the technique
was presented.

Sonic and ultrasonic tests consist in monitoring stress waves through a medium
[37, 101, 123]. Mechanical waves are transmitted on the media and are then reflected
by the opposite side of the sample or in flaws, cracks, voids. A receiver finds these
imperfections by measuring the transmission velocity of the waves. The main difference
between sonic and ultrasonic test is the frequency of the waves used. These techniques
give a simple evaluation of the condition of the masonry [123].

The Ground Penetrating Radar (GPR) uses electromagnetic waves instead of me-
chanical waves. This method provides results similar to the sonic and ultrasonic tests;
in fact, it is based on the study of the reflection of electromagnetic waves [101]. GPR
technique has received a lot of attention in the last decades. For example, it is used to
study from simple walls to historical masonry bridges [175] or to control the effective-
ness of masonry reinforcements [9].

Electromagnetic waves are also used in radiography (X-rays) test. These electro-
magnetic waves can penetrate the solid media and are partially adsorbed by it because
they have shorter wavelengths than the GPR ones. The radiation that is not totally ab-
sorbed can be displayed on a screen, monitored by electronic equipment or recorded on
special papers or films [123, 142].

Thermography is a passive technique that has applications in a lot of fields. This
method consists in a camera that measures the infra-red waves per unit of area com-
ing out from the structure [101, 124, 142]. This special camera captures a part of the
structure giving a thermal imagine that is used to define the presence of different thick-
nesses, voids, cracks and presence of water leaks. These defects are detected because
they cause variations on the heat flow [142].

The scleometer (or Schmidt hammer rebound test) was firstly applied on concrete
structures and later also to rocks [169] and masonry. The test consists in a mass im-
pacting the mortar surface. The equipment measures the mass rebound and gives a
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measurement of the superficial hardness [57].

Digital Image Correlation (named DIC) is a non-contact and non-interferometric op-
tical method for the assessment of displacements and strains of a sample surface [135,
165]. The first optical methods were developed since the early 1950’s but the DIC is a
more recent method conceived four decades ago by a group of researches at the Univer-
sity of South Carolina [49, 140, 177, 178]. The main advantage of DIC measurement is
the fact that the measures are taken without contact with the sample. This characteristic
is very important when the monitored object has hight temperature or is in some way
impossible (or not recommended) interact with it. A second big advantage is that with
this method it is possible to monitor displacements/strains of an entire area of a sample.

Noland et al. [131] consider NDT very important when more invasive investigations
are not allowed, for example, in structures that have architectural and/or historical value.
This affirmation can be accepted reminding that Noland et al. [131] consider other more
destructive tests like the flat jack tests or the shove test belonging to the NDT techniques.

The descriptions here presented of some NDT methods highlight the impossibility
of using these tests for an exhaustive characterization of the media especially from the
point of view of the mechanical properties.

2.2.2 Minor Destructive Testing methods

Minor Destructive Testing (MDT) methods, as their name states, are less destructive
than DT but at the same time, they allow to obtain more precise and qualitative results
with respect to NDT. The big advantage of MDT is the possibility of a more direct
mensuration of mechanical characteristics maintaining at the same time a low level of
invasiveness. In fact, after the execution of a MDT technique it is possible to obtain a
total (or almost total) reparation of the tested zone and the impact on the aesthetic is
very limited in comparison to the DT. This last aspect is the feature that allows the use
of minor destructive tests also in architectural heritage and historic structures. Some of
these tests are now presented.

One of the most important and utilized MDT techniques is the flat jack method
[122]. These tests are not presented here because a following Section is extensively
dedicated to them (Sec. 2.3).

The coring technique consists in boring a hole in a wall using a drill and extracting
a cylindrical sample. This test allows to determine the wall stratigraphy [57]. It is
very important to know the stratigraphy of a wall because the presence of leaves can be
detected and these leaves change the mechanical behavior of the structure. The cored
samples are usually damaged due to the vibration of the drill and/or to the water used
to core [26]. These samples should not be used for mechanical characterization but
sometimes they are used for this purpose.

The endoscope is a small camera that can be inserted in small holes. It is not unusual
to use the coring technique and this instrument. In this case, the endoscope is inserted
into the hole in order to take photos of the wall section and to verify the presence of
anomalies or voids [57, 101].

The pull-out test, also known as screw (helix) pull-out method, measures the shear
strength of a small cylinder of material [63]. After the helix is inserted into the mortar
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joint, it is then pulled out whilst monitoring the force by means of a test load unit [153].
This force is a measure of the mortar strength.

In the dilatometer technique, a drill is used to create a hole in a wall in which a
cylindrical tube is then introduced. The cylinder expands radially in the perforation and,
by monitoring the pressure of the cylinder and the radial deformation of the masonry, it
is possible to estimate the modulus of deformation of the wall [57, 101].

The shove test is a methodology to test the shear strength of the bed mortar joints
of brickwork. For the test, a brick is removed in order to create a void in which a small
jack can be inserted. The jack pushes the adjacent brick that is the tested one. At the
opposite side of the tested brick (relative to where the jack is placed) the vertical mortar
joint is removed in order to allow the displacement of the tested brick [2, 57]. Once the
applied force and the displacement of the brick are known, it is possible to evaluate the
shear strength of the mortar.

The few MDT methods described here show a different interaction with the structure
in contrast to the NDT techniques. The major difference is that MDT can give informa-
tion about mechanical characteristics that are measured directly on the masonry.

2.2.3 Destructive Testing methods

Destructive testing (DT) causes the damage or the failure of a part of the ma-
sonry [57]. These tests are very similar to characterization tests performed in laboratory.
DT allows direct measurements of the mechanical characteristics of the masonry. They
are performed in situ and in samples obtained by isolating part of the structure. Cuts are
usually used to isolate the sample from the rest of the structure. This isolation should
be carefully performed in order to avoid/reduce damages of the sample.

In masonry characterization three major DT methods are present. These aim to
determine the mechanical behavior of the media under shear and compression.

The compression test is designed in a specific way in order to determine the Young’s
modulus, Poisson’s ratio and eventually the compression strength if the test is conducted
up to the failure [28, 55, 57]. A rectangular part of a wall (180 cm height, 90 cm width
and same depth of the tested wall) is isolated from the wall in order to apply on the
top of it a vertical load by means of hydraulic jacks. The rectangle is not completely
isolated from the wall. In fact, its base remains connected to the structure which gives
the reaction necessary to apply the vertical load.

The other two DT techniques are presented in Section 2.4 in which more attention
is paid. This choice was taken because these in situ tests are the ones usually conducted
to characterize the shear behavior of existing URM structures.

The main advantage of all of these DT methods, in contrast to laboratory tests, is
the possibility of investigating directly investigate a part of the studied masonry without
transporting it to the laboratory so that by this way the risk of alterations is reduced.
Another important characteristic of these tests is that they are directly derived from
laboratory testing. This fact allows comparisons between tests performed in lab and
tests performed in situ. It has to be remarked that a codification of this test is not present
yet but some of these tests are indicated by the Italian codes [86, 87, 143]. As already
said, the disadvantage of these tests is the destructiveness related to the isolation that
has to be performed in the sample. There are also other issues related to the isolation
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that are the time and the costs needed to create the sample, the risk of damaging the
sample during its realization, and the reparation costs.

2.3 Flat jack tests

This Section gives a focus on the use of the Flat Jack (F.J) method as this technique
is the pivot of part of the present thesis work. At the beginning, a short historical re-
view of the utilization of this equipment for the mechanical characterization of masonry
structures is presented. Whereupon, a deep technic